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ABSTRACT

The expansion of the genetic alphabet with additional, unnatural base pairs (UBPs) is an important and long
standing goal in synthetic biology. Nucleotides acting as ligands for the coordination of metal cations have
advanced as promising candidates for such an expansion of the genetic alphabet. However, the inclusion of
artificial metal base pairs in nucleic acids mainly relies on solid-phase synthesis approaches and very little
is known on polymerase-mediated synthesis. Herein, we report the selective and high yielding enzymatic
construction of a silver-mediated base pair (dIm€-Ag'-dPur®) as well as a two-step protocol for the
synthesis of DNA duplexes containing such an artificial metal base pair. Guided by DFT calculations, we
also shed light into the mechanism of formation of this artificial base pair as well as into the structural and
energetic preferences. The enzymatic synthesis of the dIm®-Ag'-dPur® artificial metal base pair provides

valuable insights for the design of future, more potent systems aiming at expanding the genetic alphabet.



INTRODUCTION

The expansion of the genetic alphabet with additional, artificial base pairs is a long standing goal in synthetic
biology.'* The design of these artificial base pairs mainly relies on complementary hydrogen bonding,**
hydrophobic interactions® or geometric complementarity.®” Expanded genetic systems have served as
foundation of semi synthetic organisms able to store and retrieve increased information in their DNA which
in turn could potentially permit the creation of proteins with new properties and structures.®'° This increased
chemical diversity has also been used to develop modified aptamers with improved affinity and
selectivity.!'"'> Metal ion coordination has lately emerged as an alternative strategy for the creation of
UBPs.'®?® Such artificial metal base pairs are indeed orthogonal to the natural Watson-Crick base pairs, are
water soluble, possess a high thermal stability and do not cause any perturbation to the structure of canonical
duplexes.”*° Moreover, unlike some of the cyclic T-conjugated analogues which can be photoactivated by
near-visible light, metal base pairs do not necessarily absorb ultraviolet light and thus do not produce any
reactive oxygen species which are highly toxic for DNA and cells.*'** The presence of a metal also offers
the possibility of constructing novel devices such as metal nanowires or DNA-based logic gates.”>* Yet,
most metal base pairs are incorporated into synthetic oligonucleotides and surprisingly, very little is known

about their enzymatic formation,'!%-36-38

In this context, we have recently investigated the enzymatic construction of two imidazole containing

nucleotides (1 and 2 in Fig. 1).
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Figure 1. Chemical structures of the modified dImTP 1, dIm“TP 2 and dPur®TP 3 nucleotides.

The biochemical analysis carried out with nucleotide dImTP 1 revealed that, in addition to the requirements
of a strong thermal stability of the metal UBP and a low structural perturbation, multiple parameters affect
the enzymatic construction of artificial metal base pairs. Additional effects that need to be taken into
consideration for the design of novel candidates include size-complementarity, n-stacking, hydrophobic and

minor groove interactions.*” In view of these findings, we designed nucleotide dIm TP 2, which has an



additional carboxy group on position 4 of the imidazole moiety. This was meant to increase the coordination
environment and to reduce hydrogen-bonding to the canonical nucleotides.”® This second imidazole
generation nucleotide was shown to be able to form an artificial metal base pair with Ag' in a [2+1]
coordination environment under enzymatic synthesis conditions. However, no multiple incorporations could
be observed and the efficiency of the formation of 2-M""-2 base pairs remained modest, which prevents the
use of 2 for the construction of libraries to be used in selection experiments.*’ Here, we evaluate the effect
on the efficiency of the enzymatic construction of artificial metal base pairs of increased stacking and minor
groove interactions. To do so, we focused on the 6-pyridylpurine nucleoside dPur? (3 in Fig. 1), which has
been shown to form extremely stable metal base pairs with Ni"" cations*' and which presents a larger
aromatic ring system and sustains interactions with polymerases through the minor groove acceptor nitrogen

at N3.#

Herein, we demonstrate the efficient enzymatic synthesis of a dIm®-Ag'-dPur?® artificial metal base pair.
We also have developed a two-enzyme strategy that permits bypassing of the artificial metal base pair and
allows enzymatic synthesis of DNA containing this metal UBP. Surprisingly, the expected formation of a
dPur®-Ni"-dPur? base pair was not observed and only a dPur’-Ag'-dPur® base pair could be constructed
albeit in moderate yields. Quantum mechanics calculations showed that such metal base pairs could form

and gave an insight into their mechanism of formation in the context of enzymatic synthesis.
RESULTS AND DISCUSSION
Synthesis of the modified triphosphate and modified oligonucleotides

In order to evaluate the possibility of using the 6-pyridylpurine nucleoside dPur® to form artificial metal
base pairs using polymerases we needed to synthesize the corresponding triphosphate and phosphoramidite
building blocks. To do so, we synthesized the modified dPur®TP triphosphate by application of the Ludwig-

Eckstein triphosphorylation conditions***

on the suitably 3’-O-Ac protected nucleoside 6 which was
obtained by a sequential acetylation-detritylation protocol starting with the known nucleoside 4 (Scheme

1)'41



Scheme 1. Synthesis of dPur?TP 3. Reagents and conditions: (i) Ac;O, DMAP, NEt;, pyridine, 0°C, 1 h;
(i1)) TCA 3% in CH,Cl,, CHxCly, rt, 30 min, 70%; (iii) 1. 2-chloro-1,3,2-benzodioxaphosphorin-4-one,
pyridine, dioxane, rt, 45 min; 2. (nBusNH),H,P,O7;, DMF, nBwN, rt, 45 min; 3. I, pyridine, H>O, rt, 30
min; 4. NHs (aq.), rt, 2 h, 8% (4 steps).

The corresponding phosphoramidite building block for solid-phase synthesis of dPurf-containing DNA
oligonucleotides was obtained by application of known literature procedures.*’ All the templates containing
modified nucleotides were obtained using automated solid-phase synthesis and are summarized in Table 1.
Template T1, containing a single dPur® nucleotide located immediately after the 3’-end of the FAM-
labelled primer P1 was synthesized to evaluate the possibility of forming the artificial metal base pairs
dPur®-M""-dPur® or dIm®-M""-dPur® by enzymatic synthesis. In addition, the template T2 containing a
dIm€ nucleotide previously synthesized in our laboratory*’ was used to study the formation of a dPur®-

M™-dImC base pair.

