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Significance

 A long-standing challenge in 
primordial nonenzymatic RNA 
copying chemistry is the biased 
incorporation of C and G over A 
and U due to differences in base 
pair strength. We hypothesized 
that 2-thiopyrimidine substitution 
could help overcome this bias 
since A:s2  U is a stronger version 
of the A:U base pair, and I:s2  C is a 
weaker version of the G:C base 
pair. This study explores the 
efficacy of a potentially primordial 
genetic alphabet consisting of s2  U, 
s2  C, A, and I. Our results show 
that A:s2  U and I:s2  C pairs are 
isoenergetic and isomorphic. Our 
findings highlight the potential of 
this alternative genetic alphabet to 
yield a more balanced 
incorporation of all nucleotides, 
facilitating information 
propagation by nonenzymatic RNA 
copying during the origin of life.
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Nonenzymatic RNA copying is thought to have been responsible for the replication 
of genetic information during the origin of life. However, chemical copying with the 
canonical nucleotides (A, U, G, and C) strongly favors the incorporation of G and C 
and disfavors the incorporation of A and especially U because of the stronger G:C vs. 
A:U base pair and the weaker stacking interactions of U. Recent advances in prebiotic 
chemistry suggest that the 2-thiopyrimidines were precursors to the canonical pyrimi-
dines, raising the possibility that they may have played an important early role in RNA 
copying chemistry. Furthermore, 2-thiouridine (s2U) and inosine (I) form by deamination 
of 2-thiocytidine (s2C) and A, respectively. We used thermodynamic and crystallographic 
analyses to compare the I:s2C and A:s2U base pairs. We find that the I:s2C base pair is 
isomorphic and isoenergetic with the A:s2U base pair. The I:s2C base pair is weaker 
than a canonical G:C base pair, while the A:s2U base pair is stronger than the canonical 
A:U base pair, so that a genetic alphabet consisting of s2U, s2C, I, and A generates RNA 
duplexes with uniform base pairing energies. Consistent with these results, kinetic analysis 
of nonenzymatic template-directed primer extension reactions reveals that s2C and s2U 
substrates bind similarly to I and A in the template, and vice versa. Our work supports 
the plausibility of a potentially primordial genetic alphabet consisting of s2U, s2C, I, 
and A and offers a potential solution to the long-standing problem of biased nucleotide 
incorporation during nonenzymatic template copying.

2-thiocytidine | inosine | noncanonical base pair | nonenzymatic RNA replication | origin of life

 Nonenzymatic RNA replication may have played an essential role in the transition from 
prebiotic chemistry to biology before the evolution of enzymes ( 1 ). Significant progress 
has been made in understanding the chemistry of nonenzymatic RNA copying over the 
past decade. These advances include the identification of 2-aminoimidazole-activated 
nucleotides as more effective substrates ( 2 ) and the discovery that the highly reactive 
5′-5′ 2-aminoimidazolium-bridged dinucleotides (denoted by N*N) are covalent inter-
mediates in the predominant mechanism of template copying ( 3 ,  4 ). Despite these 
advances, a key challenge persists: the biased incorporation of the canonical nucleotides 
during primer extension. The G:C base pair is stronger than the A:U base pair due to 
the presence of an additional hydrogen bond, leading to the preferential incorporation 
of G and C relative to A and U in nonenzymatic RNA template copying ( 5 ). In addition, 
the weaker stacking interactions of U make the incorporation of U in primer extension 
reactions particularly inefficient. We recently showed that substituting adenine with 
diaminopurine, which leads to a stronger base pair with U, can mitigate this bias. 
However, this modification falls short of achieving an even nucleotide incorporation 
( 6 ); furthermore, there is as yet no plausible high yielding pathway for the prebiotic 
synthesis of diaminopurine nucleotides. Recently, we have shown that the combined 
presence of random sequence oligonucleotides and activation chemistry can mitigate 
the nucleotide bias in RNA copying ( 7 ), presumably due to the formation of 
monomer-bridged-oligonucleotide substrates. While promising, this approach does 
suffer from the increased incorporation of mismatched nucleotides due to the ligation 
of mismatched oligonucleotides to the primer. We are therefore continuing to explore 
alternative approaches to unbiased template copying.

