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ABSTRACT: Eﬃciently copying mixed-sequence oligonucleotide templates nonenzymatically is a long-standing
problem both with respect to the origin of life, and with
regard to bottom up eﬀorts to synthesize artiﬁcial living
systems. Here we report an eﬃcient and sequence-general
nonenzymatic process in which RNA templates direct the
synthesis of a complementary strand composed of N3′→P5′
phosphoramidate DNA (3′-NP-DNA) using 3′-amino-2′,3′dideoxyribonucleotides activated with 2-aminoimidazole.
Using only the four canonical nucleobases (A, G, C, and T)
of modern DNA, we demonstrate the chemical copying of a
variety of mixed-sequence RNA templates, both in solution
and within model protocells, into complementary 3′-NP-DNA strands. Templates up to 25 nucleotides long were chemically
transcribed with an average stepwise yield of 96−97%. The nonenzymatic template-directed generation of primer extension
products long enough to encode active ribozymes and/or aptamers inside model protocells suggests possible routes to the
synthesis of evolving cellular systems.

■

INTRODUCTION

point that sequences long enough to encode useful catalytic
functions could be copied.
Exploring alternative genetic materials may provide insight
into how longer RNA sequences could be propagated
nonenzymatically. One such material is N3′→P5′ phosphoramidate DNA (3′-NP-DNA, Figure 1A), a genetic polymer
with a phosphoramidate backbone6−9 that can be assembled by
the polymerization of activated 3′-amino-2′,3′-dideoxyribonucleotide monomers (3′-NH2-2AIpddN, Figure 1B). Of the
nonbiological genetic systems studied to date, 3′-NP-DNA is
particularly attractive given that the 3′-NP-DNA duplex bears a
striking geometric resemblance to the classical RNA A-type
duplex structure, which is thought to be optimal for eﬃcient
nonenzymatic template-directed nucleotide polymerization.10,11 Moreover, 3′-NP-DNA forms stable duplexes with
complementary RNA or DNA strands.12,13 Although no
prebiotically plausible synthesis of 3′-amino-2′,3′-dideoxyribonucleotides has been demonstrated, 3′-NP-DNA could
potentially form the genetic basis of artiﬁcial synthetic life
forms that are biochemically distinct from modern biological
systems. We have previously studied the template-directed
synthesis of 3′-NP-DNA on short mixed-sequence RNA or 3′-

RNA is a logical candidate for the primordial genetic polymer
because in modern biology it both catalyzes critical chemical
reactions such as protein synthesis, and acts as a genetic
information carrier.1 Prior to the emergence of ribozymecatalyzed RNA replication, chemical replication of the genetic
material would have been necessary in order to initiate
Darwinian evolution.2 This requirement has inspired over 5
decades of research into nonenzymatic template-directed RNA
copying chemistry. We recently showed that short activated
oligoribonucleotides that bind to an RNA template downstream of an activated ribonucleotide can catalyze the reaction
of the monomer with an upstream RNA primer.3 The
eﬃciency of the primer extension reaction is further enhanced
through the use of 2-aminoimidazole (2AI) as a nucleotide
activating group.4 Combined, these two advances enable the
nonenzymatic copying of short mixed-sequence RNA
templates in one-pot reactions.4 However, the extent to
which an RNA template can be eﬃciently copied into a
complementary RNA strand is currently limited to 7
nucleotides in solution and 5 nucleotides within membrane
vesicles.4,5
Clearly, additional factors must come into play in order to
improve the extent of nonenzymatic template copying to the
© 2019 American Chemical Society
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Figure 1. (A) Chemical structure of RNA and N3′→P5′ phosphoramidate DNA (3′-NP-DNA). The phosphodiester linkages of RNA and the
phosphoramidate linkages of 3′-NP-DNA are highlighted in red. (B) Chemical structure of ribonucleotides and 3′-amino-2′,3′dideoxyribonucleotides (3′-NP) activated with 2-aminoimidazole (2AI) (3′-NH2-2AIpddN, where N signiﬁes the identity of the nucleobase).
(C) Chemical structure of 2-aminoimidazolium-bridged 3′-amino-2′,3′-dideoxy-dinucleotide.

