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BSTRACT 

he nonenzymatic copying of RNA is thought to 

ave been necessary for the transition between pre- 
iotic chemistry and ribozyme-catalyzed RNA repli- 
ation in the RNA World. We have previously shown 

hat a potentially prebiotic nucleotide activation path- 
ay based on phospho-Passerini chemistry can 

ead to the efficient synthesis of 2-aminoimidazole 

ctiv ated mononuc leotides when carried out un- 
er freeze-thaw cycling conditions. Such activated 

ucleotides react with each other to form 5 
′ –

 
′ 2-aminoimidazolium bridged dinucleotides, en- 
bling template-directed primer extension to occur 
ithin the same reaction mixture. Ho we ver, mononu- 
leotides linked to oligonucleotides by a 5 

′ –5 
′ 2-

minoimidazolium bridge are superior substrates 

or nonenzymatic primer extension; their higher in- 
rinsic reactivity and their higher template affinity 

nable faster template copying at lower substrate 

oncentrations. Here we show that eutectic phase 

hospho-Passerini chemistry efficiently activates 

hort oligonucleotides and promotes the formation 

f monomer -bridged-oligonuc leotide species during 

reeze-thaw cycles. We then demonstrate that in-situ 

 enerated monomer-bridg ed-oligonucleotides lead 

o efficient nonenzymatic template copying in the 

ame reaction mixture. Our demonstration that mul- 
iple steps in the pathway from activation chemistry 
i
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 2
o RNA copying can occur together in a single com- 
lex environment simplifies this aspect of the origin 

f life. 

RAPHICAL ABSTRACT 

NTRODUCTION 

he origin of life on the early Earth is likely to have involved 

 series of steps during which ribonucleotides were synthe- 
ized through abiotic chemical pathways, and subsequently 
ssembled into short RNA oligonucleotides that encoded 

he genetic information of primordial life ( 1–6 ). A key step 

n the transition from prebiotic chemistry to the emergence 
u
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of self-replicating RNAs and the advent of Darwinian evo-
lution is thought to have been nonenzymatic RNA copying.
For decades, template-directed nonenzymatic primer ex-
tension reactions have been modeled using intrinsically re-
acti v e mononucleotide phosphorimidazolides (Supplemen-
tary Figure S1A) ( 7–9 ). Recent results suggest that 5 ′ ,5 ′ -
imidazolium-bridged-dinucleotides are the dominant re-
acti v e intermediates in facilitating chemical RNA copy-
ing in the presence of activated mononucleotides, due to
their higher reactivity and stronger binding to the template
by two Watson–Crick base pairs (Supplementary Figure
S1B) ( 10–13 ). Crystallo gra phic studies have shown that the
template-bound bridged dinucleotide intermediate is pre-
organized so as to favor the primer extension reaction, such
that the 3 ′ -OH of the primer is properly oriented and in
close proximity to the adjacent phosphate of the bridged
dinucleotide ( 14 , 15 ). While activated mononucleotides can
contribute to template copying if present in high concen-
trations, the copying fidelity is extremely poor ( 16 ). De-
spite these advances, the chemical copying of RNA tem-
plates with all four canonical nucleotides remains ineffi-
cient. This inefficiency stems in part from the large dif-
ferences in affinities and reactivities of the 10 different 2-
aminoimidazole(2AI)-bridged dinucleotides, which results
in low yields and sequence-dependent biases in template
copying ( 13 ). 

To overcome this problem, monomer-bridged-
oligonucleotide intermediates have been proposed to
facilitate fast and unbiased copying of templates con-
taining all four bases ( 13 , 17 ). Compared to activated
mononucleotides and bridged dinucleotides, monomer-
bridged-oligonucleotides can bind to the primer-template
complex with significantly higher affinity and lead to a
10-fold higher rate of primer extension at template satura-
tion (Figure 1Ai) ( 13 ). Thus, short oligonucleotides of only
2 to 4 nucleotides in length can act as sequence-specific
ca talysts for ef ficient templa te copying. Such short oligonu-
cleotides may be generated prebiotically via untemplated
( 18–20 ) or templa te-directed oligomeriza tion ( 21–23 ). In
addition to primer extension, template copying can also be
dri v en by the ligation of short oligomeric substrates, which
is slower but r equir es fewer reaction steps ( 24 , 25 ). The
nonenzyma tic templa ted assembly of functional ribozymes
has been shown to be possible using splinted ligation
( 25–27 ). Ther efor e, it is important to explore whether
monomer-bridged-oligonucleotide substrates might also
enhance nonenzyma tic RNA liga tion for templa te copying
(Figure 1 Bi). 

Gi v en the enhanced reactivity of monomer-bridged-
oligonucleotides and the likely prebiotic availability of short
oligonucleotides, we hav e inv estigated the in-situ acti va-
tion of short oligonucleotides to see if they can be uti-
lized as prebiotically available catalysts. Sutherland and
cow ork ers have previously reported a nucleotide activa-
tion chemistry utilizing methyl isocyanide (MeNC), a com-
pound that can be synthesized in a prebiotic ferrocyanide-
and nitr oprusside-containing envir onment after ultraviolet
(UV) irradiation ( 28 ). By modifying this MeNC-mediated
phospho-Passerini activation chemistry, our lab has re-
cently identified a potentially prebiotic pathwa y f or the ac-

tivation of RNA mononucleotides and the formation of  
bridged dinucleotides under conditions compatible with
nonenzyma tic templa te cop ying ( 29 ). This r eaction is con-
ducted in the eutectic phase of a partially frozen reaction
mixtur e to incr ease the effecti v e concentrations of reactants,
and thus promote bridged dinucleotide formation at a sto-
ichiometric 2AI concentration. This pathway allowed us to
demonstrate a prebiotically plausible scenario in which the
hitherto separated stages of nucleotide activation, bridged
dinucleotide forma tion, and nonenzyma tic RNA copying
occurr ed concurr entl y under m utuall y compatible condi-
tions. Considering the expected heterogeneity of prebiotic
mixtures of RNA mono- and oligonucleotides, we have now
investigated the activation of short oligonucleotides and ex-
plored conditions that allow the subsequent formation of
monomer-bridged-oligonucleotides for enhanced nonenzy-
matic RNA copying. 

Here, we show that monomer-bridged-oligonucleotides
enhance both nonenzymatic primer extension and lig-
ation. We then demonstrate that e v en low concentra-
tions of activated oligonucleotides can generate sufficient
monomer-bridged-oligonucleotide intermediates to dri v e
ef ficient templa te copying. Following the demonstra tion
of enhanced RNA copying with pre-activated oligonu-
cleotides, we employ the MeNC-mediated chemistry to acti-
vate oligonucleotides and dri v e the formation of monomer-
bridged-oligonucleotides. Finally, we demonstrate efficient
nonenzyma tic templa te copying starting with unactiva ted
mono- and oligonucleotides under conditions of in-situ ac-
tivation. Our findings contribute to the growing realization
that geochemically realistic environments with the right de-
gree of chemical complexity must be considered in order to
understand the origin of life. 

