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ABSTRACT

The template-directed incorporation of nucleotides
at the terminus of a growing primer is the basis of
the transmission of genetic information. Nature uses
polymerases-catalyzed reactions, but enzyme-free
versions exist that employ nucleotides with organic
leaving groups. The leaving group affects yields, but
it was not clear whether inefficient extensions are
due to poor binding, low reactivity toward the primer,
or rapid hydrolysis. We have measured the bind-
ing of a total of 15 different activated nucleotides
to DNA or RNA sequences. Further, we determined
rate constants for the chemical step of primer exten-
sion involving methylimidazolides or oxyazabenzo-
triazolides of deoxynucleotides or ribonucleotides.
Binding constants range from 10 to >500 mM and
rate constants from 0.1 to 370 M~! h—'. For aminoter-
minal primers, a fast covalent step and slow hydroly-
sis are the main factors leading to high yields. For
monomers with weakly pairing bases, the leaving
group can improve binding significantly. A detailed
mechanistic picture emerges that explains why some
enzyme-free primer extensions occur in high yield,
while others remain recalcitrant to copying without
enzymatic catalysis. A combination of tight binding
and rapid extension, coupled with slow hydrolysis
induces efficient enzyme-free copying.

INTRODUCTION

The incorporation of nucleotides complementary to a tem-
plate base at the terminus of a growing primer is the molecu-
lar basis of replication and transcription (1). Best known are
polymerase-catalyzed forms of this reaction, but the most
pristine version of it is enzyme-free primer extension (2,3).
Enzyme-free primer extension is solely driven by molecular
recognition between nucleotides and naked DNA or RNA
and the intrinsic reactivity of activated monomers and
primer terminus. The reaction has a special aura, as it has
the potential to explain how early versions of replication

may have occurred when life first arose from inanimate ma-
terial (4). Almost fifty years ago, pioneering work in the
field involving long homopolymer templates and non site-
specific oligomerization of activated nucleotides showed the
feasibility of the reaction (5,6) but yields were low. The
advent of automated oligonucleotide synthesis (7) made it
possible to study extension reactions at a specific site of
a primer-template complex or hairpin (8,9) but studies of
broader ranges of sequence space gave mixed results (10,11).
Unless non-natural aminoterminal primers are used, in-
complete conversion is observed on many sequences (12).

The activation of the nucleotide is critically important
for the yield of primer extensions. Polymerase-catalyzed
reactions use triphosphates, but triphosphates are not re-
active enough in enzyme-free versions. Nucleotides with
amino acids as leaving groups are accepted by some poly-
merases (13,14), but no enzyme-free version is known. In-
stead, nucleotides with aromatic heterocycles as leaving
groups are used for copying DNA or RNA templates in
the absence of enzymes. The list of leaving groups known
to provide sufficient reactivity includes 2-methylimidazole
(Melm) (15), imidazolide (Im) (15,16), and oxyazabenzo-
triazole (OAt) (17). Alkylated adenines as leaving groups
lead to oligomerization on mineral surfaces (18), a reaction
that is related mechanistically to chemical primer exten-
sion. Recently, in situ activation by a water-soluble carbodi-
imide, combined with an organocatalyst has been found to
induce enzyme-free extension of aminoterminal (19) or ri-
bonucleotide primers (20).

The yield of enzyme-free chain extension is also depen-
dent on the nucleophile found at the primer terminus. For
straight DNA primers, no broadly applicable method ex-
ists for extension (21), but RNA primers with their ter-
minal 2'/3’-diol are sufficiently reactive for extension to
occur when allowed to react with monomers activated
by one of the methods producing nucleotides with het-
erocyclic leaving groups. Still, the low reactivity of the
ribose terminus often causes hydrolysis to compete suc-
cessfully with extension, resulting in significant concentra-
tions of free nucleotides that act as competitive inhibitors
(22). The most common type of primer used for high-
yielding extension features an amino group at the 3'- or
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Figure 1. Mechanistic pathways for a monomer (M) in the context of
enzyme-free extension of a primer (P) on a template (T). A quantitative
model requires rate constants (k) and dissociation constants (K). The ex-
pansion in the upper part of the shows molecular details of the covalent
step.

2'-position of the 3’-terminal residue, and numerous exam-
ples exist for this type of chain extension that produces
phosphoramidate linkages (12,23-27). Because it is unclear
whether entirely ribonucleotide-based systems have the abil-
ity to undergo replication, phosphoramidate-producing re-
actions continue to be studied in enzyme-free systems. But
for either chemistry, full replication of RNA or DNA se-
quences from monomers has remained an elusive goal (28).

It is important to understand why many primer exten-
sions stall after incomplete conversion. Why does chem-
ical primer extension not behave like a conventional
bimolecular reaction that can be driven to completion by
increasing the concentration of the reactants, increasing the
temperature, adding a catalyst, or a combination of such
measures? A quantitative understanding of the kinetic and
thermodynamic factors governing this reaction should pro-
vide answers and pave the way for improved versions of
enzyme-free copying, both in fundamental research and for
practical applications, such as the read-out of genetic infor-
mation in analytical samples (29).

Chemical primer extension reactions are mechanisti-
cally complex. At the very least, they involve a binding
step, during which the nucleotide monomer pairs with the
primer-template duplex, and one or several chemical steps
leading to the formation of the new covalent bond and
the release of the leaving group (Figure 1). At the same
time, background hydrolysis converts monomers into free
nucleotides that can still bind, but in doing so block ex-
tension sites, acting as competitive inhibitors (22). Dissect-
ing the overall process kinetically and thermodynamically
requires detailed experimental work. We have recently re-
ported methodologies for measuring the binding of nu-
cleotides to primer-template complexes, using two comple-
mentary techniques, namely NMR-monitored titration and
inhibitor assays (30). Dissociation constants (K4’s) of 2—
280 mM were measured for the four different free deoxynu-
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cleotides (AAMP, dCMP, dGMP and dTMP) and a Kj4
value of 15 mM was found for GMP binding to an RNA
hairpin. Subsequently, Szostak and coworkers measured
binding constants for complexes of three of the four unacti-
vated ribonucleotides (A, C and G) for self-complementary
ribonucleotide duplexes, using NMR (31). As part of our
mechanistic work, we had developed a quantitative mathe-
matical description of primer extension (30), but the ability
to model and predict yields was limited because the effect of
the leaving group on binding was unknown, so that it had to
be assumed that the activated monomers bind with the same
strength as the free nucleotides. Further, rate constants for
the covalent step had been measured for oxyazabenzotria-
zolides only, and data for the more popular methylimida-
zolides was missing. In order to tackle the problem of in-
complete conversion systematically, quantitative data was
needed on how leaving groups affect binding, the covalent
step of primer extension, as well as hydrolysis, both for
DNA and RNA templates.