3′-NP-DNA strand. Finally, we show that this chemical
copying of RNA to generate a complementary 3′-NP-DNA
strand can occur within fatty acid vesicles, bringing us one step
closer to generating an artiﬁcial cellular system capable of
Darwinian evolution.

NP-DNA templates using 2-methylimidazole (2MI) activated
3′-amino mononucleotides in the presence of N-hydroxyethylimidazole (HEI) as an organocatalyst.6,7 In these experiments,
HEI is thought to act by displacing the 2-methylimidazole
leaving group to generate highly reactive but labile HEIactivated monomers, which may then react directly with the 3′aminonucleotide terminated primer to generate extended
products. Our earlier results showed that the ﬁdelity of
template copying under these conditions is poor with the
canonical nucleobase monomers, due to the formation of G:T
and A:C mismatches.7 This problem was signiﬁcantly
ameliorated by replacing T with 2-thio-T, which we showed
signiﬁcantly decreases the frequency of wobble-pairing errors.7
The Richert group recently reported the copying of mixedsequence DNA templates containing either two letters (G and
C) or all four letters using oxyazabenzotriazole-activated 3′amino-protected mononucleotides, which must react directly
with the primer as monomeric units. Using downstream helper
oligonucleotides to improve monomer binding, and repeated
cycles of single nucleotide primer extension followed by 3′amine deprotection, the copying of templates containing only
G and C was shown to be feasible, whereas the chemical
copying of templates containing all four letters was shown to
be so error-prone that sequence information was lost over two
rounds of template copying.14
Given the problems with ﬁdelity in copying templates
nonenzymatically using highly activated canonical monomers
that react directly with the primer, we decided to explore an
alternative approach based on activated monomers that react
with the primer primarily through the formation of
imidazolium-bridged dinucleotide intermediates (Figure
1C). 15 We have previously shown that these highly
preorganized covalent intermediates lead to 3′-5′ regioselective
RNA primer extension, suggesting that they may also lead to
enhanced ﬁdelity in template copying.16 Here, we show that
this approach does indeed lead to signiﬁcantly enhanced
ﬁdelity compared to our previous studies of primer extension
with nucleotides that must react directly with the primer. We
also show that primer extension using 3′-amino-2′,3′dideoxyribonucleotides activated with 2AI enable the eﬃcient
one-pot nonenzymatic copying of mixed-sequence RNA
templates up to 25 nucleotides long into a complementary

■

RESULTS AND DISCUSSION
Given that 2AI(vs 2MI)-activated ribonucleotides exhibit
signiﬁcantly accelerated primer extension reactions on RNA
templates,4 we asked whether 2AI activation would also
enhance the RNA-template-directed polymerization of 3′amino-2′,3′-dideoxyribonucleotides into 3′-NP-DNA (Figure
1B). We carried out these reactions in the absence of HEI, so
as to favor primer extension via the highly preorganized
structure of the imidazolium-bridged dinucleotide intermediate.15 After developing an eﬃcient method for preparing 2AI
activated 3′-aminomononucleotides (see SI for synthetic
details), we evaluated the degradation proﬁles of 3′-NH22AIpddT as a representative example of a reactive mononucleotide. Using real-time 31P nuclear magnetic resonance
(NMR) monitoring, we observed 3′-5′ cyclization as the main
mode of monomer degradation, as previously reported.6 We
calculated the half-life of 3′-NH2-2AIpddT as approximately
23.5 h under the conditions we used for template-directed
synthesis reactions (Figure S1, see Supporting Information for
details), both at low (3 mM) and elevated (50 mM) MgCl2
concentrations. We then asked whether these novel monomers
could mediate the copying of short RNA homotemplates N4
(N = A, G, C or U) (SI Figure S2) by the primer extension
synthesis of 3′-NP-DNA. Copying of the G4 and C4 RNA
templates was rapid and eﬃcient in the presence of 3′-NH22AIpddC and 3′-NH2-2AIpddG, respectively (>80% primer
extension to the +3 product in 10 min). The slower addition of
the fourth nucleotide was consistent with primer extension
occurring through the covalent imidazolium-bridged dinucleotide intermediate, as previously shown for 2AI-activated
ribonucleotides.17 For example, since the G-2AI-G intermediate can bind to the template by two Watson−Crick base-pairs
at each of the ﬁrst three positions on a C4 template, the ﬁrst
three G residues can be added rapidly; however, at the last
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Figure 2. Chemical copying of RNA template 3′-GCCC into 3′-NPDNA using (A) 3′-NH2-2AIpddC alone, (B) 3′-NH2-2AIpddC and
3′-NH2-5′-PO3-ddG, and (C) 3′-NH2-2AIpddC and 3′-NH22AIpddG. The nucleotide highlighted in red indicates the 3′-NH2ddC at the end of the primer. All primer extension reactions were
conducted at pH 8.5, 25 °C, and 200 mM Na+-bicine with 10 mM of
each mononucleotide and 50 mM Mg2+. Reaction products were
analyzed by polyacrylamide gel electrophoresis (PAGE). The RNA
templating region is indicated in blue. The slow primer extension
observed in the presence of 3′-NH2-2AIpddC alone (t1/2 = 16 ± 1
min), or 3′-NH2-2AIpddC plus 3′-NH2-ddG-5′-monophosphate (t1/2
= 26 ± 2 min) relative to 3′-NH2-2AIpddC plus 3′-NH2-2AIpddG
(t1/2 < 0.5 min) suggests that the polymerization reaction proceeds via
the imidazolium-bridged dinucleotide intermediate C-2AI-G. P,
primer. Cyt, cytosine. Gua, guanine.