MATERIALS AND METHODS 

Gener al inf ormation 

Unless otherwise noted, all chemicals were purchased at
the highest available purity from Sigma-Aldrich (St. Louis,
MO). All ribonucleoside 5 ′ -monophosphates were obtained
as free acids from MP Biotechnology (Solon, OH) or
Sigma-Aldrich (St. Louis, MO). 2-Aminoimidazole hy-
drochloride was obtained from Combi-Blocks (San Diego,
CA). Phosphoramidites and reagents for solid-phase RNA
synthesis were purchased from ChemGenes (Wilmington,
MA) and Glen Research (Ster ling, MA). Deuter ated sol-
vents wer e pur chased from Cambridge Isotope Laborato-
ries (Tewksbury, MA). 

The synthesis and storage of methyl isocyanide were
carried out as previously described ( 30 ). To pre v ent the
acidic hydrolysis of MeNC, which forms methylamine and
formic acid, MeNC should be stored at a pH > 8. The ab-
solute concentrations of stock solutions were determined
by comparing the integrals of 1 H peaks of interest to the
calibrant, adenosine-5 ′ -monophosphate, using NMR spec-
troscopy. The exact concentrations of the nucleoside-5 ′ -
monophosphates were determined by the analysis of se-
rial dilutions on a spectrophotometer. When pipetting small
volumes of the relati v ely vola tile MeNC , it is common to ex-
perience loss of the MeNC inside the pipette tip, likely due
to ra pid eva pora tion. To ensure tha t the correct amount of
MeNC is transferred to the reaction mixture, we pre-wet
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he pipette tips (Sorenson, BioScience, Inc.) by pipetting 
eNC up and down at least three times, followed by im- 
ediate transfer of the pipetted MeNC solution into the re- 
ction mixture and vortexing to ensure complete mixing. 
Re v erse-phase flash chromato gra phy was performed us- 

ng prepacked RediSep Rf Gold C18Aq 50 g columns 
rom Teledyne Isco (Lincoln, NE). Preparatory-scale high- 
erformance liquid chromato gra phy (HPLC) was carried 

ut on an Agilent 1290 HPLC system equipped with an Ag- 
lent ZORBAX Eclipse-XDB C18 column (21.2 × 250 mm, 
 �m particle size) for re v ersed-phase chromato gra phy. An- 
lytical HPLC was carried out on an Agilent 1100 series 
ith an Agilent Eclipse Plus C18 column (4.6 × 250 mm, 5 
m particle size). 31 P NMR spectra wer e acquir ed at 25 ◦C 

n a Varian Oxford AS-400 NMR spectrometer (162 MHz 
or 31 P). 

ligonucleotide synthesis 

rimers and templates wer e pur chased from Integrated 

N A Technolo gies. The din ucleotide, trin ucleotides, and 

etranucleotide (pCG, pCGC, pACG and pCGCA) used 

or activation chemistry wer e pr epar ed in-house by solid- 
hase synthesis on a MerMade 6 DN A / RN A synthesizer 
Bioautomation, Plano, TX). Authentic samples of the 
hree riboadenosine dinucleotides, 5 ′ –5 ′ -pyrophosphate di- 
denosine (AppA), di-adenosine 5 ′ -monophosphate with a 
 
′ -5 ′ phosphodiester linkage (pA-2 ′ -pA), and di-adenosine 
 
′ -monophosphate with a 3 ′ –5 ′ phosphodiester linkage 
pA-3 ′ -pA) wer e pr epar ed by solid-phase synthesis on an 

xpedite 8909 DN A / RN A synthesiz er. The synthesiz ed 

ligonucleotides were then deprotected and purified by 
e v erse-phase chromato gra phy with a 50 g C18Aq column 

sing a gradient elution of 0–10% acetonitrile over 10 col- 
mn volumes (CVs) in 20 mM triethylammonium bicarbon- 
te (TEAB) at pH 7.5. 

r epar ation of activ ated mononucleotides, bridged dinu- 
leotides, activated oligonucleotides and mononucleotide- 
ridged-oligonucleotides 

ll 2-aminoimidazole-activated RNAs (*pN n and Np*pN n , 
 = 1, 2, 3, 4) were synthesized as previously described ( 13 ).
he activated mononucleotide *pA was purified by re v erse 
hase chromato gra phy with a 50 g C18Aq column over 10 
Vs of 0–10% acetonitrile in 2 mM TEAB (pH 8). The 
ractions containing *pA were adjusted to pH 9.5–10 with 

aOH, aliquoted, and l yophilized. A part from using 20 
M TEAB (pH 7.5), the activated oligonucleotides (*pCG, 
pCGC and *pCGCA) were purified in the same manner. 
he bridged dinucleotide Ap*pC was purified by re v erse- 
hase HPLC on a C18 column with a gradient of 2–8% 

cetonitrile over 20 min in 2 mM TEAB (pH 8) at a flow 

ate of 15 ml / min. Fractions containing Ap*pC were ad- 
usted to pH 8 with HCl, aliquoted, and lyophilized. The 
onomer-bridged oligonucleotide intermediates Ap*pCG, 
 p*pCGC and A p*pCGCA wer e purified by r e v erse-phase
PLC on a C18 column with a gradient of 2–10% acetoni- 
rile over 27 min in 20 mM TEAB (pH 7.5) at a flow rate of
5 ml / min. Fractions containing the desired products were 
djusted to pH 8 with HCl, aliquoted, and lyophilized. 
onenzymatic primer extension and ligation with pre- 
ynthesized activated RNAs 

AM-labeled primer / FAM / A GUGA GUAACUC was 
sed in the nonenzymatic primer extension and ligation 

eactions with pre-synthesized activated RNAs unless 
therwise noted. The primer extension reactions used the 
emplate 5 ′ -OH- UGCGU GAGUUA CUCA CUAAA. 
igation reactions used the template 5 ′ -OH- 
GCG GAGUUA CUCA CUAAA. Underlined sequences 

ndicate the template region available for substrate binding. 

inetics of primer extension with a single activated RNA sub- 
trate (*pN n or Np*pN n ). The primer-template complex 
as first pr epar ed in an annealing solution containing 7.5 
M primer, 12.5 �M template, 50 mM Tris–HCl (pH 8), 
0 mM NaCl and 1 mM ethylenediaminetetraacetic acid 