Table 1. Sequences of the DNA primer and templates used for the primer extension reactions.

P1 5’-FAM-TAC GACTCA CTATAGCCTC
T1 5’-GGA GPur’G AGG CTA TAG TGA GTC GTA
T2 5’-GGA GIm“G AGG CTA TAG TGA GTC GTA

T3-T6" 5’-GGA GNG AGG CTA TAG TGA GTC GTA

‘N=C(T3); N=G (T4); N=A (T5); N=T (T6).
Initial polymerase screen for the construction of dPur?-M"*-dPur® and dIm“-M"*-dPur? base pairs

The enzymatic construction of a dPur®-M""-dPur?® base pair, which involves the incorporation of dPur® TP
opposite a templating dPur® in the strict presence of a metal cation, was first evaluated with 5 different

polymerases known to accept modified nucleotides'®" (i.e. Bst, Deep Vent, Taq, Vent (exo’) and the Klenow
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fragment of DNA polymerase I exo- (Kf (exo)) in the presence of 12 different metal cations (see the
Supporting Information). First analysis of the primer extension (PEX) reactions using primer P1 and
template T1 revealed the complete inefficacity of Deep Vent at recognizing the nucleotide as a substrate
since only exonucleolytic degradation of the primer could be observed (data not shown). Similarly, Kf (exo™
) did not accept dPur?TP as a substrate since no extension of the primer could be observed (Fig. S1). On
the other hand, Bst and Vent (exo’) polymerases permitted a full incorporation of the modified nucleotide
but without any significant metal dependence (Fig. S1). The reactions catalysed by Taq led to the partial
incorporation of the modified nucleotide in the presence of Ag', Cu" and Mn" but also to the incorporation
of dPur?MP units in the absence of metal cations (Fig. S1), while all other PEX reactions conducted in
presence of other metal cations only led to low yields of the n+1 product (Table S1). When we lowered the
triphosphate concentration from 200 uM down to 20 pM in order to reduce misincorporation events in the
absence of metal cofactors, no n+1 product formation could be detected with Vent (exo’). However, the
reactions performed with the Taq polymerase showed complete formation (91% yield) of the expected n+1
product when Mn" was added to the reaction mixture with clear cation dependence since very little
incorporation could be observed with Cu" (yield of n+1 formation of 5 % at 30 uM, 6% at 60 uM, 5% at
100 uM) Ni" or in the control reaction (yield of 6%) (Fig. 2). While a number of metal ions such as Cd",
Ni", Cu" or Ga™ support polymerase activity,***’ the addition of Mn" is known to relax the substrate
specificity and the general polymerase fidelity and hence this result cannot be interpreted as the formation

of a true dPur®-Mn"-dPur® base pair.***

Reactions carried out with the Kf (exo”) polymerase and 20 uM of dPur®TP led to an efficient incorporation
of the modified nucleotide when the reaction mixtures were supplied with Ag' (71% yield of n+1 product).
The presence of silver cations seems to be required for the incorporation of dPur’MP units since only a
small fraction of n+1 products can be detected in the control reaction carried out in the absence of metal
cations (conversion yield of 13%). Moreover, formation of the n+1 product appears to be selective with
respect to the nature of the metal cation used since lower incorporation yields occurred with Ni", Cd" or Fe"!
especially at higher triphosphate concentrations (Fig. 2 and Fig. S2). Surprisingly, we did not observe the
formation of n+1 product under any of the experimental conditions that we tested when Ni" was included
in the reaction mixtures (Fig. S2), even though this metal cation was shown to form very stable metal base

pairs with short synthetic oligonucleotides.*'
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Figure 2. Gel analysis of the incorporation of dPur®TP (20 puM final concentration) opposite a single
templating dPur® nucleotide in the presence of various metal cations using primer P1 and template T1 with
Vent (exo’) (2 U), Kf (exo) (5 U) and Taq polymerases (5 U). Reaction mixtures were incubated at 60 °C or
37 °C for 1 hour. P indicates the unreacted primer. Ag' reaction conditions were performed with AgNO;

and 1X reaction buffer without any CI ions.

This initial screen revealed the capacity of Kf (exo) at incorporating a modified nucleotide opposite a
templating dPur® unit with ~ 80% efficiency in the strict presence of Ag'. We have previously shown that
dIm€ sustained the formation of artificial Ag'-mediated base pairs under primer extension reaction (PEX)
conditions and we therefore rationalized that dIm TP could be used instead of dPur®TP to further improve
the specificity and yield of metal base pair formation.Consequently, we used the Vent (exo’) and Kf (exo")
polymerases in conjunction with 12 different metal cations to evaluate the possibility of forming dIm®-M"*-
dPur® base pairs. PEX reactions were carried out with primer P1 and template T1 and revealed the
formation of the expected dIm¢-Ag'-dPur® base pair for both polymerases and no incorporation of the
modified nucleotide (i.e. yields < 10%; Table S2) in the presence of any other metal cation or in the control
reactions (Fig. S3). However, despite these promising results, the yield of formation of the extended product
remained modest (~50% conversion of the primer). We thus tried to optimize the reaction conditions in
order to improve the yield of n+1 product formation (Fig. 3). In the case of Vent (exo’), the incorporation of
dIm“MP opposite a templating dPur® nucleotide does not seem to be dependent on the silver concentration

as similar incorporation yields were obtained when the reactions were supplied with 60 and 30 uM Ag'. A



slight improvement was observed when the reaction time was increased to 4 hours. For the Kf (exo)
polymerase, the yield of incorporation of the modified nucleotide was increased to 71% after 2 hours of
incubation but the formation of n+1 products could also be detected in the control reaction albeit to a lesser

extent (25% conversion of the primer).
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Figure 3. Gel analysis of the time dependence on the incorporation of dIm TP (20 uM final concentration)
opposite a single templating dPur® in the presence of Ag' using primer P1 and template T1 with Vent (exo”
) (2 U) and Kf (exo’) (5 U) polymerases. Mixtures were incubated at 60 °C or 37 °C for different times. For
Vent (exo): A) 60uM of silver, B) 30uM of silver. For Kf (exo”): 30 uM of silver. P indicates the unreacted

primer. Ag' reaction conditions were performed with AgNO; and 1X reaction buffer without any CI  ions.

