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Abstract

The template-directed synthesis of RNA played an important role in the transition from prebiotic 

chemistry to the beginnings of RNA based life, but the mechanism of RNA copying chemistry 

is incompletely understood. We measured the kinetics of template copying with a set of primers 

with modified 3′-nucleotides and determined the crystal structures of these modified nucleotides 

in the context of a primer/template/substrate-analog complex. pH-rate profiles and solvent isotope 

effects show that deprotonation of the primer 3′-hydroxyl occurs prior to the rate limiting step, the 

attack of the alkoxide on the activated phosphate of the incoming nucleotide. The analogs with a 
3E ribose conformation show the fastest formation of 3′-5′ phosphodiester bonds. Among those 

derivatives, the reaction rate is strongly correlated with the electronegativity of the 2′-substituent. 

We interpret our results in terms of differences in steric bulk and charge distribution in the ground 

vs. transition states.
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We combine X-ray crystallography and kinetic measurements of modified nucleic acid constructs 

to determine the requirements for efficient template copying. The 3E conformation of the furanose 

rings is preferred in the formation of 3′-5′ phosphodiester bonds. Our findings may explain why 

RNA is a privileged substrate amongst other plausible candidates.
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Introduction

The catalytic synthesis of sequence defined polymers is a hallmark of biology. Organisms 

devote considerable resources to the template-directed synthesis of DNA, RNA, and 

proteins, which coordinate to carry out all cellular processes. These interrelated synthetic 

programs may have originated some four billion years ago shortly after life first appeared on 

Earth. According to the RNA World hypothesis[1], life started with genetic information 

stored in RNA and with the help of RNA enzymes. A possible prebiotic pathway to 

primordial self-replicating RNA is through the template-directed nonenzymatic synthesis 

of RNA. In this process, a strand of RNA directs the synthesis of its complement by bringing 

the necessary components together through Watson-Crick base-pairs. Considerable effort 

from multiple research groups has gone into understanding and optimizing this process 

in the past decades, but substantial problems remain unsolved[2,3]. For example, the rate 

and fidelity of chemical RNA replication as seen in current laboratory experiments are not 

high enough to sustain the reproduction and evolution of a primitive cellular organism, and 

the relevant reaction mechanisms are still poorly understood. A deeper understanding of 

the mechanism of RNA copying and the factors that contribute to fast and high-yielding 

reactions is necessary to evaluate the plausibility of nonenzymatic RNA replication.

We use nonenzymatic primer extension as a laboratory model for prebiotic RNA copying 

(Figure 1). For primer extension to occur, two RNA strands, one acting as the primer and 
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the other as the template, anneal to form a duplex which contains a 5′-overhang. Chemically 

activated nucleotides bind to this overhang and the primer is extended one nucleotide 

at a time. Single phosphoroimidazolide mononucleotides do not participate directly in 

the reaction, but instead two such activated monomers react to form an imidazolium

bridged dinucleotide, which is the reactive electrophilic species[4]. The imidazolium-bridged 

dinucleotide, once bound to the template by two Watson-Crick base pairs, reacts with the 

3′-end of the primer to generate an extension product. Understanding the structure and 

reactivity of the electrophile[4] has helped rationalize previously unexplained results and 

contributed to developing an improved RNA copying process[5]. However, the participation 

of the 3′-OH nucleophile and the catalytic metal ion are less well understood. Previous 

reports hint that the active nucleophilic species is a 3′-alkoxide, generated with the aid of 

a Mg2+ cation[6]. Additional studies also revealed that when the terminal primer nucleotide 

is in the 3E (C3′-endo) conformation primer extension proceeds more rapidly[7,8], but the 

reasons for this preference are not understood. Besides the conformational effects that might 

be at play, the acidity of the reacting hydroxyl could also affect the rate. A more acidic 

3′-OH group is easier to deprotonate and thereby generate the reactive alkoxide species. 

However, a better understanding of both the ground and transition states of the reaction is 

required before the differences in rate can be adequately interpreted. For example, if 3′-OH 

deprotonation is the rate determining step of the reaction, then the rate will be strongly 

influenced by the acidity of the 3′-OH. Conversely, if the rate limiting step is the attack 

of the previously formed alkoxide on the adjacent phosphate of the imidazolium-bridged 

dinucleotide, then steric congestion surrounding the hydroxyl group will strongly affect the 

energy of the transition state and the rate of the reaction.