EDTA) by hea ting a t 85 ◦C for 30 s and slowly cooling down
o 25 ◦C at a rate of 0.1 ◦C / s. The annealed product was then
iluted into the final reaction mixture to a final concentra- 
ion of 1.5 �M primer, 2.5 �M template, 200 mM Tris– 
Cl (pH 8), 100 mM MgCl 2 , and the indicated concentra- 
ion of the pre-activa ted substra te. The stock solutions of 
re-activated species were prepared freshly at various con- 
entra tions immedia tely befor e being added to the final r e- 
ction mixture to initiate the template copying reaction at 
oom temperature. At each time point, 0.5 �l of the reaction 

ixture was added to 25 �l of a quenching buffer contain- 
ng 25 mM EDTA, 1 × TBE, and 4 �M DNA strands com- 
lementary to the template in formamide. Template copy- 
ng products were resolved by 20% (19:1) denaturing PAGE, 
canned with a Typhoon 9410 scanner, and quantified us- 
ng the ImageQuant TL software. Reactions containing a 
locker oligonucleotide were performed as described above, 
xcept using the sequences listed in Supplementary Figure 
3D, with final concentrations of 1.5 �M primer, 2.5 �M 

emplate, and 3.5 �M blocker. 

rimer extension with a mixture of activated mono- and 
ligonucleotides (*pA and *pN n ). The annealing buffer 
as pr epar ed as described above with 7.5 �M primer 
nd 12.5 �M template. The annealing buffer contain- 
ng the primer-template complex was mixed with MgCl 2 
nd Tris–HCl (pH 8) at the bottom of the reaction 

ube, while the fr eshly pr epar ed stock solutions of acti- 
ated mononucleotide (*pA) and activated oligonucleotide 
*pCG, *pCGC or *pCGCA) were added separately to the 
id or wall of the tube. The reaction tube was immediately 
entrifuged and vortexed to mix all the materials to initiate 
he reaction with final concentrations of 1.5 �M primer, 2.5 
M template, 200 mM Tris–HCl (pH 8), 100 mM MgCl 2 , 
 mM *A and 5 / 0.5 / 0.05 mM activated oligonucleotide. 
amples were collected at each time point and analyzed as 
escribed above. 

rimer extension with a pre-incubated mixture of activated 
ono- and oligonucleotides (*pA and *pCGCA). The an- 
ealed primer-template complex was pr epar ed as described 

bove and lyophilized to dryness. A mixture of 5 mM *A, 
.5 mM *CGCA, 200 mM Tris–HCl (pH 8) and 100 mM 

gCl 2 was incubated for 1 h at room temperature before 
eing added to the lyophilized primer-template complex, to 
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gi v e final concentrations of 1.5 �M primer and 2.5 �M tem-
plate. Samples were collected at each time point and ana-
lyzed as described above. 

HPLC analysis of spontaneous bridge-formation between ac-
tivated mono- and oligonucleotides 

The activated tetramer *pCGCA was used for the kinetic
analysis of bridged species due to its strong UV absorbance,
which allowed for effecti v e analysis b y HPL C. In primer ex-
tension buffer (100 mM MgCl 2 & 200 mM Tris–HCl (pH
8) or 30 mM MgCl 2 & 50 mM Na + -HEPES (pH 8)), 5 mM
*pA was allowed to react with 0.5 mM *pCGCA. After in-
cuba tion a t room tempera tur e for the desir ed time, 0.5 M
EDTA solution was added in 2.5-fold excess over the MgCl 2
concentration, and the resultant mixture was kept on dry
ice before injection or injected immediately into an Agilent
ZORBAX Eclipse-X DB C18 column for HPLC analysis.
The sample was separated using (A) aqueous 25 mM TEAB
buffer (pH 8) and (B) acetonitrile, with a gradient of 3–10%
B over 25 min at a flow rate of 15 ml / min. Fractions were
collected and analyzed by mass spectroscopy to confirm the
identity of the collected species. 

HPLC analysis of MeNC-mediated activation and bridge-
formation 

Oligonucleotide activation at ambient temperature. 400
mM MeNC, 400 mM 2-meth ylbutyraldeh yde (2MBA) and
200 mM 2AI were added to a solution of 5 mM oligonu-
cleotides (2–4 nucleotides in length) in 200 mM Na + -
HEPES at pH 8 with 30 mM MgCl 2 . The reaction was al-
lowed to sit for 6 hours, the optimal incubation time previ-
ously determined ( 30 ). The mixture was then either brought
to 10% (v / v) D 2 O for NMR spectroscopy, or separated
from MeNC-mediated activation reagents using Sep-Pak 

®

C18 Cartridges for HPLC analysis. To perform the Sep-
Pak 

® clean up , the stationary phase of the cartridge was
first wetted with acetonitrile and 2 M triethylamine acetate.
The reaction sample was then diluted in 1 mL of UltraPure
DNase / RNase-free distilled water and slowly loaded onto
the cartridge three times. The cartridge was then washed
three times with 3 ml of 20 mM TEAB (pH 8) before the
oligonucleotides were slowly eluted with 2 ml of 40% ace-
tonitrile in 20 mM TEAB (pH 8). The concentration of the
total oligonucleotides was determined by a NanoDrop Mi-
cr ovolume Spectr ometer. Acetonitrile was removed by leav-
ing the eluate under ambient temperature for 1 hour. The
sample was then lyophilized, redissolved in UltraPure wa-
ter, and analyzed on an Agilent 1100 series HPLC with an
Agilent ZORBAX Eclipse-XDB C18 column. The sample
was separated using (A) aqueous 25 mM TEAB buffer (pH
8) and (B) acetonitrile, with 2% B for 5 min, then 2% to 13%
B over 30 minutes, unless otherwise noted. All peak frac-
tions were flash-frozen and ly ophilized bef ore confirming
their identity by liquid chromato gra phy–mass spectrometry
(LC–MS). 

Eutectic phase activation of mononucleotides and oligonu-
c leotides . A mixture of 5 mM mononucleotide and indi-
ca ted concentra tions oligonucleotides was allowed to re-
act with stoichiometric 2AI ([2AI] = [pN]+[pN n ]), 30 mM
MgCl 2 , 50 mM Na + -HEPES (pH 8), 200 mM 2MBA and
50 mM MeNC under eutectic ice phase conditions. Rapid
cooling by liquid nitrogen was used to ensure complete
fr eezing befor e the solution was stor ed a t −15 to −13 ◦C . Ev-
ery 24 h, the sample was thawed, 50 mM additional MeNC
was added, and refrozen to the eutectic ice phase. After
4 days, the products were separated from MeNC-mediated
activation reagents and analyzed by analytical HPLC as de-
scribed above. 

Nonenzymatic primer extension and ligation with in-situ ac-
tivated RNAs 

All reactions used the thiol-modified primer / 5ThioMC6-
D / A GUGA GUAACUC. The primer extension reactions
used the template 5 ′ -OH- UGCGU GAGUUACUCA
CUAAA. Ligation reactions used the template 5 ′ -OH-
UGCG GAGUUACUCACUAAA. Underlined sequences
indicate the template region available for substrate binding.