Figure 3. Low level of mismatches during copying of RNA templates
(A) 3′-GAGAG and (B) 3′-CUCUC into 3′-NP-DNA. (A) The 3′GAGAG template was copied by primer extension in the presence of
10 mM 3′-NH2-2AIpddC and 3′-NH2-2AIpddT. (B) The 3′-CUCUC
template was copied by primer extension in the presence of 10 mM
3′-NH2-2AIpddA and 3′-NH2-2AIpddG. The nucleotide highlighted
in red indicates the 3′-NH2-ddC at the end of the primer. Reactions
were conducted in 200 mM Na+-HEPES pH 8.0, 25 °C, 50 mM Mg2+.
Plots show MS analysis of the full-length extension products (+5)
from the 4 h time point. Inset: PAGE analysis of the products of the
primer extension reaction. P, primer. See SI Figure S5 for Sanger-type
sequencing results.

position, the intermediate can only bind to the template by one
Watson−Crick base-pair, leading to slower primer extension.
In contrast to the fast primer extension seen on G4 and C4
templates, primer extension on A4 and U4 templates was much
slower. Complete conversion of the primer to the +3 and +4
products took 7 h on the U4 template in the presence of 3′NH2-2AIpddA, while copying of the A4 template in the
presence of 3′-NH2-2AIpddT took 48 h. In summary, all four
canonical nucleobases were able to participate in homotemplate copying, but copying was more rapid for G and C
monomers than for A and T monomers.
To show more directly that the primer extension reaction
mechanism proceeds via the covalent imidazolium-bridged
dinucleotide intermediate, we made use of the RNA template
overhang 3′-GCCC-5′. When only 3′-NH2-2AIpddC was
added, the addition of one C residue opposite the G in the
template was very slow (t1/2 = 16 min). The simultaneous
addition of 3′-NH2-2AIpddG led to a large rate enhancement
(t1/2 < 0.5 min). In contrast, the addition of unactivated 3′NH2-pddG had a small detrimental eﬀect (t1/2 = 26 min)
(Figure 2). The simplest explanation for this result is that
primer extension with 2AI-activated 3′-amino-2′,3′-dideoxyribonucleotides occurs via formation of a 5′-5′ imidazolium-