Taken together, this analysis revealed the higher propensity of the Kf (exo”) polymerase at sustaining the
enzymatic formation of the dPur®-Ag'-dPur? base pair and that of Vent (exo) for the dIm€-Ag'-dPur”® base
pair. Having identified conditions and polymerases that permit the formation of these artificial metal base
pairs, we next sought to further optimize the reaction conditions to improve the yields of formation. Full
conversion of the primer to the n+1 product (86% yield) could be achieved when dImTP was used in
combination with Vent (exo), long reaction times (up to 6h), and 60 pM Ag' (Fig. 4). For dPur®TP, up to
63% yields of n+1 product formation could be observed and the incorporation of the modified nucleotide
was minimal in the absence of metal cations. Surprisingly, when modified triphosphate and modified
template were inverted (i.e. using dPur’TP as the incoming triphosphate and dIm€ as the templating
nucleotide) under the same experimental conditions, a dIm®-dPur® mispair was formed irrespective of the

presence and the nature of the metal cation (Fig. S4).
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Figure 4. PAGE (20%) analysis of the optimal conditions for the formation of a dIm®-Ag'-dPur® base pair
or dPurf-Ag'-dPur® in buffer 1 or buffer 2, using the primer P1/template T1 system. For dIm“TP, the
mixtures contained 2 U of Vent (exo’) polymerase, 20 uM final dIm“TP and were incubated at 60 °C for 6
hours. For dPur?TP, the mixtures contained 5 U of Kf (exo’) polymerase, 40 uM final dPur®TP and were

incubated at 37 °C for 30 min. P indicates unreacted primer.
DFT calculations for modelling possible dPur’-Ag'-dPur® and dIm®-Ag'-dPur® base pairs

The above experimental findings clearly highlighted the formation of non-natural metal base pairs by
homopairing between two dPur?® ligands and heteropairing between a dPur® and a dIm® nucleotide in the
presence of Ag' ions. However, we could not observe any formation of the dPur®-Ni"-dPur® base pair,
although it had been previously reported with synthetic oligonucleotides in UV melting experiments.*’ A
similar observation was made previously with dIm® which forms stable dIm®-Cu"-dIm€ base pairs with
synthetic oligonucleotides in UV melting experiments®® and a dIm®-Ag'-dIm¢ UBP under enzymatic
conditions.”’ Also, we were surprised by the fact that a simple inversion of the roles of dPur® and dIm®
nucleotides led to a completely different outcome during PEX reactions. This prompted us to carry out a
DFT analysis in an attempt at rationalizing these findings. Indeed, quantum mechanics calculations are
performed on systems involving short synthetic oligonucleotides®® to confirm the formation of metal base
pairs as well as on canonical nucleic acids to further refine our understanding of base pair formation.’!
Therefore, such an analysis was deemed to shed some light into these experimental findings. Thus, we first
computationally modelled the possible base pairing geometries involving the homopairing of dPur® bases
mediated by Ag'. Three possible base pair models were generated and optimized by DFT calculations, with

the 'cis' relative orientation of their glycosidic bonds of the interacting nucleobases relative to the hydrogen



bonds™: a canonical Watson-Crick like geometry (cWW-like), a Watson Crick-Hoogsteen like geometry
(cWH-like, where a dPur® uses its Watson Crick edge, while the other one uses its Hoogsteen edge in a cis
orientation of the glyosidic bond), and a Hoogsteen-Hoogsteen like geometry (cHH-like, where both the
dPur® bases use their Hoogsteen edges, see Fig. S6a). However, the default glycosidic bonds of the two
nucleobases was assumed to be in an anti configuration. We carried out calculations in the presence of one
or two coordinating Ag' cations, where the two metal cations are believed to be preferred, due to the

coordination environment created by both modified nucleotides and to literature precedents,?®2%3%33

In case of a single Ag' cation, in the optimized cWW-like geometry of the dPur®-Ag'-dPur® pair, the
distance between the C1' atoms of the nucleotides, which gives an indication of their isostericity (i.e. the
geometrical equivalence) with natural base pairs™* is of 11.48 A, that is only 0.88 A longer than the average
value of dA:dT and dG:dC pairs (10.48 and 10.69 A, respectively, see Fig. S5). For the cWH- and cHH-like
geometries, it is instead of 9.02 A and 6.68 A, i.e. shorter by 1.58 A and 3.92 A, respectively, as compared
to natural A:T/G:C pairs (see Fig. S6, b,c). Further, energy calculations showed that the cWW-like geometry
is more stable by 6.9 (5.0) kcal/mol and by 15.3 (10.6) kcal/mol in gas phase (water) as compared to the
cWH- and cHH-like geometries, respectively. It is to be remarked that the above geometries resulted from
imposing a Cs symmetry during the geometry optimizations, in order to maintain the planarity of the pair.
Using no symmetry constraints (a C1 symmetry) resulted indeed in non-planar geometries, possibly due to
the electronic repulsion between C2-H on the purine moiety and the C-H group of the pyridine moiety of
the dPur® bases facing each other (see Fig. S7). However, the optimized unconstrained dPur’-Ag'-dPur®
cWW base pair results to be only 4.91 kcal/mol less stable as compared to the constrained planar geometry.
This small energy difference is expected to be easily compensated by the stacking interactions that the planar
base pair can establish with adjacent bases in the DNA duplex and also by the energy gain due to absence
of perturbation of adjacent base pair geometries.”> We also tried to constrain the C1'-C1' distance of the
cWW-like base pair to the ideal value of 10.6 A (averaged over the two canonical dA:dT/dG:dC base pairs).
This resulted in a geometry that is only 2.02 kcal/mol less stable than the Cs symmetry constrained
optimized relaxed pair, in the gas phase. The above analyses support the experimental finding that dPur®-

Ag'-dPur? base pairs can be readily formed in a geometry that perfectly fits a regular DNA duplex.

Then, we modelled the dPur®-Ag'-dImC base pair. The gas-phase optimized model structure is shown in
Fig. S6d. The resulting C1'-C1' distance is 11.79 A, that is ~1.2 A longer than in canonical base pairs.
Interestingly, also in the absence of symmetry constraints (C1 symmetry), no significant structural
deformation is observed for the dPurf-Ag'-dIm® geometry, which remains substantially planar. The energy
difference between the Cs symmetry constrained and unconstrained base pair geometries is indeed

negligible and amounts to 0.06 kcal/mol. Fixing the C1'-C1' distance to the ideal value of 10.60 A results in

10



an energy loss of 3 kcal/mol. Both optimized geometries and energetics also support the successful

formation of dPur®-Ag'-dIm€ base pairs with a duplex-compatible geometry.