 The 2-thiopyrimidine nucleotides may provide a distinct solution to the problem 
of bias in nucleotide incorporation during nonenzymatic RNA copying. Recent 
advances in prebiotic chemistry highlight the plausible existence of 2-thiopyrimidine 
nucleotides on the early Earth. The prebiotic synthesis of s2 C has been achieved in high 
yield through the thiolysis of α-anhydro-cytidine followed by photoanomerization ( 8 ); 
s2 C can then be deaminated to yield s2 U. Similarly, inosine (I) is readily derivable by 
deamination of A ( 9 ). 2-thiocytidine (s2 C) makes a weak and distorted base pair with 
G but can form an undistorted base pair with inosine (I) ( 10 ). The canonical pyrimidine 
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ribonucleosides can be derived from the 2-thiopyrimidines by 
a variety of pathways that lead to desulfurization ( 8 ). The 
2-thiopyrimidines are found in tRNA, where their presence is 
universally conserved across all organisms ( 11     – 14 ). These dis-
coveries strongly suggest that 2-thiopyrimidines are prebiotically 
plausible nucleotides that could have played a significant role 
in the chemical evolution of life.

 The influence of 2-thiouridine (s2 U) on the thermodynamics 
and structure of base pairing, and on the kinetics of nonenzymatic 
RNA primer extension has been extensively studied ( 15   – 17 ). Our 
previous studies have demonstrated that 2-thiouridine (s2 U) 
makes a stronger base pair with A ( Fig. 1 ), resulting in an increased 
primer extension reaction rate and better fidelity in nonenzymatic 
primer extension ( 15 ,  16 ). In contrast, less effort has been devoted 
to investigating 2-thiocytidine (s2 C). The thermodynamics of C 
or s2 C base pairing with either G or I has been studied in the 
context of the stem of an RNA stem-loop ( 18 ). In that study, the 
G:s2 C base pair was weaker than the canonical G:C base pair but 
was almost the same as a I:s2 C base pair, while I:C was highly 
destabilizing. Similarly, 5-methyl-2-thiodeoxycitidine (dm5 s2 C) 
has been found to form a weaker base pair than dC with G, but 
a stronger base pair with I in both DNA duplexes and DNA/RNA 
hybrids ( 10 ). Previous work from our laboratory found that the 
imidazolium-bridged s2 C substrate (s2 C*s2 C) has an increased 
maximum rate of reaction (k﻿obs max ) but a much weaker binding 
affinity on the–II–template compared to C*C on the–GG–tem-
plate ( 19 ). The greater maximum rate of reaction may be due to 
s2 C primarily adopting the 3′-endo sugar conformation ( 19 ), 
which is critical for nonenzymatic RNA primer extension ( 20 ).        

 Herein, we further explore the potential role of 2-thiocytidine 
and 2-thiouridine base pairing during nonenzymatic primer exten-
sion. We first compared the thermodynamics of base pairing of C 
and s2 C to G and I, and of U and s2 U to A. We then determined 
high-resolution crystal structures of duplexes containing the above 
base pairs, all in a consistent duplex context. Finally, we examined 
primer extension with s2 C substrates on G and I templates, as well 
as G and I substrates on C and s2 C templates, and compare those 
results with s2 U and A substrates on A and s2 U templates. Our 
kinetic studies of nonenzymatic RNA primer extension reactions 
are consistent with the trends observed in our thermodynamic 
studies and suggest that the I:s2 C base pair, when combined with 
A:s2 U, may lead to a more even incorporation of nucleobases 
during nonenzymatic RNA copying. We suggest that a primordial 
genetic alphabet consisting of A, I, s2 U, and s2 C could potentially 
resolve the biased incorporation problem in nonenzymatic RNA 
template copying. 

Results

Thermodynamics of Base Pairing. In order to evaluate the 
energetics of 2-thiopyrimidine-containing base pairs and compare 
them with the canonical base pairs in the same context, we 
measured the melting temperatures (Tm) of a 9-bp RNA duplex 
containing a variable central base pair flanked by constant 
sequences. Tm values were measured by variable temperature UV 
absorbance in 10 mM Tris-HCl at pH 8.0, 1 M NaCl, and 2.5 
mM EDTA, at a series of concentrations ranging from 1.25 to 
20 μM total RNA. We evaluated the thermodynamic parameters 
ΔH°, ΔS°, and ΔG° by fitting the melting temperatures at different 
oligonucleotide concentrations to the Van’t Hoff equation. The 
resulting thermodynamic data for duplexes with six different 
central base pairs (G:C, G:s2C, I:C, I:s2C, A:U, and A:s2U) are 
presented in Table 1. Our results are generally consistent with past 
research on the energetics of I:C, I:s2C, and G:s2C base pairs (10, 
18). Small quantitative differences in duplex stabilization by the 
different base pairs may reflect differences in stacking energies due 
to different flanking base pairs and may also reflect differences in the 
denaturation of a hairpin construct (18) from our measurements 
on a duplex composed of two complementary strands.