bridged dinucleotide C-2AI-G, which can only form from the
reaction of the two activated nucleotides.15
31
P NMR analysis of the 3′-NH2-2AIpddC monomer alone
in Na+-bicine, pH 8.5, in the presence of Mg2+ (50 mM)
showed the presence of a major signal corresponding to the
monomer (−10.7 ppm), and a second more shielded signal
(−12.3 ppm) corresponding to the 5′-5′ imidazolium-bridged
dinucleotide (SI Figure S3).15 Moreover, MS analysis revealed
m/z signals consistent with both the monomer and
dinucleotide species (SI Figure S3).
To provide further evidence for the role of the imidazoliumbridged dinucleotide intermediate in primer extension, we
examined the copying of RNA template sequences 3′-ACCC5′ and 3′-UCCC-5′ (SI Figure S4). In both cases, the primer
extension reactions proceeded eﬃciently when carried out in
the presence of the two complementary monomers, showing
that single T and A residues can be added to a primer in high
yield and faster than on homopolymeric A4 and T4 templates
respectively, presumably through tighter binding of the T-2AIG and A-2AI-G intermediates to the template, relative to T2AI-T and A-2AI-A, respectively.
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Figure 4. Nonenzymatic primer extension on a mixed-sequence RNA template using all four 2AI activated 3′-amino nucleotides. (A) Chemical
copying of an RNA template into 3′-NP-DNA. The nucleotide highlighted in red indicates the 3′-NH2-ddC at the end of the primer. The six lanes
at left show the time course of the reaction. The four lanes at right show an assessment of the ﬁdelity of 3′-NP-DNA synthesis. Each 3′-NH2nucleotide was replaced, one at a time, with a ribonucleotide, which at 3 mM Mg2+ results in chain termination (see SI Figure S6 for full timecourse). P, primer. (B) Deconvoluted monoisotopic mass distribution for the full-length primer extension product (+8) showing correct
composition: calc. mass, 6413.0921 Da; obs. mass, 6413.0405 Da; error, 8.0 ppm. Primer extension reactions were carried out using 10 mM
activated NP monomers (3′-NH2-2AIpddA, 3′-NH2-2AIpddG, 3′-NH2-2AIpddC, 3′-NH2-2AIpddT), 200 mM Na+-HEPES pH 8.0, 25 °C and (A)
3 mM MgCl2, (B) 50 mM MgCl2. See SI for full description of methods. The RNA templating region is indicated in blue.

imidazolium- bridged dinucleotide must bind to the template
via two Watson−Crick base-pairs in order to set up the
appropriate geometry for eﬃcient reaction with the primer. We
assessed the ﬁdelity of the chemical synthesis of 3′-NP-DNA
on mixed-sequence RNA templates by liquid chromatography
mass spectrometry (LC-MS) analysis of the primer extension
products. In previous work from our laboratory, using HEI as
an organocatalyst, low ﬁdelity was observed for the chemical
copying of the template 3′-GAGAC-5′ using 2MI activated 3′NH2-ddC and 3′-NH2-ddT, and for copying of the template
3′-CUCUA-5′ using 2MI activated 3′-NH2-ddG and 3′-NH2ddA.7 The high frequency of errors, which ranged from 15 to
50%, was due to both C:A and G:T pair mismatches. In
contrast, when we performed template-directed polymerization
on similar templates using 2AI-activated mononucleotides in
the absence of HEI, we observed rapid (complete reaction in
<4 h) and accurate primer extension in both cases (Figure 3).
The LC-MS analysis of fully extended primer +5 products
revealed excellent ﬁdelity for the chemical copying of template
3′-GAGAG-5′, with only the desired primer + C3T2 species
detectable (Figure 3A). With template 3′-CUCUC-5′, a small
amount (<5%, from MS and PAGE analysis, Figure S5) of G−
T mismatch product, primer + G4A1, was detected along with
the fully extended correct product primer + G3A2 (Figure 3B).
Encouraged by the yields and ﬁdelities obtained during the
copying of the RNA templates containing two letters, we
proceeded to examine primer extension on an RNA template
containing all four letters (3′-ACUGCCAA-5′), again generating a 3′-NP-DNA product (Figure 4). Conversion of the
primer into primer +4 (and longer) products was observed
within 3 h, with essentially complete conversion to primer +7/
8 by 24 h (SI Figure S7). This copying of a mixed-sequence
template occurred using only the four 2AI-activated 3′-amino

Figure 5. Simultaneous chemical copying of a randomized pool of
RNA templates into 3′-NP-DNA using 3′-NH2-2AIpddNs in solution,
where N = A, G, C, or U. The nucleotide highlighted in red indicates
the 3′-NH2-ddC at the end of the primer. Primer extension reactions
were carried out using 10 mM activated NP monomers (3′-NH22AIpddA, 3′-NH2-2AIpddG, 3′-NH2-2AIpddC, 3′-NH2-2AIpddT),
50 mM MgCl2, 200 mM Na+-HEPES pH 8.0, 25 °C. P, primer.