In order to rationalize the difference observed when dPur® served as the incoming triphosphate from when
it is integrated in the template, we considered two possible pathways for the formation of the dPur®-Ag'-
dIm€ heterobase pair (see Fig. 5). In the former case, the base pairing energies were computed under the
assumption that the bidentate dPur® ligand binds to the Ag' ion first, leading to the formation of dPur’—
Ag', with the subsequent addition of the dIm€ ligand, resulting in the dPur®-Ag'-dIm€ complex (Scheme
1 in Fig. 5). In the latter modelled pathway, a bidentate dIm® binds first to Ag', leading to the formation of
dImC-Ag', with the subsequent addition of the dPur® ligand, resulting in the same dPur’-Ag'-dIm®
complex (Scheme 2 in Fig. 5). Our energy calculations indicate that silver-mediated base pair formation
seems to be favourable for both modelled reactions (see Table S3). However, the former pathway is clearly
favoured over the latter one with an energy difference of 90.5 kcal/mol and 3.6 kcal/mol in the gas phase
and in water, respectively. Hence, metal coordination to dPur® appears to be the first step required for metal
base pair formation which occurs preferentially when this analogue serves as a templating nucleotide. While
this analysis does not fully explain the preference that was observed, it clearly demonstrates that metal
coordination to the templating nucleotide is an important prerequisite for and an important first step in the

formation of artificial metal base pairs under polymerase-mediated synthesis conditions.

Scheme 1

A

Scheme 2

Im®-Ag* dPur® dPur®-Ag-dim°®

Figure 5: Formation of dPur®-Ag'-dIm® complex followed by two possible pathways depicted in Scheme
1 and Scheme 2.
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As mentioned above, in addition to the mononuclear Ag' mediated base pairs, we have also investigated the

above base pair geometries mediated by two coordinating Ag' ions (Fig. 6 a-d).

12.38 A 10.40 A : N E25A / 11.28 A
dPurP-2Ag*-dPur®? cWW-like dPurP-2Ag*-dPur® cWH-like  dPur-2Ag*-dPurP cHH-like dPurP-2Ag*-dim¢

Figure 6. a-d) Optimized dPur’-2Ag'-dPur” base pairs in different geometries: cWW like (a), cWH like (b)
and cWH like (c). d) Optimized structure of the dPurf-2Ag'-dIm® base pair. Optimal distances in gas phase
of the key atoms from the coordinated Ag' ion are reported. C1'-C1' distances are also shown for all the base

pairs. A C, symmetry constraint was imposed during the geometry optimizations to retain planarity.

For the dPur® homopairing, our modeling studies show that the insertion of an additional Ag' ion increases
the C1'-C1' distances, as compared to the corresponding mono Ag' mediated base pairs, for all the
geometries (by 0.90 A, 1.38 A and 1.57 A for cWW-, cWH- and cHH-like geometries, respectively, see Fig.
6a-c). As a consequence, the dPur®-2Ag'-dPur® cWH-like geometry, with a C1'-C1' distance of 10.40 A,
results to be highly isosteric to the canonical A:T/G:C base pairs (10.48/10.69 A). As for the energies, the
dinuclear Ag' mediated base pairs are less stable than the mononuclear Ag' mediated ones by 1.38, 2.41 and
6.83 kcal/mol for the cWW-, cWH- and cHH-like geometries in the gas phase. When the pairing of dPur®
with dIm€ is considered; its C1'-C1' distance gets shortened by 0.51 A as a consequence of the coordination
of the second Ag' cation, thus getting closer to the canonical 10.6 A distance. Furthermore, the pairing
appears to be more stable than in the case of the mono Ag' coordinated base pair by 77.35 kcal/mol and
10.48 kcal/mol in the gas phase and in water, respectively. Lastly, calculations carried out in the absence of
Ag' suggest the possible formation of weak H-bonding pairing between dPur® with dIm® (Fig. S9) which
might account for some results observed during our initial polymerase screen where complete formation of

the n+1 product was observed even in the absence of metal cations with the Taq polymerase (Fig. S1).

Taken together, our analyses of geometries and energies suggest that both the single and the dinuclear Ag'

coordination modes are in principle possible for the homopairing between dPur® bases. However, both for

12



energetic and geometrical reasons the cWW- and cWH-like geometries seem to be favored over the cHH-
like ones. As for the heteropairing between Pur? and ImC, it seems to be favored both energetically and

geometrically in the presence of a second coordinating Ag'ion.

By-pass experiments

Having established conditions that permit the enzymatic construction of a dIm®-Ag'-dPur® base pair we
next assessed whether enzymatic DNA synthesis could be resumed with canonical nucleotides after the
construction of the metal base pair. By-passing a UBP is crucial required for the construction of modified
libraries with view of their use in selection experiments but also for the general construction of modified
oligonucleotides.”*>® To do so, we first installed a dIm¢-Ag'-dPur® base pair by PEX reaction using the
P1/T1 system and the experimental conditions described in Fig. 4. After addition of the four canonical
dNTPs, only one additional dC nucleotide was incorporated immediately after the artificial metal base pair
and DNA synthesis halted at this stage (Fig. S8a). We first thought that the inability of the polymerase to
further extend the primer might be ascribed to the presence of remaining Ag' in the reaction mixture, which
could disturb the formation of natural base pairs. Therefore, we added 1.2 equivalents of NaCl or EDTA
after the formation of the dIm®-Ag'-dPur® base pair and prior to the addition of natural dNTPs but this had
no positive impact on the bypass efficiency (Fig. S8b). We next conducted bypass experiments using the

39:60. 61 wwhich is known to recognize UBPs.®” Under these

more permissive polymerase Therminator
conditions, the formation of the n+6 product was observed by gel electrophoresis (Fig. 7) which corresponds
to the expected full length sequence with an additional nucleotide stemming from a non-templated addition,
showing that the dIm€-Ag'-dPur® base pair can efficiently be by-passed by the Therminator polymerase
(68% formation of the n+6 product). To exclude the formation of any mispairs (especially dG:dT pairs) by
the error prone Therminator polymerase and to confirm the identity of the formed product, an LC-MS
analysis was performed. To do so, we first conducted by-pass experiments with a 5’-phosphorylated
template T1 (obtained by PNK treatment of T1), subjected the resulting dSDNA product to a A-exonuclease-
mediated degradation, and analyzed the ssDNA product by LC-MS (Fig. S19 and Fig. S20). This analysis
univocally proved the formation of the expected full length product and further confirmed the untemplated
addition of an additional dA nucleotide, which has previously been observed with Therminator (Fig. S20).°"
% Thus, this represents a convenient method for the synthesis of DNA duplexes containing a dIm®-Ag'-

dPur® UBP.
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Figure 7. Gel (PAGE 20%) image analysis of the modified base pair by-pass experiments. All the reactions
were carried out with primer P1 and phosphorylated template T1 and first incubated in the presence of
dIm TP (20 pM) and 2 U of Vent (exo’) polymerase at 60°C for 6h. dNTPs (20 uM) were added with 10

U of Therminator polymerase and incubated at 60°C for 30 min. P indicates unreacted primer.