All reactions contained 1 �M primer, 1.5 �M template,
50 mM Na + -HEPES (pH 8) and 30 mM MgCl 2 . Unacti-
vated mononucleotides were supplied at 5 mM each, while
unactivated pCGC was supplied at 0.5 mM, except as oth-
erwise noted. 2AI was supplied at a stoichiometric concen-
tration ([2AI] = [pN]+[pN n ]), except for the cases contain-
ing only pA or pCGC, where excess 2AI was supplied at
5.5 mM. The primer and template were first mixed with
Na + -HEPES (pH 8). Then stock solutions of unactivated
monon ucleotides and / or oligon ucleotides, and 2AI were
pr epar ed separately, adjusted to pH 8 with NaOH or HCl,
and added to the primer-template mixture, followed by the
addition of MgCl 2 . 

The r eaction mixtur e was brought to 200 mM 2MBA and
50 mM MeNC before being frozen to the eutectic phase
a t approxima tely −15 to −13 ◦C. The freezer temperature
was monitored, and slight tempera ture fluctua tions were
observed occasionall y. Ra pid cooling by liquid nitro gen was
used to ensure complete freezing before the sample was in-
cuba ted a t the ice-eutectic phase. Every 24 h, the mixture
was thawed to room temperature for sample collection, an
additional 50 mM MeNC was added, and then subjected
to eutectic freezing for one more day. Thawing, sample col-
lection, and r efr eezing took less than ten minutes. After
f our da ys of eutectic activation, the reaction mixture was
brought to room temperature and allowed to react for an-
other 24 h. The mixture was then incubated at ambient tem-
perature for two more days with the addition of 100 mM
2MBA and 100 mM MeNC per day. 

Every 24 h, 30 �l of the r eaction mixtur e was collected
and purified by ZYMO Oligo Clean & Concentrator spin
column (ZYMO Research, Irvine, CA). The isola ted ma te-
rial was then mixed with 30 �l 100 mM Na + -HEPES (pH 8),
and any disulfides wer e r educed using a 10-fold molar excess
of tris-(2-carboxyethyl) phosphine hydrochloride (TCEP)
for 1.5–2 h. Then 0.8 �l of 1 mM Alexa 488 C5 maleimide
dye dissolved in anhydrous dimethyl sulfoxide was added to
the reduced mixture, and the coupling reaction was allowed
to proceed in the dark at ambient temperature for 1.5–2
h. The labeled primer-template duplex was separated from
free dyes using ZYMO DNA Clean & Concentrator spin
columns and concentrated to a volume of 10 �l. 1 �l of the
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ye-labeled mixture was added to 3 �l of gel loading buffer 
ontaining 8 M Urea, 10 × TBE, and 100 �M of an RNA 

omplementary to the template. The sample was heated to 

5 ◦C for 30 s and cooled to ambient temperature to ensure 
he separation of the template from the dye-labeled primer. 
emplate copying products were resolved by 20% (19:1) de- 
aturing PAGE, scanned with a Typhoon 9410 scanner, and 

uantified using the ImageQuant TL software. 

apid quenching of nonenzymatic primer extension with in- 
itu activated pA & pCGC 

omparison between EDTA quenched and thawed reac- 
ions. Parallel experiments were set up at the same time 
ith identical contents in 40- �l scale: 5 mM pA, 0.5 
M pCGC, 5.5 mM 2AI, 1 �M primer ( / 5ThioMC6- 
 / A GUGA GUAACUC), 1.5 �M template (5 ′ -OH- 
GCGU GAGUUA CUCA CUAAA), 50 mM Na + - 
EPES (pH 8) and 30 mM MgCl 2 . The reaction mixtures 
er e tr eated with 200 mM 2MBA and 50 mM MeNC 

nd then immersed in liquid nitrogen to ensure complete 
r eezing. Next, the samples wer e kept at −15 to −13 ◦C for
ce-eutectic phase reaction. After 24 h, one of the frozen 

0- �l samples was added to 10 �l of 0.5 M EDTA and vor-
exed to make sure all the thawed solution was immediately 
uenched by EDTA. Another frozen sample was allowed 

o thaw at ambient temperature. Then the two samples 
ere purified by ZYMO Oligo Clean & Concentrator spin 

olumns, r educed by T CEP and dye-labeled by Alexa 488 
5 maleimide dye, purified again, and resolved by 20% 

19:1) denaturing PAGE gel following the same protocols 
s described earlier. 

ime course of the EDTA-quenched reaction. Parallel ex- 
eriments were set up as described above in a 40- �l scale for
ach. Each reaction was individually quenched by EDTA at 
he desired time point before thawing, and analyzed follow- 
ng the same procedure. 

onenzymatic primer extension with eutectic-phase- 
ctivated RNAs 

 mixture of 5 mM pA, 0.5 mM pCGC, 5.5 mM 

AI, 50 mM Na + -HEPES (pH 8), and 30 mM MgCl 2 
as brought to 200 mM 2MBA and 50 mM MeNC. 
ext, the mixture was immersed in liquid nitrogen to 

nsur e complete fr eezing and then kept at −15 to 

13 ◦C for 24 h. The primer-template mixture was pre- 
ared and lyophilized into dry po w der. The MeNC- 
ctivated mixture in the ice eutectic phase was thawed 

nd immediately added to the primer-template po w der to 

i v e a solution containing 1 �M primer ( / 5ThioMC6- 
 / A GUGA GUAACUC) and 1.5 �M template (5 ′ -OH- 
GCGU GAGUUA CUCA CUAAA). At each time point, 
0 �l of the reaction mixture was added to 10 �l 0.5 M 

DTA and purified by ZYMO Oligo Clean & Concen- 
rator spin columns. The thiolated RNAs were reduced 

ith TCEP and labeled by incubating with Alexa 488 C5 
aleimide dye, purified again, and resolved by a 20% (19:1) 
enaturing PAGE gel as described above. 
ESULTS 

inetic analysis of RNA copying with pre-synthesized 
onomer-bridged-oligonucleotides 

e started by asking whether monomer-bridged- 
ligonucleotides can significantly improve the efficiency 
f templa te-directed liga tion as well as nonenzymatic 
rimer e xtension. We hav e pre viously reported kinetic 
arameters for se v eral nonenzymatic primer extension 

eactions using monomer-bridged-oligonucleotides ( 13 ). 
e have repeated these experiments, and compared the 
inetics of primer extension with ligation under identical 
onditions (Figure 1 , Supplementary Figure S2). Our new 

easurements show almost identical Michaelis constants 
 K M ) as proxies for binding affinity, compared to previously 
eported data. Thus, monomer-bridged-oligonucleotides 
ind to the primer-template complex much more strongly 
han activated mononucleotides or bridged dinucleotides. 
urthermor e, the maximum r eaction rates ( k obs max ) for 
rimer extension with *pA are increased by over 80-fold 

hen *pA is bridged to a downstream mononucleotide 
C, and by 500- to 700-fold when *pA is bridged to an 

ligonucleotide (Figure 1 A). The enhanced reaction rate 
 t sa tura tion suggests a grea ter degr ee of pr e-organization
nto an optimal configuration for reactions ( 15 , 31 ). 
Gi v en the enhanced nonenzymatic primer extension 

bserved with the monomer-bridged-oligonucleotides, we 
ext asked whether the imidazolium bridging moiety, a 
tr onger electr on withdrawing gr oup than imidazole, would 