As an initial test of ﬁdelity, we examined the extent of primer
extension by single mismatched bases using the template
sequences 3′-NCCC-5′ (N = A, G, or U) with 3′-NH22AIpddG as the sole activated monomer (SI Figure S4). We
observed a low yield (<10%) of primer extension products on
all three templates even at times of 60−75 min (see SI for
details), showing that G is incorporated very poorly across
from A, G or U in the template. This is expected if the
10484
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Figure 6. Eﬃcient chemical copying of long mixed-sequence RNA templates into 3′-NP-DNA using 3′-NH2-2AIpddNs, with templates (A) 13
nucleotides, (B) 18 nucleotides, and (C) 26 nucleotides in length. All primer extension reactions were carried out in solution using 10 mM
activated NP monomers (3′-NH2-2AIpddA, 3′-NH2-2AIpddG, 3′-NH2-2AIpddC, 3′-NH2-2AIpddT), 50 mM MgCl2, 200 mM Na+-HEPES pH 8.0,
25 °C. P, primer.

mononucleotides, in the absence of the downstream activated
oligonucleotides that are required for the sequence-general
copying of RNA templates with 2AI-activated ribonucleotides.3,4 In addition, the polymerization reaction was carried
out as a one-pot process, without requiring stepwise protection
and deprotection of the nucleophilic 3′-amino functionality as
used in the Richert group’s approach to copying DNA
templates.14,18
To gain insight into the ﬁdelity with which a template
containing all four nucleotides was copied, we carried out an
assay adapted from Sanger sequencing.19 We repeated the
primer extension reaction on the 3′-ACUG-5′ template at a
Mg2+ concentration (3 mM) suﬃciently low that templatedirected polymerization of activated ribonucleotides is greatly
reduced. By successively replacing each of the activated 3′amino mononucleotides with the corresponding 2AI-activated
ribonucleotides, we generated primer extension products that
chain-terminated after the addition of each ribonucleotide
(Figure 4A). A clear ladder corresponding to the sequential
synthesis of the expected products was obtained, suggesting
that at each step of primer extension the major product was
correct. To conﬁrm the identity of the predominant full-length
primer extension product, we carried out LC-MS analysis of
the primer extension reaction; the mass of the fully extended
product was consistent with the expected composition (Figure
4B). Taken together, these results suggest that the 2AIactivated 3′-amino-2′,3′-dideoxyribonucleotides are excellent
substrates for the fast and accurate copying of RNA templates
into complementary NP-DNA products. A more complete
analysis of the ﬁdelity of this copying chemistry will require the
development of single molecule sequencing methods for NPDNA, which is underway in our group.
To determine the fraction of possible RNA sequences that
could potentially be copied by activated 3′-amino-2′,3′dideoxyribo-nucleotides, we examined the one-pot chemical
copying of a heterogeneous population of RNA templates. A
pool of 256 template sequences (randomized region 3′NNNNUU-5′, N = A, G, C or U) were simultaneously copied