 A central canonical G:C base pair confers a greater duplex sta-
bility than any other base pair. As anticipated, both the G:s2 C and 
I:C base pairs exhibited lower stability compared to the canonical 
G:C Watson–Crick base pair. The G:s2 C base pair leads to duplex 
destabilization by 1.5 kcal/mol, which appears to be the net effect 
of a strong enthalpic destabilization (more than 3 kcal/mol) that 
is partially compensated by an entropic gain. The enthalpic dest-
abilization is likely the result of the weaker C═S⋯H–N hydrogen 
bond, due to the lower electronegativity of sulfur than oxygen, 
coupled with the steric distortion of the base pair caused by the 
larger sulfur atom ( 21 ). The lower entropic penalty for hybridiza-
tion is likely due to the preorganization of s2 C in the 3′-endo 
conformation ( 22 ). The noncanonical I:C base pair results in the 
least stable duplex, compared to all other base pairs in the center 
of the duplex. The duplex destabilization of 2.2 kcal/mol relative 
to a G:C pair is consistent with loss of the hydrogen bond between 
the 2-amino group of G and the 4-carbonyl of C.

 The I:s2 C base pair confers duplex stabilization that is interme-
diate between that of a G:C and an I:C base pair. Thus the 2-thio 
group of the C partially compensates for the loss of the 2-amino 
group of G, likely due at least in part to the lower desolvation 
penalty for sulfur vs. oxygen. The stability hierarchy of the six base 
pairs is G:C > I:s2 C ~ A:s2 U > G:s2 C ~ A:U > I:C. Interestingly, 
the I:s2 C and A:s2 U base pairs contribute almost identically to 

Fig. 1.   Schematic structures of the canonical A:U and G:C base pairs (Top) and the noncanonical base pairs A:s2U, G:s2C, and I:s2C (Bottom).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

C
H

IC
A

G
O

; T
H

E
 J

O
H

N
 C

R
E

R
A

R
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 1

0,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

12
8.

13
5.

15
6.

43
.



PNAS  2025  Vol. 122  No. 21 e2505720122� https://doi.org/10.1073/pnas.2505720122 3 of 8

duplex stabilization, with I:s2 C being weaker than G:C while 
A:s2 U is stronger than A:U. This equivalent base pair strength 
holds promise for achieving a more uniform product distribution 
in primer extension experiments.  

Structural Studies of Noncanonical Base Pairs. To further 
understand the structures and properties of base pairs that 
include s2C, we designed four self-complementary RNA sequences 
that form G:s2C or I:s2C base pairs. The sequence of the self-
complementary oligonucleotide GCS1, 5′-AGA GAA GAU 
CUU CUs2C U-3′ (23), assembles into a 16-mer duplex with 
two G:s2C base pairs formed from the underlined nucleotides, 
close to the termini of the sequence. The closely related sequence 
ICS1, 5′-AIA GAA GAU CUU CUs2C U-3′ (24), can form two 
I:s2C base pairs in the same positions. Similarly, the sequence 
GCS2, 5′-AGA GAA GAU s2CUU CUC U-3′ (25), can form 
two G:s2C base pairs from the underlined nucleotides, near the 
middle of the sequence, while the sequence ICS2, 5′-AGA GAA 
IAU s2CUU CUC U-3′ (26), can form two I:s2C pairs at the same 
positions. As a reference, we also synthesized the native 16-mer 
self-complementary sequence (27) and designed two sequences 
with A:s2U pairs. The sequence of the self-complementary 
oligonucleotide AUS1, 5′-AGA GAA GAU CUs2U CUC U-3′ 
(28), assembles into a 16-mer duplex with two separated A:s2U 
base pairs formed from the underlined nucleotides. Similarly, the 
sequence AUS2, 5′-AGA GAA GAs2U CUU CUC U-3′ (29), 
can form two adjacent A:s2U base pairs from the underlined 
nucleotides. All seven oligonucleotides crystallized within 2 
to 3 d at 20 °C under their optimal crystallization conditions 
(SI  Appendix, Table  S1), and we solved their structures by X-
ray diffraction at resolutions ranging from 1.3 to 1.6 Å. Data 
collection and structure refinement statistics are summarized in 
SI Appendix, Tables S2 and S3. We found that all seven structures 
adopt the same space group (R32). Each unit cell contains only  
a single RNA strand so that each duplex features two identical s2C 
or s2U containing base pairs.

 Our crystallographic studies show that the G:s2 C base pair has 
the expected Watson–Crick geometry, but slightly distorted due to 
the larger sulfur atom. The G:s2 C base pairs in both GCS1 and 
GCS2 sequences have three hydrogen bonds and exhibit identical 
geometries within the resolution of our structures ( Fig. 2 B  and E  ). 
The H-bond distances between O6–N4, N1–N3, and N2–S2 in 
both G:s2 C pairs are identical: 2.8, 3.0, and 3.2 Å, respectively. 
Compared to the N2–O2 hydrogen bond in the canonical G:C 

base pair ( Fig. 2 A  and C  ), the hydrogen bonds between N2–S2 are 
significantly longer, as expected due to the larger atomic radius of 
sulfur and the thiocarbonyl of s2 C being a weaker hydrogen bond 
acceptor than the carbonyl of C. As a geometric consequence, the 
central N1–N3 hydrogen bond is also slightly longer in the G:s2 C 
base pair. Similarly long and presumably weak hydrogen bonds 
involving sulfur have been seen previously in s2 U:U and s2 U:s2 U 
pairs ( 17 ,  30 ). The weakened hydrogen bonds at least partly explain 
the thermodynamically weaker base pair between G and s2 C.        