lso accelerate ligation in the same conditions (100 mM 

gCl 2 , 200 mM Tris–HCl, pH 8) when the bridged 

ononucleotide component is not bound to the template 
Figure 1 B). In this configuration, and under the same re- 
ction conditions, we found that the maximum ligation rate 
f Ap*pCGC was more than three-fold higher than that 
f *pCGC (Figure 1 B). To further explore the effect of an 

nbound imidazolium-bridged nucleotide, we employed a 
andwiched primer-template-blocker system with a single- 
ucleotide binding site on the template, and let the primer 
xtend with either *pN or Np*pN (Supplementary Figure 
3A). We found that an imidazolium-bridged dinucleotide 
n w hich onl y one nucleotide is bound to the template ex- 
ibits a more than a fiv e-fold increase in the k obs max of 
1 primer extension reaction (100 mM MgCl 2 , 200 mM 

ris–HCl, pH 8). This rate enhancement applies to all four 
anonical nucleotides as the leaving group (Supplementary 
igure S3). These observations suggest that the superior 
lectrophilicity of the imidazolium bridging unit can en- 
ance both primer extension and liga tion. W hile decreas- 
ng the reaction pH to protonate the imidazole group of 
n activated oligonucleotide may also generate a positi v ely 
harged leaving group just like the imidazolium bridging 
oiety, deprotonation of the primer 3-OH (as shown in 

upplementary Figure S1) would be more challenging at 
his lower pH, making the nucleophilic attack less favor- 
ble ( 32 ). By employing the imidazolium bridging moiety 
s the more electrophilic leaving group, we were able to 

chie v e faster nonenzymatic ligation under the same con- 
itions as used for primer extension, while using essen- 
ially the same reacti v e intermediates. Additionally, this ap- 
roach could potentially alleviate the inhibition of primer 
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Figure 1. Kinetics of nonenzymatic primer extension and ligation with pure monomer-bridged-oligonucleotides. ( A ) Primer extension. (i) Mechanistic 
r epr esentation for nonenzymatic primer extension of one nucleotide and displacement of a 2AI-oligonucleotide as the leaving group. (ii) Schematic of 
nonenzymatic single nucleotide primer extension using a series of activated species. (iii) Michaelis–Menten analysis of primer extension with the illustrated 
activated species. The k obs values for A*C and *A are too low to display properly in the figure; see Supplementary Figure S2 for the full Michalis–Menten 
plot for each substrate. (iv) Kinetic parameters for +1 primer extension. Modified from Figure 7 in ( 14 ) with permission under a Creati v e Commons Attri- 
bution 4.0 International License. Copyright 2022 Ding et al. ; Published by Oxford University Press on behalf of Nucleic Acids Research. ( B ) Ligation. (i) 
Mechanistic r epr esenta tion for nonenzyma tic liga tion of an oligonucleotide and displacement of a 2AI-mononucleotide as the leaving group. (ii) Schematic 
of ligation with either an activated trinucleotide or a monomer-bridged-trinucleotide. (iii) Michaelis–Menten plots for ligation. (iv) Kinetic parameters for 
ligation. All r eactions wer e performed with 100 mM MgCl 2 and 200 mM Tris–HCl, pH 8 a t ambient tempera ture. Standard errors ( N ≥ 3) are reported at 
the appropriate significant digit in parentheses. 
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extension caused by the binding of long RNAs down-
stream of a primer. By activating the 5 ′ -end of the blocking
oligonucleotide with an imidazolium-bridged nucleotide,
this blocking strand can take part in faster nonenzymatic
ligation. 

Chemical RNA copying with a mixture of activated mono-
and oligonucleotides 

The significantly improved RNA copying observed with
monomer-bridged-oligonucleotide substrates prompted us
to consider a more prebiotically plausible scenario in which
activated mononucleotides were present together with acti-
vated oligonucleotides. To investigate this, we performed ex-
periments with a fixed concentration of 5 mM of *pA, and
lower concentrations of downstream oligonucleotides 2, 3
and 4 nucleotides in length. The *pA and activated oligonu-
cleotides react with each other in solution to form the
monomer-bridged-oligonucleotide substrates for primer ex-
tension. We find that as little as 50 �M activated trin-
ucleotides or tetranucleotides is sufficient to enhance the
yield of primer extension, whereas the activated dimer had
to be present at a higher concentration (of 5 mM) to achie v e
a similar yield (Figure 2 A–C). Howe v er, the primer e xten-
sion yield as a function of time exhibits a lag characteristic
of a two-step reaction, indicating a requirement for the ini-
tial formation of monomer-bridged-oligonucleotides before
significant primer extension could occur. Since two sequen-
tial reactions, bridge formation and primer extension, hap-
pen in this scenario, it was difficult to quantitati v ely assess
only the rate of the later primer extension reaction. 

In order to observe the primer extension reaction with-
out the initial delay, we pre-incubated mixtures of activated
mono- and oligonucleotides and measured the time

art/gkad439_f1.eps
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Figure 2. Comparison of primer extension with pre-synthesized monomer-bridged-oligonucleotide vs. mixtures of pre-activated mono- and oligonu- 
cleotides. ( A ) Comparison of primer extension with Ap*pCG and *pA + *pCG. ( B ) Comparison of primer extension with Ap*pCGC and *pA + *pCGC. 
( C ) Comparison of primer extension with Ap*pCGCA and *pA + *pCGCA. ( D ) Comparison between Ap*pCGCA and a mixture of *pA + *pCGCA 

preincubated for 1 h. Negati v e controls with only 5 mM *pA are shown in A-C. No detectable extension with *pA was observed in the first hour. All 
r eactions wer e performed with 100 mM MgCl 2 and 200 mM Tris–HCl, pH 8. 
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 equir ed for spontaneous monomer-bridged- 
ligonucleotide formation in solution. A mixture of 5 
M *pA and 0.5 mM *pCGCA was allowed to react in 

 primer extension buffer (100 mM MgCl 2 and 200 mM 

ris–HCl, pH 8) at room temperature, and we measured 

he formation of Ap*pCGCA at each time point by HPLC. 
e found that A p*pCGCA spontaneousl y formed from 

he mixture of *pA and *pCGCA, with its concentration 

eaking at 1 h ( ∼53 �M, 11% conversion from *pCGCA 

o Ap*pCGCA, Supplementary Figure S4). After 1 h, the 
oncentration of Ap*pCGCA started to decline, likely due 
o the hydrolysis. To examine primer extension, we pre- 
ncubated a mixture of 5 mM *pA and 0.5 mM *pCGCA 

n a primer extension buffer for 1 h before adding that to 

he primer-template complex. We were pleased to find that 
rimer extension proceeded with no lag, and at a rate very 
imilar to that observed with pre-synthesized Ap*pCGCA 

Figure 2 D). Our results suggest that activating e v en a 
mall fraction of the oligonucleotides in a complex mixture 
ay be sufficient to enable efficient nonenzymatic template 
opying. 