Specificity of the incorporation

Next, we sought to determine the specificity of the incorporation of canonical ANTPs opposite a templating
dPur® nucleotide and conversely the specificity of the incorporation of the modified triphosphate dPur® TP
opposite wild-type nucleotides. These experiments are important to evaluate the possibility of using the
dImC-Ag'-dPur’® base pair system in SELEX experiments, specifically in the PCR amplification and
sequencing steps. For both Vent (exo”) and Kf (exo’) polymerases, we carried out primer extension reactions
with template T1 and each individual ANTP, in the presence and absence of silver ions (Fig. 8). Even though
synthetic duplexes were shown to be strongly destabilized in the presence of dPur? mismatches with all the
natural bases,* the efficient incorporation of a dT nucleotide opposite dPur® was observed with both
polymerases. Yet, more surprisingly, Vent (exo’) misincorporated dA opposite the modification with around
35% yield of the n+1 product regardless on the presence or absence of Ag' (38% yield without addition of
silver, 32% yield in the presence of silver). In addition, n+1 and n+2 products can also be observed with
dCTP corresponding to the formation of dC-dPur® and dC-Ag'-dPur® mispairs. The latter was not
unexpected since silver is known to mediate the formation of dC-Ag'-dA base pairs.** When Vent (exo’)

was used in PEX reactions, misincorporation of dG opposite the modification occurred at much lower levels
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than with dC, dA, and dT regardless on the presence or absence of Ag'. In the case of the Kf (exo)
polymerase, while dC (6% incorporation with or without silver) or dG (6% incorporation with or without
silver) nucleotides are not misincorporated opposite dPur?, dAMP units are efficiently incorporated with
or without Ag' (80% n+1 product formation without silver and 75% with silver).

Vent (exo’) Kf (exo’)
A

1
| |
Metal ion (60 uM) | Ag
]

]
dNTPs P AC G TIA C G TJA C G T

n+1
n

dATP, dCTP, dGTP or dTTP
eee—— ¥

I Pur’GAGG

Figure 8. Extension reactions of the dPur? containing template T1 with each individual NTP. All reactions
were conducted using the primer P1 and Vent (exo’) (2 U) or Kf (exo) (5§ U) polymerase. The reaction
mixtures contained natural ANTPs (200 uM final concentration) and were incubated for 30min at 60°C or

37 °C. P indicates unreacted primer.

In order to investigate the specificity of the incorporation of dPur?TP, we carried out PEX reactions using
templates T3-T6 (Table 1) that contain each one of the canonical bases at the site of the modification in T1.
This analysis clearly revealed that dPur®’MP was readily incorporated opposite templating dC and dT
nucleotides by the Vent (exo’) polymerase, even in the absence of silver cations. A partial incorporation of
the modified nucleotide opposite dG was also observed (Fig. 9). The presence of silver seemed to inhibit
the incorporation of dPur®TP opposite a dA nucleotide as 81% incorporation occurred in the absence of
Ag', compared to 63% incorporation in its presence. For the Kf (exo’) polymerase, partial incorporation of
the modified nucleotide was detected opposite dA and dG in the absence of Ag' but not opposite the other
two canonical nucleotides. Addition of Ag' seems to negatively affect the incorporation opposite a dA
nucleotide but to favor the formation of base pairs with dC, dG and dT. Therefore, the incorporation of
dPur®MPs does not exclusively occur when the templating nucleotide is dPur® since misincorporation

events are observed.
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Figure 9. PEX reactions with dPur®TP modified nucleotide using the templates T3-T6 and Vent (exo) (2
U) or Kf (exo) (5 U) as polymerases. The reaction mixtures contained dPur?TP at 20 pM final

concentration and were incubated for 30min at 60°C or 37 °C. P indicates unreacted primer.

DFT calculations for modelling the mispairs of dPur® and canonical nucleobases

UV melting experiments performed on dodecamers containing a single dPur® modification have shown that
mismatches between dPur® and canonical nucleotides led to strong destabilization of the resulting duplexes.
However, PEX reactions indicated that dPur® nucleotides (both as incoming triphosphate or templating
nucleotide) misincorporated particularly well opposite canonical dT. In order to try to rationalize these
findings we modelled pairing of dPur® with the four natural nucleobases, with and without the Ag' ion
coordination. As the Ag' coordination is well known to occur with the nitrogen atoms of the heterocycles
for both the natural and unnatural bases, in our modelling study we assumed the coordination to occur at the
Watson-Crick edge of all the bases and, in addition, at the Hoogsteen edge of A and G (to N7) (cWH-like
geometries, Fig. 10).

The C1'-C1' distances of the possible Ag' mediated base pairs are larger than the average C1'-C1' distance
of canonical dA:dT/dG:dC base pairs for the dPur®-Ag'-dA and dPur®-Ag'-dT base pairs (by 1.8 A and 1.5
A, respectively) and shorter by 0.9 A for the dPur®-Ag'-dC base pair. For the dPur®-Ag'-dG base pair, an
elongation of the C1'-C1' distance by 4.35 A is observed, which may be considered incompatible with a
regular DNA duplex. However, considering the Ag' coordination to the N7 of the A and G bases, in their
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cWH-like geometries, the C1'-C1' distance of the dPur®-Ag'-dG pair gets elongated by 1.1 A, while it is
extremely similar (10.74 A) to the canonical A:T/G:C pairs for dPur®-Ag'-dA. Regarding energies, except
for the dPur®-Ag'-dC cWW-like pair, which is more stable than the corresponding dPur®-Ag'-dPur® pair
(by 0.64 and 2.97 kcal/mol in the gas phase and in water, respectively), all the other Ag' mediated pairs
between dPur® and the Watson-Crick edge of the natural nucleobases are less stable, with energy
differences within 16.27 kcal/mol and 9.28 kcal/mol in the gas phase and in water, respectively. However,
looking at the cWH geometries, the dPur®-Ag'-dA pair is further destabilized as compared to the cWW-like
geometry (by 3.55/1.56 kcal/mol in gas phase/water). On the contrary, the dPur®-Ag'-dG cWH-like pair
results more stable than the corresponding cWW-like geometry (by 16.2/11.0 kcal/mol in gas phase/water),

also due to the formation of an additional weak H-bonding interaction (see Fig. 10a).