In this report we combine kinetic and structural studies of primer extension with a series of 

modified primers to explore mechanistic aspects of template-directed nonenzymatic primer 

extension. We show that the rate limiting step of the reaction is the nucleophilic attack of a 

Mg-alkoxide, thereby explaining the insensitivity of the reaction to differences in hydroxyl 

acidity. However, because the rate limiting step involves an increase in steric bulk around 

the nucleophilic hydroxyl group, the steric environment around the hydroxyl moiety strongly 

influences the reaction rate.

Results and Discussion

We set out to determine structure-activity relationships for nonenzymatic primer extension 

using a set of primers with modified guanosine nucleotides at their 3′-termini. The set of 

nucleotides includes several potentially prebiotic alternatives to ribonucleotides (threose, 

arabinose and deoxyribose nucleotides), as well as several synthetic modified nucleotides 

that serve as mechanistic probes of the reaction. We used X-ray crystallography to determine 

the conformation of each of these sugar-modified G nucleotides when present at the end 

of an oligoribonucleotide, base-paired to a template strand, and adjacent to a template 

bound GpppG (Figure 2a), an isosteric, unreactive analog of the imidazolium-bridged 

dinucleotide[9]. Although this analog has a different charge distribution and van der Waals 

surface than the imidazolium bridged dimer, the conformation of the last nucleotide of the 

primer should not be greatly perturbed by these remote differences. A similar construct 

was used to determine primer extension reaction rates for each modified G nucleotide. In 
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each case the primer-template duplex was incubated with a saturating concentration[10] (20 

mM) of the imidazolium-bridged dinucleotide (Figure 2b). The modified primers we studied 

display a wide range of primer extension reactivities, with differences of at least two orders 

of magnitude between the most and least reactive modifications of the 3′-terminal primer 

nucleotide (Figure 3).

To explain these rate differences, we first looked for correlations between rate and sugar 

conformation. Five membered rings avoid a strained planar conformation by puckering in 

two different ways: either one atom is out of the plane of the other four, resulting in an 

envelope conformation (E), or two atoms can be above and below the plane of the other 

three, resulting in a twist conformation (T). In theory, furanoses can adopt multiple twist and 

envelope conformations that are energetically similar[11]; in practice, decades of structure 

determination by crystallography and NMR have shown that 2′-deoxyribonucleotides prefer 

the 2E (2′-endo) conformation in which the C2′ carbon atom is above the plane of the 

other four atoms, whereas ribonucleotides prefer the 3E (3′-endo) conformation in which the 

C3′ carbon atom is above the plane of the other four atoms. All modifications we tested 

crystallized in the 3E conformation, except for the arabino-modifications FANA and ANA 

(Figure 3) which crystallized in the OT4 and 2E conformations.

Interestingly, the arabino-modifications are the slowest reacting species, especially arabino

G, for which we could not measure the rate of extension. Since the crystal construct 

is a symmetric self-annealing duplex, each crystal structure contains two of the 3′ 
modifications. The arabinose modified primer is the only one that crystallized in two 

different conformations. On one end, the imidazolium bridged dinucleotide analog is 

disordered and forms a non-canonical base-pair at the position downstream of the 

primer. The same structure has previously been observed in a construct with guanosine 

monophosphates instead of the imidazolium bridged dinucleotide[12]. The arabinose sugar 

is in the 2E conformation and there is a putative hydrogen bond between its 2′-OH and the 

N7 atom of the guanosine moiety of the imidazolium bridged dinucleotide analog (Figure 

S1). In this conformation no reaction is possible, since the O3′-P distance is almost 12 Å. 

At the other end of the duplex, the imidazolium bridged dinucleotide analog is well-ordered, 

forms canonical Watson-Crick base-pairs with the template, and the arabinose sugar is in the 
OT4 conformation. Here the O3′-P distance is 5.14 Å; while this distance is longer than for 

all other analogs, the difference is small and may not fully account for the extremely slow 

reaction rate. Additionally, previous studies revealed that the most acidic hydroxyl group in 

the arabino sugar is the 2′-OH. Moreover, the close packing of the palindromic RNA duplex 

in the crystal lattice may perturb its structure, which may therefore differ from the structure 

in solution.