Here we report the dissociation constants of complexes
of activated deoxynucleotide and ribonucleotide monomers
to hairpins, as well as rates of hydrolysis that were
hitherto unknown. Further, we have extracted rate con-
stants for the covalent step of primer extension from ki-
netic assays with primer:template duplexes. Dissociation
constants for nucleotides with 2-methylimidazole (Melm)
or oxyazabenzotriazole (OAt) as leaving groups were found
to be in the range of 20-240 mM for DNA and 11 to >500
mM for RNA. The rates and yields of extension reactions
were determined for each of the four nucleobases, both
for DNA templates and RNA templates. Using the refined
mathematical model we were able to simulate the time-yield
relationships for primer extension reactions.

MATERIALS AND METHODS
Activated nucleotides

The 2'-deoxynucleotides (dNMPs, 1la-t) were acti-
vated to oxyazabenzotriazolides (OAt esters) 2a-t or
2-methylimidazolides (Melm-dNMPs) 3a-t. Monomers
for enzyme-free primer extension on RNA templates were
synthesized from ribonucleotides (NMPs) 4a—u and gave
OAt esters 5a—u or methylimidazolides 6a—u. In either case,
slightly modified versions of known protocols (6,33) were
employed. Brief, representative protocols for the prepara-
tion of Melm-dGMP (3g) and OAt-GMP (5g) are given
below. Prior to activation, sodium salts of commercial
ribonucleotides were treated with cation exchange resin
(Dowex 50WXS in triethylammonium form) to improve
solubility.

The methylimidazolide of dGMP (3g) was prepared
by treating a solution of its sodium salt (50 mg, 135
pmol) with 2-methylimidazole (111 mg, 1.4 mmol), 2,2'-
dipyridyldisulfide (89 mg, 405 pwmol) and triphenylphos-
phine (71 mg, 270 pmol) in dry DMF/DMSO (2 mL,
1:1, v/v) (14). The solution was stirred for 1.5 h at
22°C under argon, followed by precipitation with a so-
lution of sodium perchlorate (33 mg, 270 wmol) in cold
acetone/diethylether (35 mL, 4:1, v/v). The pellet was
washed with acetone/diethylether (4 x 15 mL), and the re-
sulting crude was dried at < 10~3 mbar, followed by car-
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tridge purification in two portions on Sep Pak RP18 car-
tridges (Waters, 12 cc). The cartridges had previously been
washed with acetonitrile and then with demineralized wa-
ter. An aqueous solution of one half of the crude product
in water (500 L for 15 mg crude product) was loaded onto
the cartridge, followed by washing with aqueous NaCl (1 M,
20 mL) and elution of the activated nucleotide with a gra-
dient of acetonitrile (0 to 10%) in H,O. Methylimidazolide
3g eluted at 2% CH3;CN. The combined product fractions
from the two cartridges were immediately frozen and then
lyophilized to dryness, yielding 23 mg yield (53 pmol, 39%)
of 3g. If needed, purified monomers were stored in dry form
at —20°C.

To prepare OAt-GMP (5g), the triethylammonium
salt of GMP (4g, 50 mg, 123 pwmol) was treated with O-
(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HATU, 140 mg, 369 pmol), 1-
hydroxy-7-azabenzotriazole (HOAt, 33 mg, 246 wmol) and
triethylamine (14 wl, 185 pmol) in dry DMF (2 mL) (33).
The reaction mixture was stirred for 1.5 h at 22°C under
argon, followed by precipitation of the product by adding
the mixture to a solution of sodium perchlorate (30 mg, 246
pmol) in cold acetone/diethylether (35 mL, 4:1, v/v). After
washing with acetone/diethylether (4 x 15 mL) and drying
at <1073 mbar, the same cartridge purification was used
as for 3g, above, with 5g eluting at 4% CH3;CN, yielding
13 mg (27 pmol, 22%) of pure active ester. Further details
of synthesis and purification protocols can be found in the
Supporting Data.

NMR experiments

The NMR spectra were measured on a Bruker AVANCE
500 MHz spectrometer at 20°C in D,O containing phos-
phate buffer (200 mM, NaCl 400 mM and MgCl, 80 mM).
For OAt esters, a pH of 8.9 was used, and for methylimi-
dazolides the pH was 7.0 (either value uncorrected for deu-
terium effect). A method for determining dissociation con-
stants described earlier was used (30). Briefly, a solution
(200 L) of the hairpin (1 mM for 7a-t or 0.5 mM for
8a—u) was treated with aliquots of a stock solution of the
monomer in the same buffer. After brief mixing and cen-
trifugation, 'H NMR spectra of the resulting solution were
recorded immediately. Each set of titration experiments was
performed in less than 90 min to minimize reactions. Data
analysis was performed as previously described (30). Hy-
drolysis rates for activated monomers were determined from
series of 3'P NMR spectra of freshly prepared solutions
of the respective monomer (25 mM), using a fit procedure
as described earlier (12,22,32). Further information can be
found in the Supporting Data.