eNC-mediated activation and bridge-formation of 
onomers and oligonucleotides 

he ef ficient nonenzyma tic RNA copying facilita ted 

y modest concentrations of activated oligonucleotides 
rompted us to investigate the activation of oligonu- 
leotides under potentially prebiotic conditions. We started 

y demonstra ting tha t short oligonucleotides can be 

art/gkad439_f2.eps
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Figure 3. Ice-eutectic phase MeNC-mediated activation of oligonucleotides (*N n ) and subsequent formation of monomer-bridged-oligonucleotides 
(N*N n ). ( A ) The phospho-P asserini r eaction pa thway activa tes mono- and oligonucleotides and promotes the formation of bridged intermediates. ( B ) 
A scheme illustrating the activation of mono- and oligonucleotides and the formation of bridged species (including N*N, N*N n and N n *N n ) in the ice- 
eutectic phase. ( C ) A r epr esentati v e HPLC trace of the purified end pr oducts fr om a reaction containing unactivated mono- and dinucleotides (5 mM pA 

and 2 mM pCG). ( D ) The concentration of each identified peak species from a reaction mixture of mono- and oligonucleotides of indicated length and con- 
centration (i–iii) underwent eutectic phase activation, in contrast to the spontaneous formation of bridged species from a mixture of (iv) pure pre-activated 
mono- and tetranucleotides. Only a subset of the species is shown her e for br evity (i–iii), but additional species can be found in Supplementary Table S1. 
All activation reactions contained 30 mM MgCl 2 , 50 mM Na + -HEPES (pH 8) and stoichiometric 2AI ([2AI] = [pN]+[pN n ]). 200 mM 2MBA and 50 mM 

MeNC were supplied to initiate the reaction, with subsequent periodic additions of MeNC in three aliquots of 50 mM at the beginning of each day of the 
freeze-thaw cycle. The corresponding elution profiles are shown in Supplementary Figure S7. The control C (iv) was performed by incubating 5 mM *A, 
0.5 mM *CGCA, 30 mM MgCl 2 , and 50 mM Na + -HEPES (pH 8) for 1 h at room temperature. 
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activated using MeNC, 2MBA and excess 2AI in the
same buffer used for nonenzymatic RNA copying (50
mM Na + -HEPES pH 8 and 30 mM MgCl 2 ). When the
MgCl 2 concentration was reduced to suppress hydrolysis
and side product formation ( 30 ), we found that short
oligonucleotides of various lengths can be activated with
good efficiency (Supplementary Figure S5). For example,
a pproximatel y 89% of dimers (pCA) and 77% of trimers
(pCCA) were activated to 2-aminoimidazolides under
these conditions. In addition to the ef ficient activa tion of
oligonucleotides, our data suggest that the effecti v e concen-
trations of reagents required for activation are remar kab ly
similar for mononucleotides and oligonucleotides up to
tetranucleotides. 

Gi v en the efficient solution phase activation of oligonu-
cleotides with excess 2AI, we ne xt e xplored whether 2AI-
bridged mono- and oligonucleotides could form with sto-
ichiometric 2AI using MeNC-mediated chemistry (Fig-
ure 3 ). To do this, we employed eutectic ice phase con-
ditions, which we have previously shown to facilitate the
ef ficient activa tion of mononucleotides and the forma tion
of bridged dinucleotides. We began by activating 5 mM
pA and 2 mM pCG under the eutectic ice phase ( −15
to −13 ◦C) with 7 mM 2AI. After four days of activa-
tion, > 60% of the pA and pCG were converted into either
activated or bridged species (i.e. bridged dinucleotides or
monomer-bridged-dinucleotides) as determined by HPLC
analysis (Figure 3 C and Di). Actual le v els of acti vation and
bridge formation in the reaction mixture may be higher
because of hydrolysis during post-reaction cleanup. Side
products, including the 3 ′ –5 ′ linked dinucleotide, were min-
imal, as confirmed by the spike-in of their correspond-
ing authentic standards (Supplementary Figure S6). We
then proceeded to activate longer oligonucleotides at de-
creasing concentrations because of their possible lower
prebiotic abundance ( 18–23 ) and their ability to enhance
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onenzymatic copying at reduced concentrations. We found 

hat 5 mM mononucleotides in combination with 1 mM 

rinucleotides or 0.5 mM tetranucleotides can also be nearly 
ompletely converted to either activated or bridged species 
Figure 3 D, Supplementary Table S1). We compared these 
esults with a control experiment where we observed the 
pontaneous formation of Ap*pCGCA from a mixture of 
re-activated *pA and *pCGCA in the same primer exten- 
ion buffer for 1 h (this is the optimal incubation period as 
hown in Supplementary Figure S4). Despite starting with 

ure activated mono- and oligonucleotides, this control ex- 
eriment produced less monomer-bridged-oligonucleotides 
han seen in the presence of MeNC activation chemistry 
Figure 3 Diii–iv). 
We then looked into whether a mixture of mononu- 

leotides and short oligonucleotides of different lengths 
ould be activated sim ultaneousl y and form bridged species. 
 mixture containing mono-, di-, and trinucleotides was 
ctiva ted ef ficiently with a substantial yield of bridged 

pecies (Supplementary Figure S7). We monitored the re- 
ction pr ogress thr oughout the f our da ys of activation and 

bserved that the overall activation yields gradually in- 
reased while the monomer-bridged-oligonucleotide yield 

eaked on day two (Supplementary Figure S7). It is en- 
ouraging that we were able to obtain mostly activated and 

ridged species from a heterogeneous mixture of mono- and 

ligonucleotides under a prebiotically plausible activation 

ondition that is compatible with chemical RNA copying. 

n-situ activation of mononucleotides and oligonucleotides for 
onenzymatic primer extension and ligation 

ollowing the successful formation of monomer-bridged- 
ligonucleotides under the eutectic ice phase, we sought 
o a ppl y this process to nonenzymatic RNA copying. We 
av e pre viousl y demonstrated RN A copying dri v en by in-
itu activation of mononucleotides, but we have not com- 
ared the process when both mono- and oligonucleotides 
r e pr esent, and when both primer extension and ligation 

an occur. In this study, we used a model system containing 
 mM pA and 0.5 mM pCGC to measure in-situ activation, 
rimer extension, and ligation. To ensure an accurate com- 
arison, we included control experiments using only the un- 
ctivated mononucleotide or only the unactivated oligonu- 
leotide, thus pre v enting the formation of the monomer- 
ridged-oligonucleotide following activation. After the ad- 
ition of MeNC and 2MBA, the samples were incubated 

nder the eutectic phase ( −15 to −13 ◦C) and thawed ev- 
ry 24 hours for aliquot removal and the addition of fresh 