Although the sugars that crystallize in the 3E conformation react considerably more rapidly 

than the ANA and FANA analogs, the reasons for this difference cannot be deduced 

solely from the structural parameters (Table S5). For example, the two fluoro-modifications, 

FRNA (3E) and FANA (OT4), have their 3′-hydroxyls at a similar distance to the adjacent 

phosphate (4.5Å and 4.9Å respectively), as well as similar angles between 3′-OH and the 

bridging P-O bond of GpppG (133° and 138°), but FRNA reacts 250 times faster. Although 

the 0.5Å difference could potentially explain the difference in reactivity, the 3′-OH of the 
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LNA modification is 0.9Å closer to the adjacent phosphate when compared to FRNA, but 

LNA reacts 5-time more slowly than FRNA. Additionally, FRNA, RNA, DNA and 2′-OMe 

have very similar distances and angles of approach but the fastest (FRNA) reacts 25-times 

faster than the slowest (DNA).

In an effort to more fully explain the observed differences in rate we asked whether the 

acidity of the 3′-OH group of the primer correlates with the rate of the primer extension 

reaction. There are two possible ways in which the acidity of the hydroxyl group could have 

an impact on the rate of the reaction. First, when comparing rates at constant pH values, 

if the modifications lead to various extents of 3′-OH deprotonation, the differences in rate 

will reflect the degrees of deprotonation rather than the inherent reactivities of the alkoxides. 

Second, the inherent reactivities of the alkoxides should correlate with the acidity of the 

alcohols. An alkoxide that is more difficult to form is also more reactive. Provided all other 

steric and electronic factors are identical, the rate of phosphate transfer should increase as 

the pKa of the attacking nucleophile increases when the reaction is carried out at pH values 

where the alcohol is fully deprotonated. This has indeed been observed by Piccirilli for RNA 

analogs in trans-esterification reactions[13].

We therefore determined the 3′-OH pKa values of the modified mononucleosides by 1H 

NMR using the method of Chattopadhyaya[14]. Because the acidity of the 3′-OH in most 

nucleotides is low, only a handful of pKa values could be determined in aqueous solution. 

For example, only a lower bound of 13.5 could be estimated for the 3′-OH pKa of 2′-deoxy 

and 2′-OMe derivatives. Interestingly, the acidities of the 3′-OH in RNA, FRNA and FANA 

are identical within experimental error. Although FRNA and FANA lack the 2′-OH which 

can stabilize the anion through a hydrogen bond, the inductive effect of the fluorine atom 

appears to be equally well suited to stabilizing the negative charge of the O3′ alkoxide. 

Because the inductive effect of the fluorine atom is transmitted through bonds, the spatial 

orientation of the 2′-substituent is irrelevant, thus FANA and FRNA have identical acidities.

The fact that the nucleoside 3′-OH pKa values do not reflect the trends in reactivity 

suggested that under reaction conditions the deprotonation status of the primer 3′-OH might 

be quite different. Although the 3′-hydroxyl group in RNA is very weakly acidic, it is 

expected to be a much stronger acid when coordinated with Mg2+. Because of the inherent 

technical difficulties associated with determining the pKa of the 3′ -OH of the primer 

in a duplex and in the presence of Mg2+ by the NMR method used for the nucleosides, 

we used a kinetic method of determining the pKa. We determined a pH-rate profile for 

most of the modifications, by measuring the reaction rate at pH values ranging from 

7-10. Because the reaction rates at high pH were too fast to accurately measure with the 

initial experimental setup, we changed the template so as to create a binding site for an 

imidazolium bridged di-adenosine intermediate, which reacts more slowly than its cytosine 

analog (Figure 4a). Despite the absolute differences in rate between the two constructs, the 

relative rates of the modifications follow the same trend. The rates increase linearly with 

pH until a plateau region is reached. The pKa values were then determined by assuming 

that only the Mg-alkoxide reacts (see page 17 of the SI). Considering that the nucleosides 

have different acidities depending on the C2′ substituent, it was somewhat surprising that 

for all the modifications the kinetically determined pKa values were very similar (Figure 
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4b). Between pH values of 7 and 8.5 the slope of the pH rate profile is close to unity, 

after which it begins to plateau. The kinetically determined value of the 3′-OH pKa is 