 The I:s2 C base pairs in the ICS1 and ICS2 sequences exhibit 
only two hydrogen bonds between O6–N4 and N1–N3, due to 
the lack of a 2-amino group on inosine ( Fig. 2 C  and F  ). These two 
hydrogen bonds are located at the same position and have similar 
bond lengths as in the A:s2 U base pair ( Fig. 2 G  and J  ). The super-
imposed I:s2 C and A:s2 U pairs ( Fig. 2 I  and L  ) show that these two 
base pairs are isomorphic. The missing hydrogen bond is presum-
ably the main reason that the I:s2 C pair is weaker than the Watson–
Crick G:C pair. However, the hydrogen bond between N1 on I 
and N3 on s2 C has a slightly shorter length (2.7 Å) than both 
Watson–Crick G:C pair (2.9 Å) and G:s2 C pair (3.0 Å). This 
stronger hydrogen bond may partially compensate for the loss of 
enthalpy due to the missing third hydrogen bond. The 2-thio group 
on s2 C may increase the electron density on the aromatic ring, 
making N3 on s2 C a stronger hydrogen bond acceptor than N3 on 
native cytidine. However, because of the geometric distortion, this 
enhancement is not observed in the G:s2 C base pairs.

 To better understand the subtle differences between the canon-
ical and s2 C base pairs, we calculated the geometric parameters 
for all of the base pairs and base pair steps in our duplex structures 
(SI Appendix, Tables S4–S13 ), using 3DNA ( 31 ). This analysis 
revealed significant changes in the opening angles of the G:s2 C 
base pairs ( Fig. 2 ). Unlike the G:C pair, the G:s2 C pair requires 
more space in the minor groove to accommodate the larger sulfur 
atom, resulting in a significantly smaller opening angle. In both 
the GCS1 and GCS2 sequences, the opening angles of the G:s2 C 
pairs are 6 to 9° more negative than those of canonical G:C pairs. 
This not only leads to a longer hydrogen bond between N2 on G 
and S2 on s2 C but also imposes a geometric constraint that pre-
vents the formation of a shorter, stronger hydrogen bond between 
N1 on G and N3 on s2 C. In contrast, the absence of the 2-amino 
group on inosine and lack of an N2–S2 hydrogen bond results in 
the I:s2 C base pair exhibiting no significant changes in the base 
pair opening angle, thereby making it possible to enhance the 
N1–N3 hydrogen bond.

Table 1.   Thermodynamic parameters of RNA duplex formation by thermal denaturation

Base pair Sequence Tm
*(°C)

ΔH°†

(kcal mol–1)
ΔS°†

(kcal K–1 mol–1)
ΔG°25°C

‡

(kcal mol–1)

 G:C 5′-CUGA G GUAG-3′
3′-GACU C CAUC-5′

55.6(2) −76.2(1.3) −0.205(4) −15.2(3)

 I:C 5′-CUGA I GUAG-3′
3′-GACU C CAUC-5′

46.2(2) −74.9(1.2) −0.208(3) −13.0(2)

 G:s2C 5′-CUGA G GUAG-3′
3′-GACU s2C CAUC-5′

50.1(2) −72.8(1.0) −0.198(3) −13.7(2)

 I:s2C 5′-CUGA I GUAG-3′
3′-GACU s2C CAUC-5′

52.0(2) −79.0(1.4) −0.216(4) −14.6(3)

 A:U 5′-CUGA A GUAG-3′
3′-GACU U CAUC-5′

46.8(2) −80.9(1.0) −0.226(3) −13.6(2)

 A:s2U 5′-CUGA A GUAG-3′
3′-GACU s2U CAUC-5′

53.1(2) −77.7(1.0) −0.211(3) −14.7(2)

*The reported Tm was calculated from sigmoidal curves of raw thermal UV–VIS data at 5 μM total oligonucleotide, 10 mM Tris-HCl 8.0, 1 M NaCl, and 2.5 mM EDTA (SI Appendix, Fig. S1).
†ΔH° and ΔS° were derived from linear fits of Van’t Hoff plots of Tm