Kinetic assays

The methodology employed for primer extension assays
was similar to that described previously (12,33). A repre-
sentative assay was performed as follows. A solution (10 pLL
final volume) containing DNA template 9n (54 wM) and
aminoterminal primer 10 (36 wM), prepared as described
(34), in buffer (HEPES 200 mM, NaCl 400 mM, and MgCl,
80 mM) at pH 8.9 for reaction with OAt esters or pH 7.0 for

methylimidazolides, at 20°C was treated with aliquots of a
stock solution of the activated monomer (2a—t or 3a—t). The
same procedure was used for RNA primer extension assays
and monomers Sa—u or 6a—u, except that primer 13 and tem-
plate 12a—u were used at 36 uM each, and the pH adjusted
to 7.7 for methylimidazolides. The extension of the primer
was measured via MALDI-ToF mass spectrometry of sam-
ples drawn at stated intervals under conditions that allow
for quantitative detection (35,36).

Mathematical model

Calculations with the binding constants and rate constants
listed in Tables 1-5 were performed with the solver tool of
Excel 2010 (Microsoft). Simulation of the extension of a
primer through reaction with a given activated monomer
were performed using an expanded mathematical model
presented in the Supplementary Information of reference
(30). For each simulation, the inhibition caused by hy-
drolyzed monomer was studied by calculating yield versus
time curves for hypothetical reactions without hydrolysis.
Additional plots of calculated and experimental data are
shown in the Supporting Data.

RESULTS

To quantitatively describe primer extension (Figure 1),
it is important to understand the fate of the nucleotide
monomer, which can enter several reaction channels. It
may bind to the template-primer complex, as quantita-
tively described by the dissociation constant of the com-
plex, and then react to give the extended primer with the
rate of the covalent step. Alternatively, the monomer may
hydrolyze, a process quantitatively described by the rate
constant knyqr, producing the free nucleotide (My). The hy-
drolyzed monomer can also bind to the primer-template
complex, thereby acting as an inhibitor that blocks the ex-
tension site. The inhibitory effect can be understood on the
basis of the dissociation constant Kg,. The reactivity of a
bound monomer toward the primer terminus manifests it-
self in the rate constant for the covalent step (k.ov). The yield
of the reaction thus depends on the concentrations of the re-
actants and four constants that have to be determined: two
dissociation constants, and two rate constants. The yield of
extended primer ( Y+1) over time may then be calculated us-
ing Equation (1), which was elaborated as part of our earlier
work on quantitatively modeling enzyme-free primer exten-
sion (30).

Yp, (1) = 1 —exp [M <kht —In (M)>i| (1)

Kk, B B+ A4
With the definitions:

[M],

A=14+—"72=

Ky,

B 1 1 (Mo + & — 0
=——-— 3
K, Ky ’

In our current work, we wished to quantitatively under-
stand reactions of OAt esters and methylimidazolides of
nucleotides with aminoterminal DNA primers and RNA



Table 1. Rate constants of hydrolysis for activated nucleotides as deter-
mined by 3'P NMR#?
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H OAt C (2c) 89 0087 @&
H OAt A (2a) 89  0.109° 6"
OH Melm U (6u) 77 0011 63
OH Melm G (6g) 77 0012 58
OH Melm C (6c) 77 0012 58
OH Melm A (6a) 77 0013 53
OH OAt U (5u) 89  0.095° 7°
OH OAt G (59) 89  0.147° 5°
OH OAt C (5¢) 89  008° 8°
OH OAt A (5a) 89  0.112° 6°

& Conditions: 25-60 mM LG-NMPs (5,6a-t) in HEPES buffer
(200 mM), NaCl (400 mM), MgCl, (80 mM), at 20°C
(see fig. S17-S18 in the Supplementary Data)

® From ref. (30)
° From ref. (22)

primers, respectively. This meant having to access the bind-
ing constants, rates of hydrolysis and rate constants of the
covalent step of primer extension for nucleotides with ei-
ther of these two common types of leaving groups, both
for ribonucleotides and 2’-deoxynucleotides. Dissociation
constants for complexes of free nucleotides under our reac-
tion conditions were known for the four deoxynucleotides
(dAMP, dCMP, dGMP and TMP) and GMP as ribonu-
cleotide (30). For the latter and the remaining three unacti-
vated ribonucleotides, binding constants were also reported
by Szostak and coworkers in a different sequence context
during the course of our experimental work (31). The kgoy
values for the OAt esters reacting with aminoprimers were
also known (30), but the corresponding values for reactions
of methylimidazolides were lacking.

First, we determined rate constants of hydrolysis (knydr)
under reaction conditions for extension of aminoprimers
(12) or RNA primers (22) for all cases for which such data
was not available. The activated monomers were dissolved
in extension buffer and their hydrolysis was monitored by
3P NMR. Table 1 lists the rate constants for the entire set of
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Figure 2. Hairpins and monomers used for determining dissociation con-
stants via NMR titration. Loops are hexaethylene glycol linkers (HEG).

16 monomers, namely OAt esters and methylimidazolides
of deoxy- or ribonucleotides with any of the four bases (A,
C, G or T/U). Under the basic reaction conditions, OAt es-
ters showed a half-life time of approx. 8 hours, except for
OAt-TMP (2t), which gave twice this value. The slower hy-
drolysis of 2t may be due to the steric shielding of the phos-
phodiester by the methyl group of the nucleobase. A confor-
mational search by molecular modeling corroborated this
hypothesis. It led to a number of structures where the sub-
stituent at position 5 of the pyrimidine blocks possible tra-
jectories of attack of water or hydroxide ions on the active
ester (Supplementary Figure S35, Supporting Data).

The half-life time of methylimidazolides in the reaction
buffer was found to be approximately one day at pH 7.0 (de-
oxynucleotide monomers) and two-and-a half days at pH
7.7 (ribonucleotide monomers). The half-life time of Melm-
GMP 6g at a higher Mg>* concentration (200 mM MgCl,)
and 37°C had previously been measured to be approx. 27 h
at pH 8 (37), which is close, given the differences in condi-
tions. Overall, the nucleobases were found to have a modest
effect on hydrolysis, with slightly higher rates of hydrolysis
for the purines and the slowest rate of hydrolysis for T.