9.1, suggesting that Mg2+ coordination increases the acidity of the alcohol by four orders 

of magnitude, as expected from the analogous increase of water acidity when coordinated 

to Mg[15]. Although the kinetically determined pKa values for the modified primers are 

identical, they need to be interpreted carefully since kinetic measurements carried out at pH 

values over 9 may be affected by the deprotonation of other ionizable groups. For example, 

the uracil and guanine moieties of U and G have a pKa of ~10. Once the nucleobases are 

deprotonated, they cannot engage in Watson-Crick base-pairing. However the kinetically 

determined pKa values are well below the pKa values of these nucleobases. Alternatively, 

the rate plateaus could be explained by the deprotonation of the imidazolium group of the 

reactive intermediate. However, NMR titration data shows that the pKa of the imidazolium 

group is well above the pH values used to determine rates (Figure S2).

Additionally, the pH dependence of the reaction changes drastically when replacing Mg+2 

with Ca+2, suggesting that the kinetically determined pKa values do indeed correspond to 

deprotonation of the 3′-OH[6]. It is worth noting that the estimated kinetically determined 

pKa of 9.1 for the 3′-hydroxyl of the modified nucleotides at the end of the primer is 1.4 

units higher than that of a 3′-amino 2′, 3′-dideoxy nucleotide[17], a modification which 

is known to lead to much faster primer extension[17,18]. Considering that an alkoxide is a 

stronger nucleophile than an amine, what accounts for the superior reactivity of 3′-amino 

terminated primers? We suggest that this can be accounted for in part because at pH 8 a 

3′-amine would be largely unprotonated, whereas a Mg2+ coordinated 3′-hydroxyl would 

be less than 10% deprotonated, and in part because a Mg2+ concentration much greater 

than 50-100 mM would be required to saturate the reaction center and allow maximal 

deprotonation of the 3′-hydroxyl. Since the kinetically determined acidity constants fail to 

explain the differences in reactivity between the different modifications, other factors must 

be at play.

Interpretations of steric and electronic effects in the primer extension reaction hinge on 

the identity of the rate determining step. We therefore asked whether deprotonation of the 

3′-hydroxyl was rate limiting, as found for certain polymerases[19], by measuring solvent 

kinetic isotope effects (SKIE), which can be used to determine whether or not the breaking 

of an O-H bond is involved in the rate-limiting step of a reaction. In the case of primer 

extension, measuring the SKIE will determine whether the reaction mechanism involves 

the formation of a magnesium alkoxide prior to the rate-limiting step or whether the 

deprotonation of the 3′-OH is the rate determining step of the reaction. If the former is 

correct, then no SKIE is expected since the O-H bond is broken prior to the rate limiting 

step. If the deprotonation of the 3′-OH is the rate determining step, then a large SKIE is 

expected, since the zero-point energy of an O-H bond is different from that of an O-D bond. 

Alternatively, the deprotonation and nucleophilic attack could be concerted, in which case an 

intermediate SKIE is expected.

To determine where deprotonation of the 3′-OH lies on the primer extension reaction 

pathway, we determined the pL-rate profiles (where pL is either pH or pD) in both H2O 

and D2O (Figure 5). A similar pD-rate profile is observed in D2O, with a determined pKa 
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value of 9.8 for the 3′-OD. A shift in acidity between the two solvents of this magnitude 

is expected because of the lower zero-point energy of the O-D bond compared to the O-H 

bond; this shift mirrors results reported for the hammerhead ribozyme[20]. In the linear 

section of the pL-rate profile the rates in H2O are roughly three times higher than the 

rates in D2O and converge at higher pL values as the deprotonation of the 3′-OH becomes 

complete. Considering that the 3′-OD is a weaker acid in heavy water than the 3′-OH in 

light water, the difference in rates at any given pL value can be explained by the different 

degrees of deprotonation of the hydroxyl group. After correcting for pKa differences, the 

rates in H2O and D2O are virtually identical. The absence of a SKIE suggests that there is 

no O-H bond breaking in the rate limiting step. This implies that the reactive species, the 

Mg-alkoxide, is formed before the rate limiting step and therefore, the rate limiting step of 

the reaction is the nucleophilic attack of the Mg-alkoxide on the adjacent phosphate of the 

imidazolium-bridged dinucleotide. Any stereoelectronic effects that facilitate this step will 

therefore lead to an acceleration in rate.