–1 versus In(CT/4), where CT is the total oligonucleotide concentration (SI Appendix, Fig. S2).
‡ΔG°25°C was calculated from ΔH° and ΔS° according to the equation ΔG° = ΔH° − TΔS°, where T = 298.15 K. SE (N ≥ 8) are reported.
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 C–H⋯S hydrogen bonds are less sensitive to distance compared 
to C–H⋯O hydrogen bonds ( 32 ). The distances between C2 on 
I or A and S2 on s2 C or s2 U in all structures containing I:s2 C or 
A:s2 U base pairs are consistently 3.5 to 3.6 Å, falling within the 
typical range for a C–H⋯S hydrogen bond. This suggests that a 
third hydrogen bond may form in both the I:s2 C and A:s2 U base 
pairs, but not in the I:C or A:U pairs. The presence of this 

additional interaction could help to explain the stronger base pair-
ing observed with 2-thiopyrimidines. Other factors may also 
influence the stability of RNA duplexes. For instance, sulfur is a 
highly polarizable atom and thus s2 C-containing base pairs could 
have enhanced base stacking interactions ( 33 ). However, we did 
not observe a significant perturbation of the overlap areas of base 
steps involving the s2 C-containing base pairs. Given that both 

Fig. 2.   Crystal structures of G:s2C, I:s2C, and A:s2U pairs. (A and B) Sequence, crystal structure, and opening angle of the Native16 duplex containing canonical 
G:C pairs. (C and D) Sequence, crystal structure, and opening angle of the GCS1 and GCS2 duplex containing two (C) distantly or (D) closely separated G:s2C pairs. 
(E and F) Sequence, crystal structure, and opening angle of the ICS1 and ICS2 duplex containing two (E) distantly or (F) closely separated I:s2C pairs. (G and H) 
Sequence, crystal structure, and opening angle of the Native16 duplex containing canonical A:U pairs. (I and J) Sequence, crystal structure, and opening angle 
of the AUS1 and AUS2 duplex containing two (I) separated or (J) adjacent A:s2U pairs. (K and L) Superimposed I:s2C and A: s2U pairs in (K) GCS1 and AUS1 or (L) 
GCS2 and AUS2 (Silver: I:s2C pair; Yellow: A: s2U pair). Gray mesh indicates the corresponding 2Fo–Fc omit maps contoured at 1.5 σ.
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G:s2 C and I:s2 C base pairs result in weaker hybridization than the 
canonical G:C base pair, changes in base stacking interactions may 
play a less critical role, particularly in sequences modified with a 
single base pair.  

Nonenzymatic Primer Extension with Thiopyrimidines, A and I. 
Given that the I:s2C and A:s2U base pairs appear to be isomorphic 
and isoenergetic, we were interested to see whether nonenzymatic 
template-directed primer extension with these nucleotides both 
as substrates and in the template would exhibit more uniform 
kinetics than with the canonical genetic alphabet. To address this 
question in a consistent context, we employed an RNA primer-
blocker-template duplex with a 2-nt gap in between the primer 
and the blocker. This gap is the binding site for imidazolium-
bridged dinucleotides, which are the predominant substrates for 
nonenzymatic primer extension with 2-aminoimidazole-activated 
nucleotides (Fig.  3A and SI  Appendix, Fig.  S3) (19). To avoid 
any effects due to differential rates of formation or hydrolysis of 
imidazolium-bridged dinucleotides (abbreviated as N*N) during 
their formation by the spontaneous reaction of 2-aminoimidazole-
activated monomers (*N) with each other, we prepared and purified 
the bridged homo-dinucleotides G*G, I*I, C*C, and s2C* s2C as 

well as A*A, U*U, and s2U*s2U. We also prepared templates in 
which the two template nucleotides corresponding to the substrate 
binding site were modified with the noncanonical nucleobases. 
We then used these substrates and templates for primer extension 
reactions. We performed nonenzymatic RNA template copying 
reactions with complementary substrate/template pairs, as 
a function of substrate concentration, and fit the kinetic data 
using the Michaelis–Menten equation (SI  Appendix, Fig.  S4). 
The Michaelis–Menten constants (Km) and the maximum rates 
of reaction (kobs max) are displayed in heatmaps (Fig. 3 B and C).