The high stability (and isostericity) of the dPur®-Ag'-dC ¢WW-like pair observed in this DFT analysis is
reflected in PEX reactions conducted with the Kf (exo”) polymerase since, when dPur® acts as an incoming
triphosphate, formation of the mispair is only observed in the presence of Ag' (Fig. 9). However, the
formation of the dPur®-Ag'-dC pair could not be observed (<5% product formation) when the modified
nucleotide was incorporated in the template (Fig. 8). On the other hand, the incorporation events mediated

by the Vent (exo’) polymerase are more difficult to rationalize based on this DFT analysis.

We have also modelled the possible H-bonded base pairs that are formed in the absence of Ag' (relative
geometries are shown in Fig. 10b). All the base pairs have at least one strong N-H...N H-bond, along with
one or more weak C-H...O/N H-bonds. Compared to classical dA:dT/dG:dC cWW geometries, the C1'-C1'
distances between the H-bonded mispairs is larger for the dPur?:dA and dPur®:dG cWW base pairs, by
1.87 A and 1.95 A respectively, and shorter by 0.93 A for the dPur®:dT cWW base pair. As for the dPur®:dC
pair, its C1'-C1" distance is quite close (10.22 A) to the canonical one. Therefore, especially the dPur®:dA
and dPur®:dG pairs seem geometrically unfit to be part of a regular DNA duplex in their cWW geometries.
That notwithstanding, the dPur®:dG cWW pair results to be in principle slightly more stable than the dA:dT
pair, both in the gas phase and in water (by -2.61 and 1.42 kcal/mol respectively). On the contrary, the
dPur?-dA/dT/dC base pairs are less stable than the corresponding dA:dT base pair with energy differences
within 5.57 and 4.50 kcal/mol, in the gas phase and in water, respectively (see Table S3).

As they appear unfit to match a regular duplex in their cWW geometries, we also modelled the dPur®:dA
and dPur”:dG base pairs in their c(WH geometries. Interestingly, in the c(WH geometry, the C1'-C1' distance
of the dPur?:dA pair is extremely close (10.33 A) to the “canonical” value, while its energy remains similar
to that of the cWW geometry (with energy differences within 0.14 kcal/mol). These findings clearly indicate
that the preferred geometry for the dPur®:dA pair, to be incorporated in a DNA duplex, would be the cWH

one. In contrast, for dPur®:dG a cWH geometry could not be modelled, because of the unavailability of
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complementary H-bond donor/acceptor atoms on its facing edges (see Fig. 10). This analysis is in agreement
with the experimental data showing that the dPur®:dG pairing is not observed under enzymatic DNA

synthesis.

12.09 A
dPurP-Ag*-T cWW- dPurP-Ag*-G cWW-like dPurP-Ag*-C cWW-like
lika

10.74 A

dPurP:G cWW dPurP:C cWW

10.33 A
dPurP:A cWH dPurP:G cWH x

Figure 10. a) Geometry optimized structures of possible Ag' mediated base pairs between the non-natural
dPur® and natural nucleobases using Watson-Crick edge (W) and Hoogsteen edge (H); b) Geometry
optimized structures of mismatched H-bond mediated base pairs between dPur® and natural nucleobases.
Modelling of pairing of dPur® and dG in a cWH geometry is not feasible due to the proximity of acceptor

atoms opposite to each other, marked by red cross signs in figure. The natural nucleobases have been

truncated at the C1' atom.
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CONCLUSIONS

The decoration of nucleic acids with metal ions through the formation of artificial metal base pairs is an
alluring method for improving the chemical diversity and conferring additional properties to DNA and RNA.
Nucleic acids containing metal base pairs have found applications in numerous fields including the
construction of logic gate devices and the development of novel nanomaterials.®**® The enzymatic
construction of artificial metal base pairs represents an alluring alternative method that alleviates the
synthetic burden and size limitation impaired to traditional approaches involving solid-phase synthesis.
Here, we demonstrate that the two synthetic analogues dIm® and dPur® can be used for the enzymatic
synthesis of Ag'-mediated UBPs. In addition, we have developed a two-step enzymatic method that permits
the installation of a dIm®-Ag'-dPur® base pair followed by natural DNA synthesis and could be extended
to any type of oligonucleotide. Interestingly, the metal preference under enzymatic DNA synthesis
conditions appears to be the opposite of that unraveled by UV melting experiments on short synthetic
oligonucleotides since Ni' strongly stabilized a dPur?-dPur® mismatch while coordination to Ag' appeared
to be possible but only mildly stabilizing.*' The DFT calculations support formation of Ag'-mediated base
pairs and shed some light into the mechanism of formation. Particularly, metal coordination of the
templating nucleotide appears to be the first step in the formation of metal base pairs under enzymatic
synthesis conditions. While PEX reactions performed with natural nucleotides reveal that the dIm® and
dPur® system is not fully compatible with the construction of libraries for SELEX experiments due to
misincorporation events, this study clearly demonstrates the possibility of synthesizing DNA duplexes
containing artificial metal base pairs using PEX reactions. Collectively, the results demonstrate that the
combination of a [2+2] metal coordination environment and increased stacking interactions offered by the
dIm®-Ag'-dPur® base pair appear to be key elements for the design of nucleotide ligands for the enzymatic

construction of metal UBPs.
EXPERIMENTAL SECTION
Materials and Methods

All reactions were performed under argon in flame-dried glassware. Anhydrous solvents for reactions were
obtained from Sigma Aldrich. Flash chromatography was performed using silica gel (230—400 mesh) from
Sigma Aldrich. Thin layer chromatography was carried out on pre-coated glass-backed plates of silica gel
(0.25 mm, UV254) from Macherey-Nagel. All chemicals and solvents used were purchased from Sigma-
Aldrich and Alfa Aesar. NMR spectra were recorded on a Bruker Avance 400 spectrometer (400.13 MHz
for 'H, 100.62 MHz for '*C, and 161.62 MHz for *'P) and all spectra were referenced to the signals of the