Considering that the FANA and FRNA modifications have identical pKa values, similar 

distances between the 3′-OH and the adjacent phosphate group of the substrate, as well as 

similar O-P-N angles of attack, what is the reason for their 250-fold difference in reactivity? 

Possible reasons for this difference can be deduced by comparing the crystal structures of 

FANA and FRNA, specifically the differing environments around the 3′ -OH groups. In the 
3E conformation adopted by FRNA, the reacting 3′-OH group is pseudo-equatorial, with 

the molecule adopting staggered conformations along the C3′-C4′ bond and the C3′-C2′ 
bond. On the other hand, the OT4 conformation of FANA forces an eclipsed arrangement of 

the substituents along the C3′-C4′ and C3′-C2′ bonds. This results in the 3′-OH, which is 

now pseudo-axial, being eclipsed by the H2′ and H4′ atoms, as well as a pseudo-axial 1-3 

interaction with H1′ (Figure 6).

Even for the modified nucleotides that adopt a 3E sugar conformation there is a 25-fold 

difference in rates, suggesting that conformation is not the sole determinant of reactivity. 

Considering that the kinetically determined pKa values for these five modifications are 

virtually identical, what is the reason for the different reactivities? Strikingly, there is 

a strong correlation between the rates of the reactions and the electronegativity of the 

2′ substituent amongst the five modifications (Figure 7). The 3E vs. 2E conformational 

preference is dictated by the strength of the gauche effects in furanose rings[21], and a 

more electronegative substituent induces a stronger gauche effect[22]. For mononucleotides 

in solution, an electronegative substituent in the 2′ position biases the conformational 

equilibrium towards the 3E conformation[23]. Even though the five analogs are all in the 3E 

conformation in our crystal structures, it is possible that in solution the 3E/2E ratio shifts 

with the electronegativity of the 2′ substituent, and that this accounts in part for the observed 

changes in rate.

A more interesting potential explanation for the influence of the electronegativity of the 

2′ substituent on rate in this series of modifications arises from the relationship between 

reaction rate and the puckering amplitude of the furanose rings. The rate of the reaction and 

the puckering amplitude are correlated with the electronegativity of the 2′ substituent for 

four of the five 3E modifications. Only the conformationally constrained LNA diverges from 
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this correlation (Figure S3). If the conformational dynamics from the ground state to the 

transition state involve an increase in the puckering amplitude of the sugar in order to allow 

the 3′-OH to approach the phosphorous atom, then a modification that is pre-organized by 

a stronger puckering will require less energy to reach the transition state and therefore will 

react faster. In this model a more electronegative 2′ substituent pre-organizes the ground 

state of the reaction. The conformationally restricted LNA is limited in the ways the ring can 

rearrange and reacts more slowly than expected based on its puckering amplitude.

Alternatively, electrostatic repulsion between the 2′ and 3′ groups would be reduced by 

an increase in the amplitude of the sugar pucker, which in turn would decrease steric bulk 

around the negatively charged 3′-alkoxide. If an increase in sugar pucker amplitude is 

required for the 3′-alkoxide to approach the adjacent phosphate of the imidazolium bridged 

intermediate, a more electronegative substituent on C2′ could potentially increase the energy 

of the ground state and/or decrease the energy of the transition state, resulting in an increase 

in reaction rate. Ultimately, a more detailed knowledge of the structure of the transition 

state of the primer extension reaction is needed to decide on the merit of these alternative 

explanations.