 Consistent with thermodynamic data, we observed that the 
binding affinities of bridged-dinucleotide substrates to the tem-
plate, as reflected by their K﻿m , followed the trend: G:C > I:s2 C 
> G:s2 C > I:C ( Fig. 3B  ). The kinetic data confirm that the weaker 
I:s2 C base pair resulted in a 16 to 22-fold weaker binding of the 
s2 C*s2 C substrate to an II template, compared to C*C binding 
to a GG template. Conversely, we also see that an I*I substrate 
binds more weakly to a s2 Cs2 C template than G*G to a CC 
template. We were gratified to see that the binding of s2 U*s2 U 
to an AA template is only 4-5 times weaker than the binding of 
an s2 C* s2 C substrate to an II template and that the affinity of 
A*A for a s2 Us2 U template is only twofold stronger than the 

Fig. 3.   (A) Schematic representation of the nonenzymatic primer extension system. (B) Michaelis–Menten constant (Km) of the bridged dinucleotide substrates 
on the complementary template. (C) Observed maximum rate (kobs max) of the primer extension reactions. All reactions were performed at room temperature 
with 1.5 μM primer, 2.5 μM template, 3.5 μM blocker, 100 mM MgCl2, and 200 mM Tris-HCl pH 8.0. SE (N ≥ 2) are reported in parentheses.D
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affinity of I*I for an s2 Cs2 C template. Notably, the maximum 
primer extension reaction rates for the s2 U, A, s2 C, I genetic 
alphabet system are all relatively similar. The difference between 
the highest reaction rate (s2 C*s2 C on II) and lowest reaction rate 
(A*A on s2 Us2 U) is less than fivefold.   

Discussion

 Our observation that the A:s2 U and I:s2 C base pairs are isoener-
getic and isomorphic ( Figs. 2  and  3  and  Table 1 ) raises the ques-
tion of whether the nucleotides A, s2 U, I, and s2 C constitute a 
potentially primordial genetic alphabet. Several arguments can be 
made for and against the plausibility of this set of nucleotides as 
a progenitor of the canonical alphabet seen today in biology. On 
the positive side, the prebiotic synthesis of these nucleotides seems 
reasonable, given the current state of knowledge of prebiotic chem-
istry. The 2-thiopyrimidines s2 C and s2 U arise naturally within 
the cyanosulfidic reaction network as precursors of the canonical 
nucleotides C and U ( 8 ). In addition, s2 U is derived from s2 C by 
deamination ( 8 ), and similarly, I can be derived from A by deam-
ination ( 9 ). All three noncanonical nucleotides are found in the 
tRNAs of all organisms ( 34   – 36 ), consistent with (but not proving) 
the possibility that they are relics of an ancient RNA World. A 
second argument in favor of A, s2 U, I, and s2 C as a primordial 
genetic alphabet stems from our observations of primer extension 
reaction kinetics. The pyrimidine substrates s2 C and s2 U bind with 
similar affinities to their complementary template sequences, as 
do the A and I substrates. At saturating concentrations, all four 
exhibit similar rates of primer extension, suggesting that this 
alphabet may have the capacity for relatively unbiased nonenzy-
matic RNA copying and replication. Further exploration of this 
possibility will require deep sequencing experiments under a range 
of conditions, to assess the extent and especially the fidelity of 
copying of arbitrary template sequences. Fidelity is a particular 
concern given the strength of the s2 U:s2 U self-base pair, although 
our previous results suggest that this base pair can be outcompeted 
by the A:s2 U base pair in the presence of sufficient A ( 30 ).

 Despite the attractiveness of an isoenergetic base pairing land-
scape in terms of copying chemistry, several arguments can be 
made against the plausibility of a primordial genetic alphabet. 
First is the question of why, if life started with one alphabet, would 
it later switch to a different alphabet? One possibility is that non-
enzymatic RNA copying may be better with the primordial alpha-
bet, but that once a transition to ribozyme catalyzed replication 
had taken place, the primordial alphabet was no longer necessary. 
Since the canonical pyrimidines C and U are the end products of 
desulfurization of s2 C and s2 U, they might accumulate over time 
and be more readily available as substrates than the more transient 
thio-substituted intermediates. A second argument is that RNAs 
composed of the primordial alphabet may be less capable of form-
ing functional folded structures such as ribozymes, due to the 
absence of the G:U wobble base pair ( 37 ). However, the absence 
of stabilizing tertiary interactions mediated by the G:U wobble 
base pair might be compensated by alternative noncanonical base 
pairs, such as the well-studied I:A base pair ( 38 ,  39 ). This possi-
bility could be tested experimentally by in vitro selection experi-
ments beginning with random sequence libraries composed of 
either the potentially primordial nucleotides or the modern nucle-
otides. If it is much more difficult to evolve functional ribozymes 
using the primordial alphabet, then life may have had to begin 
directly with the modern alphabet. A third argument against the 
primordial alphabet stems from the decreased pK﻿a  of N3 of s2 U, 
which makes this nucleotide much more susceptible to alkylation 
by activating agents ( 40 ) and raises concerns about copying fidelity 

( 41 ). However, fully plausible prebiotic activation chemistry has 
yet to be elucidated. The modification of s2 U should be reassessed 
as new potential activating chemistries are described.