Next, we measured dissociation constants for complexes
of activated nucleotides. For this, we chose hairpins with
an unreactive natural deoxynucleotide at the 3’'-terminus
(30), with a sequence studied previously (38,30). Binding
data from hairpins have previously been cross-validated on
long templates, using a complementary technique and free
nucleotides (30). The activated nucleotides were obtained
in pure form by a combination of precipitation and car-
tridge purification and were added to solutions contain-
ing hairpins 7a—t (Figure 2). Hairpins with stem sequences
analogous to those of 7a—t gave melting points >40°C in
temperature-dependent NMR studies (30). Because NMR
measurements can be performed within minutes and the
half-life times of the active monomers are all >6 h, con-
ventional NMR experiments were performed. Because hy-
drolysis manifests itself in NMR spectra, every titration ex-
periment produced data that confirmed that no more than
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Figure 3. Representative results from an NMR titration. (A) Overlay of
spectra showing the 'H NMR signals of nucleobase protons of hairpin
5'-ACAG(HEG)CTG (7a) (0.5 mM) at increasing concentration of OAt-
TMP (2t). (B) Chemical shift displacement of the H2 proton of the 5'-
terminal A residue. The line is the fit to the experimental data points (open
circles).

minimal quantities of free nucleotides were present. Figure
3 shows representative NMR data, measured upon addition
of 2t to a solution of 7a, together with a plot of the chem-
ical shift of the H2 proton of the pairing nucleotide in the
hairpin versus concentration of the monomer. Even for this
weakly pairing base, the OAt ester bound tightly enough to
yield a well-defined dissociation constant (71 mM). Table 2
lists the dissociation constants obtained.

It can be discerned that for all deoxynucleotides ex-
cept dAGMP, the OAt leaving group improves binding. For
dGMP, neither the methylimidazole group nor the oxyaz-
abenzotriazolide changed the Ky value significantly over
that of the free nucleotide. For dCMP, a modest increase in
binding strength was found for both the MeIm and the OAt
group. For dAMP, the most lipophilic of all nucleotides,
little increase in binding strength was detectable for the
methylimidazolide, whereas the OAt ester gave the lowest
Ky value of all deoxynucleotide-hairpin combinations (20
mM). The largest effect of a leaving group on binding by
far was found for dTMP, with an approx. four-fold increase
in binding strength upon furnishing it with the OAt leaving
group.

When the titration was performed with ribonucleotides
and RNA hairpins 8a—u, the results shown in Table 3 were
obtained. The titrations were again performed at 20°C, i.e.
at a temperature 16°C below the melting point of the RNA

hairpins (Supplementary Figure S19, Supporting Data).
Binding of both UMP itself and its methylimidazolide 6u
was too weak to calculate a dissociation constant. The
OAt ester of this weakly stacking ribonucleotide gave a Ky
value of 43 mM, though, again suggesting that for weakly
pairing nucleotides this leaving group can significantly im-
prove binding. For hairpin 8g, addition of the primer ex-
tension buffer led to broadening of signals, possibly be-
cause the dangling G residues engaged in G quartet forma-
tion at NMR concentrations. This prevented the determi-
nation of Ky’s in extension buffer. For free CMP 4c¢ and its
methylimidazolide 6¢, dissociation constants could be mea-
sured under low salt conditions. For 5¢, even those con-
ditions gave signals too broad for proper analysis. Under
the (electrostatically unfavorable) low salt conditions, CMP
(4c) gave a Ky for the complex with 8g that was lower than
those of the complexes of the other three ribonucleotides
and their complementary hairpins. This corroborates the
finding of Zhang, Szostak and colleagues, who had recently
identified CMP as the most strongly pairing nucleotide
among the four free NMPs (31).

Our RNA hairpin displaying uracil as templating base
(8u) gave dissociation constants in the range of 14-90 mM,
depending on the base and the leaving group. In either case,
leaving groups improved binding. For the methylimida-
zolides of ribonucleotides, the GMP derivative formed the
most stable complex, with a K4 of 23 mM. This monomer
(6g) is the most popular monomer for enzyme-free primer
extension in the literature (39,11,37). When comparing the
pairing strength of the Melm derivatives, the order found
was G > C > A >> U. The lowest Ky values of all
monomers tested in our study were those of OAt esters of
purine ribonucleotides, with K4 values of 11 and 14 mM for
5g and 5a, respectively.

We then proceeded to measuring rate constants for the
covalent step of the enzyme-free primer extension reaction.
Using the primer-template combinations presented in Fig-
ure 4, we measured extension rates at different monomer
concentrations, calculated the concentration of the active
complex M- PT (Figure 1) and determined how rapidly it
reacts to give the extended primer. The resulting ko, values
that show how reactive a monomer with a specific leaving
group is are compiled in Tables 4 and 5 for deoxynucleotides
and ribonucleotides, respectively. The data shows that the
OAt esters can not only improve binding, but also provide
the monomers with increased reactivity in the covalent step.
In every case studied, the OAt ester of a deoxynucleotide un-
derwent the covalent step faster than its Melm analog. On
average, the increase in rate is approx. one order of magni-
tude. In either group of monomers, the most weakly bind-
ing base (T/U) also gives the slowest rate in the covalent
step and the strongly pairing bases (G/C) give the fastest
chemical step. The difference between the most reactive and
the least reactive nucleotide in one group is approx. a factor
of four, which is significant, but considerably less than the
effect of sequence context on the extension of aminotermi-
nal primers with deoxynucleotides (12).