Having explored the factors that govern the reactivity of the 3′-OH in the pento-furanosyl 

series we expanded our investigation to include sugar derivatives that cannot form a 

canonical 3′-5′ phosphodiester bond. Threose nucleic acid (TNA) has been proposed 

as a prebiotically plausible alternative to RNA by Eschenmoser and colleagues[25]. We 

synthesized a primer terminating in a TNA residue and measured the corresponding primer 

extension rate (Figure 8). Surprisingly, the TNA-terminated primer reacts only 6-times more 

slowly than an all RNA primer, showing that the 2′-OH of the threose moiety is a competent 

nucleophile in the primer extension reaction. To rationalize this result, we determined the 

crystal structure of the TNA terminated primer together with the analog of the imidazolium

bridged dinucleotide. The threose sugar crystallizes in a 4E (C4′-exo) conformation, in 

agreement with our previously determined structure[26]. The threose nucleotide is linked to 

the primer through a 3′-3′ phosphodiester bond which results in a rotation of the sugar 

so that the TNA C2′-OH is relocated to the same position as occupied by the RNA 

C3′-OH. In order to maintain Watson-Crick base-pairing, the threonucleotide has a chi 

angle of −120° (as opposed to −160 to −170° for most other modifications). This rotation 

brings the TNA 2′-OH close to the adjacent phosphate group of the imidazolium-bridged 

ribo-dinucleotide analog, resulting in a surprisingly similar reactivity to the RNA system. 

These results are consistent with our recent report on the reactivity of threose nucleotide 

systems[26]. However it is important to note that an imidazolium-bridged threo-dinucleotide 

is almost completely unreactive in primer extension, since the reactive phosphate is pulled 

away from the nucleophilic hydroxyl due to the absence of the 5′-methylene of ribose. 

Interestingly, a primer terminating in a 3′-deoxyguanosine residue is completely unreactive 

in the primer extension reaction. The crystal structure of 3′-deoxyguanosine containing 

complex is identical to that of the all-RNA complex, apart from the absence of the 3′-OH. 

As a result, the 3′-deoxyguanosine 2′-OH is far from the phosphate group and cannot 

react to form a 2′-5′ phosphodiester bond. Furthermore, the 3′-deoxyribose is in the 3E 

conformation, in which the 2′-OH fully eclipsed by its neighboring H-atoms.
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Conclusion

Modifying the 3′-terminus of the primer has a large impact on the rate of the primer 

extension reaction. Of the modifications we studied, the most reactive all adopt the 3E 

sugar conformation in primer/template/substrate-analog crystal structures. In the presence 

of Mg2+ the reaction rates of all modified primers plateau at the same pH, consistent with 

the formation of a Mg-alkoxide nucleophile with a pKa of 9.1. The absence of a solvent 

kinetic imidazolium-bridged intermediate. Since approach of O3′ to the reactive phosphate 

necessarily involves an increase in steric crowding, the steric environment of the nucleophile 

strongly affects the rate of the reaction. When the terminal nucleotide of the primer is in the 
3E conformation, steric congestion around the 3′-OH group is relieved and thus the reaction 

is faster. In addition, a higher puckering amplitude of the sugar in the 3E conformation 

further decreases steric crowding and results in a shorter O3′ to phosphate distance. We 

suggest that this effect may be favored by the presence of a more electronegative substituent 

at the 2′ position, since electrostatic repulsion between the 2′ substituent and the 3′ 
alkoxide would be relieved by an increase in sugar pucker amplitude in the 3E conformation. 

Taken together with previous work[12,26] these factors contribute to explaining why RNA 

outcompetes its alternatives (including potentially prebiotic alternatives such as ANA and 

TNA) in the template-directed copying of nucleic acids.

Supplementary Material
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Figure 1. 
Primer extension occurs via two sequential reactions. (A) Formation of the imidazolium

bridged dinucleotide intermediate, the reactive species in nonenzymatic RNA primer 

extension. (B) The imidazolium-bridged intermediate anneals to the primer-template duplex 

and reacts with the 3′-end of the primer.
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Figure 2. 
Constructs used to correlate structure and reactivity. (A) Self-annealing oligonucleotide 

construct used for X-ray crystallography studies. Blue: locked nucleic acid (LNA) residues; 

mC is 5-methyl-cytosine. Our crystallographic studies are focused on the 3′-terminal 