by primer extension in a one-pot reaction containing all four
activated mononucleotides. Approximately 74% of the initial
primer was converted into fully extended products (primer +4
or more) in solution after 72 h (Figure 5), suggesting that most
but not all RNA sequences can be copied by activated
monomers.
A long-standing goal in nonenzymatic nucleic acid
replication has been to copy mixed-sequence templates long
enough to encode useful functions such as molecular
recognition or catalysis. The replication of longer sequences,
at a suﬃciently low mutation rate, could enable the evolution
of selectively advantageous sequences in a population of
replicating protocells. In addition, alleviating the need for
speciﬁc auxiliaries such as activated downstream oligonucleotides3,4,14,20 would enable a much simpler means of replicating
these longer oligomeric templates. We asked whether we could
chemically copy a series of RNA templates of increasing length,
to generate 3′-NP-DNA products in which the primer had
been extended by at least 12, 17, or 25 nucleotides (Figure 6).
Strikingly, the copying of RNA into 3′-NP-DNA was eﬃcient
in all three cases, with average single-nucleotide extension
yields of 96−97% and full length yields of 67 ± 2, 63 ± 1 and
49 ± 1%. Thus, the copying all four letters in RNAs longer
than 12 nts into 3′-NP-DNA is feasible using 2AI-activated 3′amino mononucleotides. To our knowledge, this is the ﬁrst
demonstration of the nonenzymatic copying of templates that
are potentially of suﬃcient length to encode catalytic
activity,21,22 if sequence length requirements for catalysis are
similar for 3′-NP-DNA and DNA or RNA sequences. Our
ﬁndings suggest that the nonenzymatic propagation of genetic
information containing four-letter mixed-sequences may be
possible.
Finally, we asked whether the eﬃcient copying of RNA
templates into 3′-NP-DNA containing all four letters was
compatible with compartmentalization. We repeated the RNA
copying reactions within model protocell vesicles prepared
with three diﬀerent membrane compositions (decanoate:decanol:glycerol monodecanoate 4:1:1 (DA:DOH:GDM), myr10485
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Figure 7. Chemical copying of mixed-sequence RNA templates into 3′-NP-DNA within model protocells. (A) Schematic representation of RNA
copying leading to products long enough to exhibit structure and/or function. Chemical copying of RNA template (3′-AC UGC CAA-5′) into 3′NP-DNA within vesicles of three diﬀerent membrane compositions. (B) Comparison of time course reactions in solution (SI Figure S7) and inside
vesicles using 3′-NH2-2AIpddNs. Data points are reported as the mean ± s.d. from triplicate experiments. (C) Chemical copying of a randomized
pool of RNA templates (Figure 3, 3′-NNNN UU-5′) into 3′-NP-DNA using 3′-NH2-2AIpddNs within MA: GMM vesicles, where N = A, G, C, or
U in the template. D) Chemical copying of long mixed-sequence RNA template into 3′-NP-DNA using 3′-NH2-2AIpddNs, with templates greater
than 10 (3′-ACU GAC UCC ACC G), 15 (3′-CCG CCC GAC UUC UCC GCG), or 25 (3′-ACU GAC UCC ACC GAC UGA CUC CAC CG)
nucleotides in length within MA:GMM vesicles (as shown in Figure 6). It should be noted that the lanes containing the primer species only were
from the same PAGE experiment as the primer extension reaction. All primer extension reactions were carried out using 10 mM activated NP
monomers (3′-NH2-2AIpddA, 3′-NH2-2AIpddG, 3′-NH2-2AIpddC, 3′-NH2-2AIpddT), 50 mM MgCl2, 200 mM sodium citrate, 200 mM Na+bicine pH 8.5, 25 °C. P, primer. Control reactions outside of vesicles are reported in the SI.

protocell, such as nucleotides from the surrounding environment. As observed previously, the template-directed synthesis
was slower within vesicles than in solution, owing in part to
mononucleotides having to cross the membranes in order to
initiate primer extension (Figure 7A).5 In addition, the
reaction was slower with increasing fatty acid chain length,
suggesting that entry of the activated monomers into the
vesicle interior was rate limiting. Nonetheless, a high yield of
full-length primer extension products was observed within
membrane vesicles of all three compositions after 72 h (Figure
7A,B). Similar results were observed for primer extension on
the randomized template (3′-NNNN-5′, Figure 7C), as well as

istoleate:glycerol monomyristoleate 2:1 (MA:GMM), and
oleate (OA)), all of which generate robust vesicles that are
permeable to polar solutes.23,24 In terms of prebiotic relevance,
similar fatty acids have been synthesized using Fischer−
Tropsch-type reactions25 in potentially prebiotic conditions, by
iterated cycles of aldol condensation and reduction,26 and
short-chain fatty acids have been identiﬁed in meteorites.27
The primer-template duplex was encapsulated within vesicles,
and unencapsulated material removed by size exclusion
chromatography. Activated mononucleotides were then
added to the outside of the vesicles to initiate the reaction,
in order to simulate the uptake of nutrients, by a heterotrophic
10486
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cellular life with a biochemistry distinct from that of extant
biological life. However, several obstacles must be overcome
before this possibility can be realized. First, the eﬃciency of
template directed 3′-NP-DNA synthesis must be further
increased (e.g., from stepwise yields of >96% to >99%). The
accumulation of stalled incomplete copying products currently
limits the yield of full-length copies, but the reasons for the
accumulation of these partial copies are unclear. Stalling could
be due to misincorporation, chain-terminating chemical amine
modiﬁcations, or the presence of template bound oligomers
that block continued primer extension; further work is required
to determine whether some or all of these possibilities lead to
stalled primer extension products. In addition, template
regions may have varying degrees of secondary structure,
which may impact the eﬃciency of nonenzymatic primer
extension chemistry. Another issue with the use of activated 3′amino-2′,3′-dideoxyribonucleotides as substrates for template
copying is that these monomers decay predominantly through
5′-3′ cyclization. At present there is no known pathway by
which such cyclic nucleotides can be recycled into activated
monomers, suggesting that a continuous ﬂow system to bring
in new activated monomers and remove cyclized dead-end
products might be required to achieve continuous template
copying in the 3′-NP-DNA system. Finally, the problem of
duplex strand separation or strand displacement synthesis must
be solved to allow for multiple generations of genetic
replication. If the above roadblocks can be overcome, the
synthesis of a replicating, evolving cellular system may be
possible.