Assays with ribonucleotide monomers and RNA primer
were performed using the sequences shown in Figure 5.
Reactions did not lead to full conversion of the primers.
Monomers with weakly pairing nucleobases (A/U) showed
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Table 2. Dissociation constants for complexes of deoxynucleotides binding to the termini of DNA hairpins, as determined by NMR titration®

Nucleotide Templating base Hairpin pH K4 [mM]°
dTMP (1t) A (7a) 8.9 241°¢
OAt-dTMP (2t) A (7a) 8.9 71
Melm-dTMP 3t) A (7a) 7.0 236
dGMP (1g) C (Te) 8.9 27
OAt-dGMP (2g) C (7¢) 8.9 26
Melm-dGMP 3g) C (7¢) 7.0 25
dCMP (1¢) G (7g) 8.9 344
OAt-dCMP (2¢) G (7g) 8.9 25
Melm-dCMP 3c) G (7g) 7.0 26
dAMP (1a) T (7t) 8.9 38d
OAt-dAMP (2a) T (7t) 8.9 20
Melm-dAMP (3a) T (7t) 7.0 37

2Conditions: 0.5 to 1 mM hairpin in D0 (99.9%) and phosphate buffer (200 mM), NaCl (400 mM), MgCl, (80 mM), pH 8.9 or 7.0 (uncorrected for
deuterium effect), 20°C.

"Determined by fit using law of mass action.

€ Average value from two titration experiments.

dFrom (30).

Table 3. Dissociation constants for complexes of ribonucleotides binding to the terminus of RNA hairpins, as determined by fitting NMR data®

Ribonucleotide Templating base Hairpin pH K4 [mM]
UMP (4u) A (8a) 7.0 > 500
OAt-UMP (5u) A (8a) 7.0 43b
Melm-UMP (6u) A (8a) 7.0 > 500
GMP (4g) C (8¢) 7.0 27 (£ 9)d
OAt-GMP (5g) C (8¢) 7.0 11°
Melm-GMP (6g) C (8c) 7.0 23

CMP (4¢) G (8g) 7.0 19¢
OAt-CMP (5¢) G (8g) 7.0 n.d.
Melm-CMP (6¢) G (8g) 7.0 27)°¢
AMP (4a) U (8u) 7.0 90
OAt-AMP (5a) U (8u) 7.0 14
Melm-AMP (6a) U (8u) 7.0 42

2Conditions: 0.5 mM RNA hairpin in DO and phosphate buffer (200 mM), NaCl (400 mM), MgCl, (80 mM) at pH 7.0 (uncorrected values for deuterium
effect) and 20°C.

b Average value from 2 titrations.

‘Titrations with CMP (4¢) and MeIm-CMP (6¢) were performed in D, 0O, without buffer salts, to avoid broadening of hairpin signals.

d Average of two measurements done in this work and the value reported in (30), with standard deviation in parentheses.

DNA template 9n

extension
3'-GCGTGCCNCGACTCCTTT~ 3'-GCGTGCCNCGACTCCTTT~
5-CGCACGG* > 5 -CGCACGGN' °
. i N' . +1LG
3-aminoprimer v activated extended
10 LG monomer primer
2-3at 11n
templates:
R
3-GCGTGCCACGACTCCTTTAGGTC-5' (9a) E\O o/P\O O/P\O /P\%
3-GCGTGCCCCGACTCCTTTA-5' (9¢c) A X =9
3.GCGTGCCGCGACTCCTTTA-S! (99) 4(3/ Q'J 4@/
3-GCGTGCCTCGACTCCTTTAGGTC-5' (9t) [9 N c
G N
o
g\ ple) N};I o /\‘Q
0 P~ OH
o’ 002

N,N'=AC,GorT

Figure 4. Oligonucleotide sequences and 2'-deoxynucleotides used for template-directed primer extension reaction. Assays at increasing concentrations
of activated monomers were performed using the following conditions: 36 wM template: 3’-aminoprimer complex, 0.18 to 7.2 mM matching activated
monomer (2a—t or 3a—t) in primer extension buffer (HEPES 200 mM, NaCl 400 mM, MgCl, 80 mM), pH 8.9 (for OAt-dNMP) or 7.0 (for MeIm-dNMP)
at 20°C.
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12a (N = A)
12¢ (N =C)
12g (N = G)

RNA template 12u (N = U)
3'- CACCCACAUACGACCNAAGCACAC-5'

5-UAUGCUGG
RNA primer N'  activated
13 GL/ monomer
5-6au
extension

3'- CACCCACAUACGACCNAAGCACAC-5'
5-UAUGCUGGN'

)
extgnded +LG
primer
14n

N,N'=A,C,GorU
LG = OAt- or Melm-

Figure 5. Oligoribonucleotide sequences and ribonucleotide monomers
used for template-directed primer extension assays. Conditions: 36 uM
template:primer complex, 1.8 to 60 mM complementary monomer (5a—
u or 6a-u) in primer extension buffer (200 mM HEPES, 80 mM MgCl,,
400 mM NaCl, pH 8.9 (for OAt-NMP) or 7.7 (for MeIm-NMP) at 20°C.

particularly low yields, so that the k., values obtained by
fitting are fraught with more uncertainty than those ob-
tained with aminoterminal primers. Also, it was in early as-
says with ribonucleotides that we first noticed a side prod-
uct in the crudes of methylimidazolides that initially com-
plicated our kinetic analysis. This side product, which can
also be found in unpurified methylimidazolides of deoxynu-
cleotides, gives a peak in the 3'P spectrum at —10.8 ppm.
It was tentatively assigned to an imidazoliumbisphosphate,
where one leaving group is covalently linked to two nu-
cleotides. Supplementary Figure S32 of the Supporting
Data shows data for unpurified monomer 3g. Unless the
side product, which appears to be formed to a significant
extent under the traditional activation conditions (6), was
rigorously removed by purification, an initial burst phase
was observed in the kinetics of primer extension (see Sup-
plementary Figures S33 and S34). With pure methylimida-
zolides 6a—u, smooth, but slower kinetics were observed.
Still, methylimidazolides of ribonucleotides required higher
concentrations (up to 60 mM of the monomer) than the cor-
responding OAt esters, to obtain the values for primer con-
version listed in Table 5.