eNC. After four days of eutectic activation, the samples 
ere brought to room temperature for three more days of 
urther extension. Additional MeNC and 2MBA were sup- 
lied in the last two days at room temperature to facilitate 
ridge forma tion, but ef ficient activa tion of nucleotides can- 
ot occur at the low 2AI concentration we used ( 29 , 30 ). 
With the in-situ activation of pA and pCGC in the eu- 

ectic phase, we observed about a 70% yield of +1 primer 
xtension within 1 day (Figure 4 A). To determine whether 
he primer extension occurred during the eutectic ice phase 
r during the short thawing intervals, we quenched the 1- 
ay reaction sample by adding EDTA before thawing, so 
hat the Mg 2+ would be chelated immediately upon thaw- 
ng (Supplementary Figure S8). We were surprised to find 

early identical extension yields with and without EDTA 

uenching prior to thawing. This result suggests that, de- 
pite the low temperature, the majority of the observed 

rimer extension occurred in the ice eutectic phase. The con- 
iderab le e xtent of primer e xtension re v eals the efficient ac-
ivation of mono- and oligonucleotides, as well as the high 

eactivity of the monomer-bridged-oligonucleotide even at 
ow temperatures. 
Since almost complete +1 primer extension was observed 

n one day with in-situ activated pA and pCGC, we fur- 
her analyzed the extent of reaction throughout the first day 
y EDTA-quenching the partial frozen sample at different 
ime points. We found that significant primer extension did 

ot occur until after 6–8 h of eutectic phase activation (Sup- 
lementary Figure S9). We interpret this result as indicat- 
ng the time r equir ed for nucleotide activation and buildup 

f the monomer-bridged-oligonucleotide, before primer ex- 
ension can happen. 
In the case of a mixture of the mononucleotides pA and 

C, and in the absence of oligonucleotides, the primer exten- 
ion proceeded with sigmoidal behavior during the 4 days 
f eutectic activation, i.e. the reaction pro gressed slowl y ini- 
ially and accelerated at later times. This is likely because the 
oncentration of Ap*pC peaked during the second day, con- 
istent with our previous findings ( 29 ). How ever, w e w ere
urprised to see that primer extension almost completely 
alted during the subsequent incubation at ambient temper- 
tur e (Figur e 4Aii). We specula te tha t the substantial primer 
 xtension observ ed during the eutectic phase was due to the 
ontinuous generation of Ap*pC and the improved bind- 
ng of Ap*pC to the template at low temperature. These 
enefits were lost once the reaction was brought to ambi- 
nt temperature, leading to minimal subsequent primer ex- 
ension. Similarly, primer extension when only pA was acti- 
ated in-situ was very poor because the activation products, 
pA and Ap*pA, could not bind well to the primer-template 
omplex. These findings provide further support for the im- 
ortance of utilizing oligonucleotides to catalyze template 
opying. 
We also examined the ligation of in-situ activated pCGC 

o the same primer, using a different template. In con- 
rast to the efficient +1 primer extension observed during 
he eutectic ice phase, the majority of this ligation did not 
ake place until the room tempera ture incuba tion (Figure 
 B). This difference is most likely explained by the low 

 M and low k obs max of the ligation reaction (Figure 1 ). 
hus, the activated oligonucleotide can bind strongly to 

he template with multiple Watson-Crick base pairs, but 
he rate of the ligation reaction is intrinsically slow. As a 
esult, ligation does not require the high effecti v e concen- 
ration or better substrate binding attained under the ice 
utectic phase. Instead, the low temperature of the eutec- 
ic phase suppresses the reaction. Howe v er, when the reac- 
ion is brought to room tempera ture, the liga tion reaction 

an proceed slowly over 2–3 days. A greater extent of liga- 
ion was observed in conditions that favor the formation of 
onomer-bridged-oligonucleotides, likely due to the faster 

iga tion ra te with the monomer-bridged-oligonucleotide 
Figure 1 B). 
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Figure 4. Ice-eutectic phase enables in-situ activation of mono- and oligonucleotides for enhanced nonenzymatic primer extension and ligation. ( A ) Primer 
extension with in-situ activated mono- and / or oligonucleotides. (i) Schematic r epr esentation of +1 primer extension with in-situ activated Ap*pCGC. (ii) 
Extension yield with: 5 mM pA (black), 5 mM pA & 5 mM pC (green), and 5 mM pA & 0.5 mM pCGC (pink). ( B ) Liga tion with either in-situ activa ted 
oligonucleotides or a mixture of in-situ activated mono- and oligonucleotides. (i) Schematic r epr esentation of +3 ligation with in-situ activated Ap*pCGC. 
(ii) Ligation yield with: 0.5 mM pCGC (black) or 5 mM pA & 0.5 mM pCGC (pink). All reactions were initiated with 1 �M primer, 1.5 �M template, 5.5 
mM 2AI, 50 mM Na + -HEPES (pH 8) and 30 mM MgCl 2 . 200 mM 2MBA was added at the beginning of the experiment, while 50 mM MeNC was freshly 
supplied e v ery da y. After f our da ys of eutectic activation, the r eactions wer e brought to ambient temperatur e for 24 h, then fr esh 100 mM 2MBA and 100 
mM MeNC were added e v ery day for two more days. 
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Interestingly, in a typical nonenzymatic +1 primer exten-
sion reaction with in-situ activated pA and pCGC, the liga-
tion product was also seen after the +A extension (Supple-
mentary Figure S10). This primer was first extended by +A
using Ap*pCGC under the eutectic phase and then further
extended by +CGC ligation at ambient temperature, likely
using Ap*pCGC as well. These observations suggest that
both primer extension and ligation may occur in an envi-
ronment with freeze-thaw cycles followed by warm periods.
For example, in-situ activation and primer extension could
occur in the eutectic phase, followed by ligation after the
temperature rises. 

Since a prebiotically plausible reaction mixture would
likely contain multiple short oligonucleotides, we also in-
vestigated in-situ activation and template copying with a
mixture of pA, pA CG , and pCGC. The pCGC can form
Ap*pCGC to facilitate +1 primer extension, as previously
demonstrated, while the pACG can be activated to *pACG
and Ap*pA CG , which are substrates for a competing lig-
ation reaction. We found that the primer extension reac-
tion was only slightly slower when the competing pACG
was present (Supplementary Figure S11). Almost no liga-
tion products of pACG were observ ed, probab ly because
most of the primer had already been ra pidl y extended by
one nucleotide before +ACG ligation could happen. To sim-
ulate prebiotic conditions in which oligonucleotides were
present at lower concentrations, we conducted competition
experiments with decreasing concentrations of the two trin-
ucleotides. We were surprised to find that template copy-
ing with only 50 �M of each trinucleotide behaved slightly
better than the case with 500 �M of pACG and pCGC,
possibly due to less inhibition from pA CG , *pA CG and
Ap*pACG a t lower concentra tions and continuous gener-
ation of the highly reacti v e Ap*pCGC. Remar kab ly, sub-
stantial template copying was still observed even with trin-
ucleotide concentrations as low as 5 �M each, indicating the
strong ca talytic ef fect of short oligonucleotides at minimal
concentrations. 
 