on longer RNA templates leading to primer extension by 12−
13, 17−18, and 25−26 nucleotides (Figure 7D). The latter
primer extension reactions were conducted in MA:GMM
vesicles only, given that reaction within these membranes was
of intermediate eﬃciency (slower than within DA:DOH:GDM, but faster than within OA). This is a signiﬁcant
improvement over previously reported mixed-sequence RNAtemplate-directed polymerization within membrane compartments, which has been limited to primer extension by at most
5 nucleotides.5,24
Our results suggest that the accurate nonenzymatic copying
of RNA templates is feasible with the four canonical
nucleobases of the modern genetic alphabet, if the corresponding nucleotides are activated with the prebiotically plausible
activating compound, 2AI.28 In contrast, previous studies using
monomers that are highly activated, and which react directly as
monomers with the growing primer terminus, have exhibited
comparatively poor ﬁdelity.7 The copying of RNA with
activated 2AI substrates, which has been shown to proceed
through a covalent dinucleotide intermediate,17 may exhibit
higher ﬁdelity as a result of the geometric preorganization of
the imidazolium-bridged dinucleotide. Further studies will be
required to measure the context dependent ﬁdelity of template
copying in these systems accurately, and to elucidate the
reasons behind the diﬀerent ﬁdelities exhibited as a
consequence of these distinct reaction pathways fully. The
combination of the imidazolium-bridged intermediate pathway
with the use of 2-thio-U/T in place of U/T may lead to further
enhanced ﬁdelity, which would enable the propagation of
additional functionally important genetic information.
The greater nucleophilicity of the 3′-amine of activated 3′amino-2′,3′-dideoxyribonucleotides allows for faster and more
extensive primer extension than previously observed with
identically activated ribonucleotides. This raises the intriguing
question of whether RNA copying with ribonucleotides could
be improved by making the 3′-hydroxyl of ribonucleotides
more nucleophilic. One possibility would be to replace the
catalytic metal ion Mg2+ with a diﬀerent divalent cation with a
lower pKa. We have recently shown that replacing Mg2+ with
Fe2+ results in faster primer extension at neutral pH; however,
Fe2+ catalyzes very rapid monomer hydrolysis, and also forms
insoluble oxyhydroxide complexes at pH values above 7.5,
which strongly inhibit the primer extension reaction.29 Another
possibility, currently under investigation in our laboratory,
would be to employ a metal chelating ligand, either
noncovalently or covalently attached to the RNA, to help to
bind and precisely position the catalytic metal ion so as to lead
to enhanced catalysis. Enhanced metal ion catalysis combined
with other approaches, such as the continuous reactivation of
hydrolyzed monomers,30 and the use of activated downstream
helper oligonucleotides, may ultimately lead to the identiﬁcation of a prebiotically realistic means for the eﬀective
copying of RNA templates.
The heterotrophic protocell model posits the emergence of
functional nucleic acid structures in a complex and dynamic
environment, where nutrients could be assimilated from the
external environment. We have now shown that activated
mononucleotides alone can eﬃciently participate in the
template-directed synthesis of a genetic polymer to produce
mixed-sequence products long enough to encode advantageous
functions, all within prebiotically plausible model protocell
vesicles. This advance raises the possibility that 3′-NP-DNA
could potentially form the genetic basis for an artiﬁcial form of
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