corresponding solvent. Chemical shifts are given in ppm (3 scale) and coupling constants (J) in Hz.
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Assignation of the NMR signals was performed by using a combination of 'H/'"H-COSY, '*C-DEPT-135,
and "*C/"H-HMBC experiments. Crude dPur®TP was purified by HPLC using an Akta™ pure system (GE
Healthcare) equipped with Thermo Scientific™ DNAPac™ PA100 semi preparative ion exchange column
(13pum, 250 x 9.0 mm) with Buffer A) TEAB 10mM pH=8; Buffer B) TEAB 1M pH=8). High resolution
electrospray ionization (ESI) mass spectra (MS, m/z) were recorded on a Waters Q-Tof Micro MS in the
positive-ion electrospray ionization (ESI") mode. Solutions were prepared using 1:1 MeCN/H,O containing
0.1% formic acid or MeOH/water containing 10 mM ammonium acetate in the case of sensitive compounds.
HPLC purification was performed using an Akta™ pure system (GE Healthcare) equipped with Thermo
Scientific™ DNAPac™ PA100 semi preparative ion exchange column (13um, 250 x 9.0 mm). Unmodified
DNA oligonucleotides were purchased from Microsynth. DNA oligonucleotides containing modified
nucleotides were synthesized on an H-8 DNA synthesizer from K&A on a 1 pmol scale. Natural DNA
phosphoramidites (dT, dC4bz, dG2DMF, dA6Bz) and solid support (dA6Bz-lcaa-CPG 500A) were all
purchased from ChemGenes. The phosphoramidite was prepared by application of literature protocols.*
Natural DNA phosphoramidites as well as the modified phosphoramidite were prepared as 0.07 M solutions
in MeCN and were coupled using 50 sec and 490 sec steps, respectively. 5-(ethylthio)-1H-tetrazole (0.25
M in MeCN) was used as coupling agent. Capping, oxidation, and detritylation were performed using
standard conditions. Cleavage from the solid support and deprotection of oligonucleotides was achieved by
treatment with concentrated ammonia at 55°C for 16 h. After centrifugation, the supernatants were collected
and the resulting solutions were evaporated to dryness on a speed-vac. Crude oligonucleotides were purified
by anion exchange HPLC (Dionex - DNAPac PA200). Buffer solutions of 25 mM Tris-HCI in H,O, pH 8.0
(buffer A) and 25 mM Tris-HCI, 1.25 M NaCl in H,O, pH 8.0 (buffer B) were used. The purified
oligonucleotides were then desalted with SepPack C-18 cartridges. Oligonucleotide concentrations were
quantitated by UV spectroscopy using a UV5Nano spectrophotometer (Mettler Toledo). The chemical
integrity of oligonucleotides was assessed by UPLC-MS analysis: UPLC was performed on a BEH C18
column (130 A, 1.7 pm, 2.1 mm x 50 mm) from Waters, installed on an ACQUITY UPLC H-Class System
(SQ Detector 2). A Buffer containing 20 mM TEA and 400 mM HFIP in H,O was used with a linear gradient
from 18 to 31% Methanol within 5 minutes and a flow rate of 0.3 mL/min. All the DNA polymerases
(Therminator, Vent (exo’), Deep Vent, Bst, Taq, and Klenow fragment of DNA polymerase I exo- (Kf (exo
)) were purchased from New England Biolabs as well as the natural dNTPs. Acrylamide/bisacrylamide
(29:1, 40%) was obtained from Fisher Scientific. Visualization of PAGE gels was performed by
fluorescence imaging using a using a Storm 860 or a Typhoon Trio phosphorimager with the ImageQuant
software (both from GE Healthcare). The following salts were used: AgNO3, CdCl,, CuSQO4, CoCl,, EuCls,
FeSO4, FeCls, HgClz, MnClz, NiSOs, Pb(OAc)2, ZnSOs.

Reaction buffers
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The following 10x buffers without any CI” source were prepared for PEX reactions in presence of Ag'.

Buffer 1 is used for Vent (exo), buffer 2 for Kf (exo’), buffer 3 for Taq and buffer 4 for Bst.

Buffer 1: 200 mM Tris acetate, 100 mM (NH4)2SO4, 100 mM KC1O4, 20 mM MgS040.1% Triton® X-100,
pH 8.8 at 25°C; buffer 2: 500 mM NaClO4, 100 mM Tris acetate, 100 mM MgSQOs, 100 uM DTT, pH 7.9;
buffer 3: 100 mM Tris acetate, 500 mM KClOs4, 15 mM MgSOs, pH 8.3 at 25°C; buffer 4: 200 mM Tris
acetate, 100 mM (NH4)2SO4, 500 mM KClO4, 20 mM MgSOs, 0.1% Tween® 20, pH 8.8 at 25°C.

Synthesis of dPur’ TP

Synthesis of 3’-O-acetyl-1-(2-deoxy-p-D-ribofuranosyl)-adenine-6-pyridin-2-yl (6). Nucleoside
analogue 4 [35] (200 mg, 0.367 mmol, 1 eq) was dissolved in dry pyridine (2 mL) at RT under Ar. To this
solution, 2-(dimethylamino)pyridine (9 mg, 0.073 mmol, 0.2 eq) was added followed by trimethylamine
(128 pL, 0.919 mmol, 2.5 eq) and subsequently acetic anhydride (0.1 mL, 1.103 mmol, 3 eq). After 1h of
stirring, the reaction mixture was quenched with NaHCO; sat. (20 mL) and extracted with DCM (3x 30
mL). The organic layers were combined, dried over MgSO4, and concentrated. The crude product was used
in the second step without further purification. The starting material 5 (120 mg, 0.182 mmol, 1 eq) was
dissolved in anhydrous DCM (5 mL) under Ar. To this solution, 5 mL of TCA 3% in DCM (5 mL) was
added. The reaction mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo
and the residue was purified by flash chromatography (DCM/MeOH 96:4) to give 45 mg of a white solid
(70%). HR-MS for Ci7H1sNsO4" m/z caled: 356.1359; found: 356.1357. '"H NMR (400 MHz, CDCl;) § =
2.16 (s, 3H), 2.51-3.31 (m, 2H), 3.95-4.05 (m, 2H), 4.33 (s, 1H), 5.61-5.63 (m, 1H), 6.44-6.47 (m, 1H),
7.47-7.50 (m, 1H), 7.94-7.98 (m, 1H), 8.35 (s, 1H), 8.83 (d, /= 8.0 Hz, 1H), 8.99 (d, /=4.0 Hz, 1H), 9.14
(s, IH). ®C NMR (101 MHz, CDCl;) & = 21.0, 37.7, 63.2, 76.2, 87.4, 87.6, 125.2, 125.8, 133.1, 137.0,
145.0, 150.4, 151.9, 153.3, 154.5, 170.3.