We have considered a prebiotic hot springs environment
in which freeze-thaw cycles might be common. In such a sce-
nario , monon ucleotides and short oligonucleotides would
be activated in the ice-eutectic phase, then periodically re-
leased by melting to flow to another site in which template
copying could occur. To mimic this scenario, we first acti-
vated a mixture of mono- and oligonucleotides in the ice-
eutectic phase as described above, but without the primer
and the template. After one day of activation, the mixture
was thawed and added to the primer-template complex. We
were pleased to observe ∼80% +1 primer extension prod-
ucts in just 1 h (Figure 5 ). This nonenzymatic primer ex-
tension was performed at a reduced MgCl 2 concentration
of 30 mM (compared to 100 mM MgCl 2 in Figures 1 and
2 ) to minimize hydrolysis, yet good template copying was
still observed. Our findings suggest that in-situ activation
chemistry and short oligonucleotides may have played an
essential role in enhancing prebiotic nonenzymatic template
copying. 

DISCUSSION 

Any prebiotically plausible scenario for the nonenzymatic
replication of RN A m ust include an efficient pathwa y f or
nucleotide activation, both initially and to counteract the
ine vitab le hydrolysis of activated species. In addition, mini-
mizing the complexity of the geochemical context is impor-
tant, for example, by showing that multiple steps in a path-
way can occur together in a single environment. We have
no w sho wn that freeze-thaw cy cles can dri v e efficient acti va-
tion of both mono- and oligonucleotides through the methyl
isocyanide pathway. This efficient activation leads to the
spontaneous synthesis of monomers that are imidazolium-
bridged to short oligonucleotides, which in turn leads to ef-
ficient template-directed primer e xtension. Early wor k on
nonenzyma tic templa te cop ying r equir ed very high concen-
tra tions of activa ted monomers, typically in the range of
100 mM ( 9 ). In contrast, our work has shown that low mM
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Figure 5. Nonenzymatic primer extension with pA and pCGC pre-activated in an ice-eutectic phase for 1 day. ( A ) A scheme illustrating the activation of pA 

and pCGC by MeNC-mediated chemistry in the ice-eutectic phase and the flow of materials to a new environment containing the primer-template complex 
upon thawing. ( B ) Primer extension with MeNC-activated mixture demonstrating ∼ 80% yield in 1 hour. (i) A r epr esentati v e PAGE gel analysis. (ii) Primer 
extension yield vs. time. The eutectic phase activation was performed for 1 day with 5 mM pA, 0.5 mM pCGC, 5.5 mM 2AI, 50 mM Na + -HEPES (pH 

8), 30 mM MgCl 2 , 200 mM 2MBA and 50 mM MeNC. After thawing, the mixture was added to the lyophilized primer-template complex to gi v e a final 
r eaction mixtur e containing 1 �M primer and 1.5 �M template. 
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oncentrations of monomers together with micromolar 
oncentrations of short oligonucleotides can lead to effi- 
ient copying by primer extension, which seems more likely 
n a prebiotic scenario. Below we discuss the implications of 
ur results for the synthesis and catalytic roles of monomer- 
ridged-oligonucleotides in RNA replication, and we con- 
ider geochemical environments that could potentially host 
uch RN A-catal yzed RN A replication processes. 
Short oligonucleotides may have been generated on the 
rimordial Earth via untemplated polymerization, e.g. on 

lay mineral surfaces or as a result of concentration in the 
ce eutectic phase of partially frozen water ( 18–20 ). Short 
ligonucleotides can also assemble by the template-directed 

ligomeriza tion of activa ted monomers or bridged dinu- 
leotides ( 21–23 , 33 ). Howe v er, in the conte xt of nonenzy-
atic copying, oligonucleotides are typically thought of as 
otential primers , templates , or ligators , and their potential 
oles as catalysts have not yet been fully explored. We have 
reviously shown that monomer-bridged-oligonucleotide 
ntermediates can significantly improve the rate of nonen- 
ymatic primer extension ( 13 ). These substrates can spon- 
aneously form in mixtures of activated mono- and oligonu- 
leotides. We have now shown that isocyanide chemistry 
an also activate oligonucleotides of varying lengths, and 

hereby yield monomer-bridged-oligonucleotides under ice- 
utectic conditions. Following the in-situ activation of 
onomers and oligonucleotides, we observed significant 
rimer extension while in the ice-eutectic phase; we also 

bserv ed considerab le ligation but only following thawing. 
urthermore, e v en at e xtremely low concentrations of short 
ligonucleotides (as low as 5 �M), nonenzymatic template 
opying dri v en by in-situ activation can be observed. Fi- 
ally, we also demonstrated that short oligonucleotides can 

e activated in one environment and then transferred into a 
econd environment where fast template copying can occur. 
hus, short oligonucleotides may have played an important 
ole in the catalysis of template copying on the primordial 
arth. We are currently investigating the activation of com- 
lex mixtures of short oligonucleotides as a potential means 
f copying arbitrary RNA sequences. 
We have recently proposed and provided the first exper- 

mental tests of a model for nonenzymatic RNA replica- 
ion ( 33 , 34 ). This virtual circular genome model invokes 
 collection of linear oligonucleotides of varying lengths 
hat map onto both strands of a circular genomic sequence. 
n this model, all of the component oligonucleotides can 

lay multiple roles, i.e. as primers, templates, and down- 
tream helpers. Remar kab ly, acti vating all of the oligonu- 
leotide components in this system significantly enhanced 

he observed rate of primer extension ( 34 ), consistent with 

 role for short, activated oligonucleotides in the catalysis 
f RNA copying chemistry. The combination of the pre- 
iotically plausib le acti vation chemistry presented in our 
urrent work with the virtual circular genome replication 

odel has the potential to dri v e a nonenzyma tic replica tion 

ystem through continuous in-situ activation. 
It is interesting to consider whether the ice-eutectic me- 
iated synthesis of bridged substrates could support RNA 

 eplication within protocells. Fr eeze-thaw cycles appear to 

e incompatible with vesicle integrity since ice crystals are 
hought to rupture membrane structures, resulting in the 
oss of compartmentalized content. We suggest that acti- 
ation chemistry could happen in a nearby and partially 
r ozen envir onment, where periodic thawing allows acti- 
ated nucleotides to be released and flow into a separate 
nvironment in which protocells are replicating. Although 

onomer-bridged-oligonucleotide substrates are too large 
o readily diffuse across membranes and into protocells, we 
ave recently described a phenomenon akin to spontaneous 
ndocytosis in model protocells ( 35 ). Substrates internal- 
zed by endocytosis could then slowly diffuse into the proto- 
ell ‘cytoplasm’ on a longer time scale. An alternati v e pos- 
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sibility, which we are currently investigating, is that a mod-
ification of the isocy anide activ ation chemistry might obvi-
ate the need for freeze-thaw cycles, and allow for nucleotide
and oligonucleotide activation to proceed within replicating
protocells. 
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