We then used the kinetic data to calculate k.o, values from
the initial rate and the occupancy of the extension site, ac-
cessible via the Ky values. These k.., values that were cal-
culated from sets of kinetic data at different monomer con-
centration provide a quantitative picture of the intrinsic re-
activity of the complex of monomers and primer-template
duplexes (last column of Tables 4 and 5). For example,
for aminoterminal primers reacting with deoxynucleotides,

fraction of extended primer
fraction of extended primer

0 15 30 45 60
time (h) time (h)

Figure 6. Time-conversion curves for extension of an aminoterminal
primer: experimental data points (symbols) and simulated time course
(lines). (A) Primer 10, template 9t, and monomer OAt-dAMP (2a) at 3.6
mM (red), 1.8 mM (blue), 0.36 mM (green) or 0.18 mM (purple) concen-
tration, simulation with K4 = 20 mM, Kg,, = 38 mM; kcoy = 3.2 h~! and
Knyar = 0.109 h~!. The broken black line shows hypothetical kinetics with-
out the formation of an inhibitor through hydrolysis of 3.6 mM 2a. (B)
Primer 10, template 9t and Melm-dAMP (3a) at 5.0 mM (red), 2.5 mM
(blue) or 1.3 mM (green) concentration; simulation with K4 = 37 mM, K4
=38 mM; keoy = 0.31 h~!, Fnyar = 0.037 hl. Again, the broken black line
is hypothetical kinetics without hydrolysis/inhibition at 5 mM monomer
concentration.

the chemical step of the mechanism is less than one order
of magnitude faster for OAt esters than for methylimida-
zolides when the nucleobase of the monomer is T or G. The
only monomer for which the k.o, value differs by signifi-
cantly more than one order of magnitude is dCMP, not be-
cause of an unusual value for the MeIlm monomer, but be-
cause of the high value of the rate constant for the OAt ester.
For the ribonucleotides reacting with oligoribonucleotide
primers, the situation is similar, except that the absolute
values of k¢, are considerably smaller, both for OAt es-
ters and for methylimidazolides, compared to the reactions
with aminoprimers. Among the OAt esters for which data is
available, the GMP derivative gives the fastest reaction and
the reactivity differences are small. Among the methylim-
idazolides, all available data point to more significant dif-
ferences in reactivity and a molecular situation that favors
CMP.

With the Ky values for activated nucleotides and a selec-
tion of ko, values in hand, we were in a position to simu-
late primer extension on a new level. Figures 6 and 7 show
calculated time-conversion curves for either type of primer
and each of the two different types of leaving groups. Addi-
tional plots of simulated and experimental data are shown
in the Supporting Data (Supplementary Figures S28-S31).
For the aminoterminal primer, the agreement of experimen-
tal and theoretical values (Figure 6), suggests that the pro-
cess is well described by the theory. Inspection of the cal-
culated yield curves for hypothetical reactions without in-
hibition by spent monomer (broken lines in Figure 6) high-
lights differences between the two leaving groups. Whereas
the OAt ester 2a reacts so fast and efficiently that inhibition
does not develop into a significant problem, the incomplete
conversion of aminoterminal primer 10 when reacting with
Melm monomer 3a could be all but avoided, if the spent
monomer was not inhibiting the extension after the initial
phase of the assay (Figure 6B).

For ribonucleotides reacting with oligoribonucleotide
primers, the quantitative picture based on the K4 values for
activated nucleotides, the hydrolysis rates and the ko, val-
ues extracted from extension assays is shown in Figure 7.
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Table 4. Kinetic constants and conversion for nucleotides extending primers in DNA template-directed reaction, as determined by MALDI-MS?

Nucleotide Template pH kK [h~ M-I Conversion ¢ keoy [n7178
OAt-dTMP (2t) 9a 8.9 47 74 1.7
OAt-dGMP (2g) 9¢ 8.9 280 99 8.6
OAt-dCMP (2¢) 9g 8.9 370 99 9.9
OAt-dAMP (2a) 9t 8.9 140 98 3.2
Melm-dTMP 3t) 9a 7.0 8 15 0.4
Melm-dGMP 3g) 9c 7.0 51 99 1.4
Melm-dCMP 3c¢) 9g 7.0 22 96 0.4
Melm-dAMP (3a) 9t 7.0 13 67 0.3

4Conditions: 3.6 mM LG-dNMPs (2a—t or 3a—t) in HEPES buffer (200 mM), NaCl (400 mM), MgCl, (80 mM), pH 8.9 for LG = OAt or 7.0 for LG =

Melm, at 20°C.
bSecond order rate constant, as determined by fitting using equation S3.

“Maximum conversion at infinite reaction time, as obtained by mathematical fit.

dDetermined from initial rates kexp and calculated occupancy of extension site.

Table 5. Kinetic constants and conversion maxima for extension of RNA primers with ribonucleotide monomers, as determined by MALDI-MS?

Nucleotide Conc. [mM] Template pH K [h’l M’l] Conversion® keov® [h’l]
OAt-UMP (5u) 22 12a 8.9 1.1 18 0.07
OAt-GMP (5g) 14 12¢ 8.9 38 28 0.10
OAt-CMP (5¢) 7.2 12¢g 8.9 4.6 29 n.dJd
OAt-AMP (5a) 7.2 12u 8.9 2.9 16 0.06
Melm-UMP (6u) 60 12a 7.7 0.1 24 n.dJd
Melm-GMP (6g) 36 12¢ 0.3 48 0.02
Melm-CMP (6¢) 30 12g 0.5 59 (0.03)¢
Melm-AMP (6a) 60 12u 0.1 29 0.01

4Conditions: HEPES buffer (200 mM), NaCl (400 mM), MgCl, (80 mM) 20°C, and pH 8.9 (OAt) or 7.7 (Melm).

bCalculated conversion at infinite reaction time.
“Determined from initial rates and calculated occupancy of extension site.

dNot determined because numerical value of dissociation constant unknown.