 The potentially primordial A, s2 U, I, and s2 C genetic alphabet 
is likely to have strong effects on genomic replication, beyond its 
effects on RNA copying chemistry, due to the absence of strongly 
and weakly base paired regions in the genome. We have recently 
proposed and begun to explore a model for primordial RNA 
genome replication, referred to as the virtual circular genome (or 
VCG) model ( 42 ,  43 ). In this model, the genome of a protocell 
consists of a large collection of oligonucleotides whose sequences 
map to a circular consensus. The annealing of partially comple-
mentary oligonucleotides creates sites for primer extension, and 
repeated cycles of annealing, primer extension, and dissociation 
lead to lengthening of oligonucleotides and eventually genomic 
replication. With the canonical alphabet, regions that are AU rich 
will pair weakly and thus could lead to less efficient primer exten-
sion, while regions that are GC-rich could be difficult to dissociate, 
again leading to limited primer extension. The VCG replication 
strategy may therefore work better with more uniform base pair 
energetics. Another aspect of VCG replication that would be 
altered with the A, s2 U, I, and s2 C alphabet is the generation of 
new primers by the template-directed assembly of new short oli-
gonucleotides ( 44 ,  45 ). This process is known to be more efficient 
with G and C than with A and U, suggesting that the canonical 
alphabet would lead to preferential initiation of new oligonucle-
otides in GC-rich regions. Therefore, initiation might be more 
difficult in the absence of the strong GC base pairing; on the other 
hand, more uniform base pairing could lead to initiation at a 
greater number of sites in the genome. We are currently testing 
these aspects of VCG replication with both alphabets.

 Our kinetic data for primer extension with activated 
homo-bridged dinucleotides reveal large differences in the affinity 
of bridged dinucleotides composed of purines versus pyrimidines. 
This trend persists even when the canonical pyrimidines are 
replaced with the 2-thio variants s2 C and s2 U, and when G is 
replaced by I. The very strong binding of purine dinucleotide 
substrates to pyrimidine template sequences may prevent the bind-
ing of pyrimidine-purine substrates to overlapping regions of the 
template, thereby contributing to the slow copying that is observed 
in mixed sequence systems. Recent advances in prebiotic chemistry 
have suggested the existence of potentially prebiotic pathways to 
the deoxyribo-purine nucleotides ( 9 ,  46 ). We suggest that deoxyribo- 
purine substrates may decrease the kinetic discrepancies between 
pyrimidine and purine substrates. Similarly, lower concentrations 
of ribo-purine substrates could decrease excessive template occu-
pancy by purine substrates. However, we note that s2 U forms a 
self-base pair that is energetically equivalent to a canonical A:U 
base pair. In the presence of equal concentrations of A, the s2 U:s2 U 
self-pair is outcompeted by the stronger A:s2 U base pair, so that 
excessive misincorporation of s2 U is avoided ( 30 ). However, if A 
is replaced by dA, or if the concentration of A is decreased, the 
level of s2 U:s2 U mismatch incorporation would be expected to 
increase. These considerations highlight the multiple trade-offs 
encountered during the exploration of potential scenarios for 
prebiotic RNA copying. We hope to gain further insight into how 
RNA copying may be optimized under prebiotically realistic con-
ditions using next-generation sequencing methods ( 47 ).  

Materials and Methods

General Information. All chemicals were purchased from Sigma-Aldrich (St. Louis, 
MO) and used without purification unless otherwise noted. Phosphoramidites and 
reagents used for solid-phase RNA synthesis were purchased from ChemGenes D
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(Wilmington, MA) and Glen Research (Sterling, MA). Preparatory-scale high-
performance liquid chromatography (HPLC) was carried out on an Agilent 1290 
HPLC system, equipped with a preparative-scale Agilent ZORBAX Eclipse-XDB 
C18 column (21.2 × 250mm, 7 µm particle size). Purity of synthesized products 
was determined either by NMR or high-resolution mass spectrometry (HRMS). 
1H and 31P spectra were acquired on a Bruker Ascend 9.4 T/400 MHz NMR 
spectrometer equipped with a Bruker SampleCase Plus autosampler (400 MHz 
for 1H, 162 MHz for 31P) at 25 °C. HRMS was carried out on an Agilent 6520 
QTOF LC-MS.

Oligonucleotide Synthesis. Oligonucleotides were synthesized on a K&A 
H-8-SE–Oligo Synthesizer, then cleaved from the solid support, and deprotected 
with ammonium hydroxide solution at room temperature overnight. The mix-
tures were lyophilized; then, the 2′-TBDMS protecting group was removed by 
treatment with triethylamine trihydrofluoride (room temperature 3 d for s2C and 
s2U-containing oligonucleotides, 65 °C 2.5 h for canonical oligonucleotides) and 
purified by PAGE. The purity of oligonucleotides was confirmed by LC-MS on an 
Agilent 6520 TOF mass spectrometer.