nucleotide of the primer, in red. The inset shows a 2Fo-Fc omit map contoured at 1.5 σ 
of the structure of this terminal nucleotide for the all-RNA primer[9]. The GpppG analog is 

green on the sequence diagram and its structure is shown below the inset. (B) Fluorescently 
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labelled primer-template duplex used for kinetic measurements. The imidazolium-bridged 

dinucleotide is in green. FAM is 5(6)-carboxyfluorescein.
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Figure 3. 
Conformational landscape of the primer 3′-terminal nucleotide modified sugars. Left side: 

conformation of each of the 3′-terminal sugars from crystal structures of modified primer/

template/GpppG complexes. Since the crystal construct is symmetric, each modification 

is represented twice. Each point on the polar plot corresponds to a value of the phase 

angle (0°-180°) and the amplitude of the pucker (0°-60°). Five representative envelope 

conformations are shown, each corresponding to a 36° shift in phase angle. Right: chemical 

structure of each modification, its extension rate relative to that of the RNA primer, 

and the experimentally determined pKa value of the nucleoside. The phase angle and 

puckering amplitudes are listed for each nucleotide. For the modifications that crystallized 

symmetrically only one pair of values were shown. The complete list of structural 

parameters is presented in Supplementary Table S5. The reaction rates were determined 

in triplicate and the standard error of the mean is reported. The C*C bridged imidazolium 

nucleotide and 50 mM Mg2+ were used in the primer-extension reactions. *The pKa value of 

the arabinose nucleoside (ANA) and the deoxyribose nucleoside (DNA) are from reference 

13. The crystal structures have been deposited in the Protein Data Bank (PDB), with the 

following depository codes: FRNA - 7KUK, DNA - 7KUL, ANA – 7LNE, FRNA – 7KUN, 

FANA – 7KUO, 2′-OMe – 7KUP, LNA – 7KUM.
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Figure 4. 
Determination of the 3′-OH pKa for five modified nucleotides. (A) The construct used for 

the primer extension experiments. The oligonucleotide in red is a downstream binder which 

pre-organizes the duplex[16] and increases the affinity of the template for the imidazolium 

bridged intermediate. (B) pH-rate profiles for primer extension with primers containing five 

distinct 3′-terminal residues. Each reaction was carried out in triplicate, and only the mean 

values were used to fit the data. The A*A imidazolium bridged dinucleotide and 200 mM 

Mg2+ were used in the primer extension reactions. The table contains the pKa and VMAX, 
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determined from the pH-rate profiles. The right most column shows nucleoside pKa values 

determined by 1H NMR in the absence of Mg2+.
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Figure 5. 
The kinetic solvent isotope effect for non-enzymatic template directed RNA primer 

extension. (A) Two mechanisms representing limiting cases for the rate determining step 

of the reaction. (B) Graph showing pL-rate profiles for primer extension in H2O and D2O. 

Rates were determined in triplicate. The mean value and its 95% confidence interval are 

shown on the graph. The A*A imidazolium bridged dinucleotide and 200 mM Mg2+ were 

used in the primer extension reactions.
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Figure 6. 
Crystal structures of the sugar moiety of 2′-fluoro guanosine and 2′-fluoroarabino 

guanosine. Hydrogen atoms are represented in white, oxygen in red, fluorine in green and 

nitrogen in blue. The bottom two rows show Newman projections across two different bonds 

for the two modifications.
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Figure 7. 
The reaction rate of the 3′-terminally modified primers correlates with the electronegativity 

of the 2′-substituent. We assumed that the electronegativity of the -OMe group and the 

OCH2R group in LNA are the same, and we used the value reported by Bratsch[24].
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Figure 8. 
Primer extension with three different terminal nucleotides. (A) The relative rates and 

structural parameters for the TNA and 3’-deoxyguanosine modifications as determined from 

the crystal structures. Each rate has been determined in triplicate. The C*C imidazolium 

bridged dinucleotide was used in the primer extension reactions. (B) Top-view of the 

superimposed RNA (gold) and TNA (cyan) structure showing the rotation of the TNA 

ring. The crystal structures have been deposited in the Protein Data Bank (PDB), with the 

following depository codes: TNA - 7LNG, 3-dG – 7LNF.
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