¢Based on dissociation constant determined in salt-free solution (compare Table 3).
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Figure 7. Simulated extension of an RNA primer according to Equation
(1) (lines) with experimental data points (symbols) of the corresponding
reactions. (A) Primer 13, template 12¢ (36 .M and Melm-GMP (6g) at 36
mM (red), 24 mM (blue) or 12 mM (green); simulation with Ky =23 mM,
Kan = 27 mM; keoy = 0.020 h™!, knydr = 0.012 h~!. The broken black
line shows hypothetical kinetics without hydrolysis at 36 mM monomer.
(B) Primer 13, template 12¢ and OAt-GMP 5g at 7.2 mM (green), 3.6 mM
(blue), 1.8 mM (red) concentration, simulated with K4 = 11 mM; Ky, =
35 mM; kpyar = 0.147 h™!, keoy = 0.095 h=! and with the broken black
line showing hypothetical kinetics without hydrolysis/inhibition at 7.2 mM
nucleotide. Note that the dissociation constants are lower limits of the true
value (compare Table 3).

The numerical agreement is poorer than for the reactions
of aminoterminal primers, but it is clear why more quanti-
tative extensions could be achieved when the effects of in-
hibition were to be avoided. In either case, the hypothetical
reactions without inhibition by spent monomer are signifi-
cantly higher yielding than those found experimentally, ex-
plaining why immobilizing primer and template and peri-
odically replacing the supernatant helps (22).

DISCUSSION

Oxyazabenzotriazole was introduced as a leaving group for
high-yielding enzyme-free primer extensions more than a
decade ago (17,33), but its effect on primer extensions had
remained unexplained on a mechanistic level. Our results
now show that the increase in rate and yield with OAt
leaving groups can be traced back to two critical factors.
The oxyazabenzotriazolide can improve binding to primer-
template complexes, and it can accelerate extension without
accelerating hydrolysis to the same extent. The first is a phe-
nomenon that has its roots in ground-state binding, whereas
the latter is due to differences in transition state energies for
the desired pathway and the undesired pathway of hydroly-
sis.

Binding is induced by intermolecular forces that stabi-
lize the bound form, including, but not limited to hydro-
gen bonding, van der Waals interactions, hydrophobic ef-
fect, and Coulombic interactions. Either of the two leav-
ing groups has an imino nitrogen that can be protonated,
but the OAt ester has a larger surface area than methylim-
idazole, and thus offers more sites for hydrogen bonding,
van der Waals interactions, and favorable dipole-dipole in-
teractions. This may explain why the OAt ester strengthens
binding more than Melm in most cases (Tables 2 and 3).
Because of the position of the leaving group in the complex
of the monomer with the primer-template duplex and the
good sequence selectivity observed with this leaving group
(12), it is unlikely that the interactions stabilizing the com-
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Figure 8. Ratios of rate constants for the covalent step of extension (kcoy)
and hydrolysis (kpyq,) for different nucleotides and OAt or Melm as leaving
group. The larger the value, the more likely that a bound monomer will
react with the primer, whereas a low ratio means that the given monomer
is more likely to suffer hydrolysis. (A) kcoy /knydr ratios for deoxynucleotide
monomers reacting with aminoterminal primers, (B) kcov/knyqr ratios for
those ribonucleotides reacting with RNA primers for which reliable data
is available. Note the much smaller absolute values compared to A).

plex involve binding of the oxyazabenzotriazolide in an in-
tercalative mode. More likely, the additional interactions
occur with the backbone or in one of the grooves. To un-
ravel the contributions of each of these interactions, both
for correctly paired and mismatched nucleotides, is a chal-
lenge that remains to be addressed.

In order to explain why OAt esters increase the yield of
extension of aminoterminal primers, it is instructive to plot
the ratio of the rates of the covalent step of extension (k¢oy)
against that of hydrolysis (knyqr). The more extension is ac-
celerated over hydrolysis, the higher the yield of the reac-
tion. So, the higher the ratio kcoy/knyar, the more produc-
tive is the activated monomer in enzyme-free primer exten-
sion. Figure 8 shows that for deoxynucleotides reacting with
aminoprimers, the ratio is more favorable for OAt ester than
for methylimidazolides in each case (nucleobases A, C, G or
T). The effect is most pronounced for dCMP (8.1-fold better
ratio) and least significant for dGMP (1.6-fold better ratio).
The OAt ester also gives a more even distribution of abso-
lute reactivities over the four different bases, with kcoy/knydr
ratios differing by no more than a factor of 4.4 between the
best and poorest base. On the other hand, the kcoy /knyqr ra-
tio is less uniform for methylimidazolides, differing by up to
a factor of 7, a finding that helps to explain why some com-
binations of template bases/monomers give poorer results
with this leaving group (25, 40).

Not surprisingly, the ratio kcov/knydr is less favorable in
the case of ribonucleotides reacting with RNA primers (Fig-
ure 8B), as the nucleophile at the terminus of the primer
is less reactive than in the case of the 3’-amines. The avail-
able values are close to unity, suggesting that the 2’,3'-diol
is intrinsically not very different in its reactivity than the
water nucleophiles at the given pH values, at least for the
trajectories for nucleophilic attack that are accessible in
the monomer-primer-template complexes. Interestingly, the
differences in the kcoy/knydr values for the different leav-
ing groups and bases are also smaller than for deoxynu-
cleotides and aminoterminal primers. Apparently, the OAt
group gains over the methylimidazole mostly by improving
binding (Tables 2 and 3), and not by reacting selectively with
the primer terminus rather than the solvent.

template
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Figure 9. Mechanistic proposal for the role of the pyridinic nitrogen in
promoting the formation of the kinetically competent form of the amino
group at the terminus of a primer through deprotonation of the ammonium
form.