Oligonucleotides containing only standard nucleotides were purchased from 
Integrated DNA Technologies (Coralville, IA).

Melting Temperatures of RNA Duplexes. Melting temperatures were meas-
ured using an Agilent Cary 3500 UV-Vis Spectrophotometer. For each pair of 
complementary oligonucleotides, samples were prepared with the desired con-
centration of oligonucleotide in 10 mM Tris-HCl (pH 8.0), 1 M NaCl, and 2.5 mM 
EDTA. 200 μL mineral oil was added to the top of the RNA solution in the cuvette 
to prevent the evaporation of water. Melting curves were collected by following 
absorbance at 260 nm as a function of temperature using a temperature ramp 
of 0.2 °C/min. The readings were collected in heating–cooling cycles with respect 
to a control sample containing 10 mM Tris-HCl (pH 8.0), 1 M NaCl, and 2.5 mM 
EDTA. The melting temperatures were calculated from the interpolation of sig-
moidal curves. For each concentration, two samples were prepared, and for each 
sample two up and down ramp cycles were carried out, generating 8 datasets 
for condition, i.e. four datasets from low to high temperature and four datasets 
from high to low temperature.

Crystallization of RNA Duplexes. 0.33 mM self-complementary 16-mer RNA 
sequences in nuclease-free water (Invitrogen, Waltham, MA) were heated up to 
90 °C for 2 min and then slowly cooled to room temperature. Crystal Screen HT, 
Index HT, Natrix HT (Hampton Research, Aliso Viejo, CA) and Nuc-Pro HTS (Jena 
Bioscience, Jena, Germany) kits were used to screen crystallization conditions at 
20 °C using the sitting-drop vapor diffusion method. An NT8 robotic system and 
Rock Imager (Formulatrix, Waltham, MA) were used for crystallization screening 
and for monitoring the crystallization process. Optimal crystallization conditions 
are listed in SI Appendix, Table S1.

X-Ray Diffraction Data Collection, Structure Determination, and 
Refinement. Diffraction data were collected at a wavelength of ~1 Å (detailed 
information is listed in the SI Appendix) under a liquid nitrogen stream at 99 K on 
Beamline 821 or 501 at the Advanced Light Source in the Lawrence Berkeley National 
Laboratory. The crystals were exposed for 0.25 s per image with a 0.25 Å oscillation 
angle. The distances between detector and the crystal were set to 180 to 300 mm. 
The data were processed by HKL2000 (48) or XDS (49). The structures were solved by 
molecular replacement using PHASER (50) with the structure of 3ND4 as the search 
model (51). All structures were refined by Phenix (52) and Refmac in CCP4i (53). After 
several cycles of refinement, water molecules and metal atoms with well-defined 
density were added in Coot (54). Data collection, phasing, and refinement statistics 
of the determined structures are listed in SI Appendix, Tables S2 and S3.

Synthesis, purification, and characterization of 5’-5’ imidazolium-bridged dinu-
cleotides (N*N). The synthesis and purification of 2-aminoimidazolium-bridged 
dinucleotides (A*A, U*U, G*G, C*C, I*I, s2C*s2C, and s2U*s2U) were carried out 
as previously described (19). Characterization of these bridged dinucleotide by 
NMR and HRMS can be found in the supporting information.

Nonenzymatic Primer Extension Reactions. Annealing mixtures containing 
primer/template/blocker complexes were prepared at 5X final concentration:  
7.5 μM primer, 12.5 μM template, 17.5 μM blocker, 50 mM Tris-Cl pH 8.0, 50 mM 
NaCl, and 1 mM EDTA. The solution was heated to 85 °C for 30 s and then gradually 
cooled to 25 °C at a rate of 0.1 °C per second using a thermal cycler. This annealed 
mixture was then diluted fivefold with a buffer containing 240 mM Tris-Cl pH 8.0, 
and 125 mM MgCl2 to achieve final concentrations of 1.5 μM primer, 2.5 μM 
template, 3.5 μM blocker, 200 mM Tris-Cl pH 8.0, and 100 mM MgCl2. Freshly 
prepared stock solutions of bridged dinucleotides at 2X desired final concentra-
tions were added to the annealed primer/template/blocker solution to initiate tem-
plated primer extension reactions. At each time point, a 0.5 μL aliquot was added to  
25 μL of quenching buffer, which contained 25 mM EDTA, 1X TBE, and 4 μM of a 
DNA sequence complementary to the template, in formamide. Oligonucleotide 
sequences are provided in SI Appendix, Tables S14 and S15.

Data, Materials, and Software Availability. Structure files data have been 
deposited in PDB (9CSO, 9CSP, 9CSQ, 9CSR, 9MDW, 9MDX, 9MDY) (23–29).
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