Synthesis of dPur?TP (3). Nucleoside 6 (45 mg, 0.127 mmol, 1 eq) was dissolved in dry pyridine (0.2 mL)
and dry dioxane (0.4 mL) at RT under Ar. To this clear solution, 2-chloro-1,3,2-benzodioxaphosphorin-4-
one (38 mg, 0.185, 1.4 eq.) was added and the reaction mixture was stirred for 45 min. A solution of
tributylammonium pyrophosphate (120 mg, 0.219 mmol, 1.7 eq) in dry DMF (0.1 mL) and tributylamine
(60 uL) was added dropwise and the reaction mixture stirred for another 45 min. The reaction mixture was
then oxidized by the addition of iodine (64 mg, 0.203 mmol, 1.6 eq) in pyridine (1 mL) and H,O (0.2 mL).
After 30 min of stirring, the excess of iodine was quenched with a sodium thiosulfate solution (10% w/v in
water) and the resulting clear solution was concentrated under reduced pressure at 30°C. The concentrated
mixture was treated with ammonium hydroxide 30% (10 mL) for 2h. The yellow suspension was again

concentrated under reduced pressure at 30°C. The yellow residue was dissolved in H,O (2 mL) and
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precipitated by the addition of NaClO4 2% in acetone (12 mL). The crude product was purified by ion
exchange HPLC (50% B in 20 min; Buffer A) TEAB 10mM pH=S; Buffer B) TEAB 1M pH=8) to yield
5.6 mg (8 %) of pure triphosphate 3. HR-MS C;sH;7P;NsO1,” m/z calcd: 552.0087; found: 552.0083. 'H
NMR (400 MHz, D,0) & =2.55-2.86 (m, 2H), 2.94-3.26 (m, 2H), 4.11-4.14 (m, 2H), 4.24 (s, 1H), 6.62 (t,
1H), 7.57 (s, 1H), 8.04 (s, 1H), 8.30 (s, 1H), 8.69 (s, 1H), 8.81 (s, 1H), 8.96 (s, 1H). *'P NMR (202 MHz,
D,0) 6 =-26.18 (t, J=22.2 Hz 1P), -14.40 (d, /= 20.2 Hz 1P), -13.74 (d, /= 18.2 Hz 1P).

Primer extension experiments

The 5'-FAM-labelled primer P1 (10 pmol) was annealed to the appropriate template (15 pmol) in water by
heating to 95 °C and then gradually cooling down to room temperature (over 30 min). The appropriate DNA
polymerase and metal cation solutions were then added to the annealed oligonucleotides mixture on ice.
Finally, natural dNTPs and/or modified triphosphate were added for a total reaction volume of 10 pL.
Following incubation at the optimal temperature for the enzyme, the reactions were quenched by adding
stop solution (10 pL; formamide (70%), ethylenediaminetetraacetic acid (EDTA; 50 mM), bromophenol
(0.1%), xylene cyanol (0.1%)). The reaction mixtures were subjected to gel electrophoresis in denaturing
polyacrylamide gel (20%) containing trisborate-EDTA (TBE) 1x buffer (pH 8) and urea (7 M).
Visualization was performed by fluorescence imaging a using a Storm 860 or a Typhoon Trio
phosphorimager. Polygons were drawn around the bands corresponding to the unmodified primer and the
reaction products and volumes were quantified using the ImageQuant software (GE Healthcare). Yields of

product formation were then determined by application of the following equation:

Un+1

ield =
Y (Vn + Vne1)

X 100 Eq.(1)

Where v, and vy+1 correspond to the volumes of unmodified primer and of the n+1 product, respectively.

Computational details

Geometry optimizations were performed within a DFT approach, based on the hybrid B3LYP functional®-

7 as implemented in the Gaussian09 package. The correlation-consistent polarized valence double-z-cc-
pVDZ"" basis set was used for all the geometry optimizations in gas phase. Since dispersion interactions
might contribute differently to the stability of the base pairs under study, we also added an empirical
dispersion term, with the Becke-Johnson damping scheme, to the electronic energy using empirical
dispersion=GD3BJ keyword.”>”* Interaction energies were calculated on the B3LYP-D3BJ/cc-pVDZ
optimized geometries at the MO06 level ™ of theory using the cc-pVTZ basis set. For the anionic oxygen atom

as in Im®, an augmented aug-cc-pVTZ basis set is used. The energies have been calculated both in gas phase
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and in water, modeled with the C-PCM continuum solvation model.”

For calculation of the geometries and
energies for Ag, we used the small-core, quasi-relativistic Stuttgart/Dresden effective core potential with an
associated valence contracted basis set (standard SDD keywords in Gaussian 09).”°7® Besides the
optimizations with no symmetry constraints (C; symmetry), we have also imposed Cs symmetry on the
simulated non-natural base pairs in order to mimic the planarity of base pairs under study, situation in the

DNA double helical structure.
Thus, the binding energy Eging is calculated as in Eq. 2:
Eginga = EComplex - (EMl + Emo + EMetal) (2)

where Ecomplex 18 the electronic energies of the optimized complex (that is, M1-M2-metal base pair), and Ewmi
and Emy and Ewew are the electronic energy of the isolated optimized M1 and M2 bases, and respective
complexed metal ion (Ag"). In addition, binding energies of H-bonded base pairs are also calculated. This

is a rather standard approach used in this kind of calculations.”**

SUPPORTING INFORMATION

The supplementary information contains the full characterization data of all compounds and modified
oligonucleotides, additional gel images of primer extension reactions, additional geometry optimizations,

and the XYZ coordinates for metal base pairs.
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