How, then, does the OAt ester improve chemoselectiv-
ity for the amino group of primers, without accelerating
the rate of the reaction with an oxygen nucleophile (hy-
drolysis) to the same extent? The pyridinic nitrogen of the
six-membered ring of the benzotriazole may have a role as
acid/base catalyst, as first proposed by Carpino in peptide
couplings with OAt-activated amino acid building blocks
(41). Figure 9 shows how a deprotonation of the ammonium
form of the primer terminus can produce the amino group,
thus making the primer competent as a nucleophile. The
same mechanistic path will most probably not be accessible
to a methylimidazolide, as the imidazole nitrogen is not po-
sitioned well for deprotonating the primer terminus. In ei-
ther case, the protonated form can depart as a leaving group
more readily than the neutral form that would have existed
without protonation.

The subtle differences in binding and reactivity between
individual nucleobases may be a consequence of structural
details of the monomer-primer-template complex. For ex-
ample, the size and position of the nucleobase and the tight-
ness of the base pair with the templating base may either
position the phosphate of the monomer correctly for the
nucleophilic attack of the primer, or may hold it in a less
productive state. Once the nucleophilic attack has occurred,
producing a pentavalent intermediate, some complexes may
undergo pseudorotation more readily to place the leaving
group in an apical position than others. Taken together, this
may explain the differences in rate and yield of reactions in-
duced by the four different base pairs and either of the two
different leaving groups. The differences between reactions
of deoxynucleotide monomers with aminoterminal primers
and ribonucleotide monomers and RNA primers can be ra-
tionalized, if one remembers that in the latter case chemos-
electivity will operate to a much smaller extent. Here, both
the nucleophile at the primer terminus and the nucleophile
causing hydrolysis are oxygen nucleophiles, though the 2',3'-
diol of the 3'-terminal residue is easier to deprotonate than
water. So, the small differences in kcoy/knyar compared to
those of reactions with aminoprimers (Figure 8) are not un-
expected.

With this quantitative picture of enzyme-free primer ex-
tension, it is interesting to step back and ask larger ques-
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Figure 10. Concentration dependence of yield. Simulated yields of primer
extension after 10 days reaction time versus monomer concentration. (A)
Reaction of OAt-dGMP on template 9¢c or OAt-dTMP or MeIm-dTMP on
template 9a. The following values were used for the simulation: Ky (OAt-
dGMP) 26 mM, Kgi, (dGMP) 27 mM; keoy = 8.6 h™!, kpygr = 0.093 h™!;
Kq (OAt-dTMP) 71 mM, Ky, (TMP) 241 mM; keoy = 1.69 h~1, Knydr =
0.044 h—! and Ky (MeIm-TMP) 236 mM, Ky, (TMP) 241 mM; keoy =
0.35h71, Knydr = 0.024 h~!. (B) Extension of RNA primer 13 with MeIm-
GMP on template 12¢, or OAt-GMP on template 12¢. The values used
for the simulation are K3 (MeIm-GMP) 23 mM, K4, (GMP) 27 mM, ko
=0.020 h~! and knydr = 0.013 h~!; as well as K4 (OAt-GMP) 10 mM,
keoy = 0.095 h™! and kpygr = 0.147 h~!. We note that neither of the two
monomers is expected to yield full conversion, even at unrealistically high
monomer concentration. Please also note that these are not kinetics, but
concentration versus yield curves.

tions, such as what the likelihood is that enzyme-free copy-
ing may have driven replication in a prebiotic setting. Figure
10 shows plots of simulated time-yield relationships for in-
creasing concentrations of monomers, calculated after 10
days, i.e. 815 times the half-life time of hydrolysis for
OAt and Melm monomers. To reach full conversion of
the primer (>99%), only 1.5 mM OAt-dGMP is needed,
whereas 10 mM OAt-dTMP is required. These values are
to be compared with the 150 mM concentration of Melm-
dTMP that is needed for achieving the same yield, accord-
ing to this simulation. The corresponding calculation for ri-
bonucleotides reacting with an RNA primer (Figure 10B)
shows that an unrealistic concentration of LG-GMP would
be required in the current sequence context to induce full
conversion. No more than 84% conversion is reached at the
end of the assay, even at 500 mM concentration of Melm-
GMP. For OAt-GMP a similar level of conversion is calcu-
lated within 10 days under the chosen reaction conditions.
It should be remembered, though, that the k., values for
ribonucleotides are the result of fits to noisy data from low-
yielding reactions. Still, it is clear that periodic removal of
spent monomers (22) or the presence of microhelper strands
(42) is required to induce quantitative conversion of RNA
primers in unfavourable sequence contexts, even if very high
monomer concentrations are used.

CONCLUSIONS

In conclusion, dissociation constants for activated nu-
cleotides binding to their complementary template base are
reported for the first time. Together with the rate constants
for hydrolysis as well as that of the chemical step of primer
extension, a good quantitative agreement between theory
and experiments is achieved. This confirms that a set of four
parameters is sufficient to describe enzyme-free primer ex-
tension reaction, namely the binding constants for activated
and unactivated nucleotides and the rate constants for hy-
drolysis and the covalent step of primer extension. For suc-
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cessful primer extension, a monomer should bind tightly
with leaving group, but less tightly as hydrolyzed, free nu-
cleotide to avoid inhibition, and should show a large ko
and a small kyygr value. Our study shows how this neces-
sary set of data can be obtained and that for the current
cases, these criteria are best met by OAt esters reacting with
aminoterminal primers. While our quantitative description
of enzyme-free copying steps explains why some reactions
are successful and others stall after incomplete conversion,
a more systematic search for higher-yielding extension of
RNA primers is desirable, including studies on multiple ex-
tensions with their more complex kinetics. The current val-
ues are for one set of experimental conditions and no more
than typical sequence contexts. Other monomer-primer-
template combinations exist, and the reaction conditions,
including temperature, pH and salt content of the buffer af-
fect the outcome of enzyme-free extension reactions. Inde-
pendent of what chemistry will ultimate succeed in inducing
replication, future work should include quantitative data
on the binding equilibria and reactivity of nucleotides with
organic leaving groups, as well as data on fidelity (32,43).
Overall, it is tempting to conclude that enzyme-free primer
extension with the type of leaving groups and primers cho-
sen is now understood, and that an experimental approach
for quantitatively evaluating novel leaving groups has been
established.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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