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The incorporation of nucleotides equipped with C-glycosidic aromatic nucleobases into DNA
and RNA is an alluring strategy for a number of practical applications including fluorescent
labelling of oligonucleotides, expansion of the genetic alphabet for the generation of aptamers
and semi-synthetic organisms, or the modulation of excess electron transfer within DNA.
However, the generation of C-nucleoside containing oligonucleotides relies mainly on solid-
phase synthesis which is quite labor intensive and restricted to short sequences. Here, we explore
the possibility of constructing biphenyl-modified DNA sequences using enzymatic synthesis.
The presence of multiple biphenyl-units or biphenyl residues modified with electron donors and
acceptors permits the incorporation of a single dBphMP nucleotide. Moreover, templates with
multiple abasic sites enable the incorporation of up to two dBphMP nucleotides, while TdT-
mediated tailing reactions produce single-stranded DNA oligonucleotides with four biphenyl

biaryls
hydrophobic bases

residues appended at the 3°-end.

2009 Elsevier Ltd. All rights reserved.

1. Introduction

DNA is a fascinating biopolymer that mainly serves as the
repository of the genetic information. The well-known double
helical structure adopted by DNA arises through specific
Watson-Crick interactions and packing forces between the four
canonical nucleobases A, C, G, and T. However, a combination
of organic chemistry and polymerase engineering have not only
permitted to broaden the horizon of applications of DNA to fields
that markedly deviate from its natural role[1-12] but also to
expand the genetic alphabet by one[13-16] or multiple[17]
orthogonal, artificial base pairs. Unnatural base pairs (UBPs) that
have been used in this context mainly consist of large aromatic
residues that interact via hydrophobic and packing forces,[18]
nucleobases with alternative hydrogen bond patterns,[17] and
nucleoside analogs capable of interacting through shape
complementarity.[19, 20] More recently, artificial metal base
pairs have been proposed as alternative scaffolds for the
construction of UBPs.[21-28] Such an expansion of the genetic
alphabet has important practical repercussions since semi-
synthetic organisms capable of replicating DNA containing
artificial nucleotides[29] and even transcribing modified mRNA
into proteins[14] could be created and aptamers with enhanced
binding properties were identified.[13, 20, 30, 31] In this context,

the zipper-like interstrand stacking motif (Fig. 1A) is an
alternative recognition motif based on the interaction of C-
nucleotides equipped with bipyridine (Bipy) or biphenyl (dBph)
moieties within a DNA duplex (Fig. 1B).[32-34] The inclusion of
four biphenyl base pairs in opposing positions in short DNA
duplexes gave rise to important thermal stabilities (AT, of up to
4.4°C per base pair).[34] Interestingly, up to 7 consecutive
biphenyl base pairs can be incorporated into DNA without
causing any decrease in duplex stability[32] and an NMR
investigation concluded that stacking interactions were the main
driving force behind the impressive stability of these UBPs.[35]
The zipper-like motif thus appears to be an alluring candidate for
applications such as electron transport through nucleic acids[36-
38] or an expansion of the genetic code.[39] Besides biphenyl-
modified DNA, other C-nucleosides equipped with aromatic
residues play central roles in numerous applications including the
induction of important conformational transitions,[40] relaying
electron transport through duplexes,[37, 38, 41-43] assisting the
homogenous assembly of aromatic carbon layers,[44] or labeling
of oligonucleotides with fluorophores.[45-49] However, solid-
phase synthesis of these analogs and biphenyl-DNA particularly
is quite labor intensive and often complicated by the reduced
solubility and the tendency to aggregate. Therefore, alternative
methods such as enzymatic synthesis of dBph containing



oligonucleotides would be highly desirable.[32] Here, we
explored the possibility of using enzymatic synthesis to generate
oligonucleotides containing multiple dBph nucleotides. To this
end, we have investigated whether 1. the formation of a
zipper-like interstrand stacking motif could favor the successive
incorporation of dBph nucleotides during primer extension
(PEX) reactions and 2. the presence of multiple abasic sites on a
template strand could be used to trigger the incorporation of
multiple C-nucleotides into DNA. In this context, we
demonstrate that the presence of three dBph residues on the
template permits the incorporation of one modified nucleotide
into DNA and that the introduction of abasic sites can be used to
generate oligonucleotides containing up to two modified dBph
analogs. We also show that the appendage of electron donors and
acceptors on the distal ring of the biphenyl moiety can be used to
improve the efficiency of enzymatic synthesis of DNA modified
with aromatic C-nucleotides. Taken together, these results show
that the enzymatic synthesis of oligonucleotides containing
biphenyl C-nucleotide analogs is possible and could be extended
to other zipper-like motifs[50-54] and potentially for the
construction of randomized libraries containing UBPs for
SELEX experiments.[30, 55-57]

Figure 1. A) and B) details of an X-ray structure of an
interstrand-stacking zipper motif (red) adapted from reference [58] and C)
chemical structure of dBphTP 1.

2. Results and discussion
2.1. Synthesis of the triphosphate and modified oligonucleotides

The synthesis of the modified nucleotide 1 proceeded by
application of standard protocols (Scheme 1).[3, 9] Briefly,
nucleoside 2[32, 34] underwent a sequence of protecting group
rearrangements which involved acetylation followed by
detritylation. The resulting suitably protected nucleoside analog 4
was then triphosphorylated by application of the Ludwig-
Eckstein conditions[59] which after anion exchange HPLC (IE-
HPLC) afforded dBphTP 1 in good yields (48%). The
corresponding phosphoramidite building block for solid-phase
DNA synthesis was obtained by application of a known
protocol.[32]

DMTrOé 0 DMTroé*), Ho~é4>> 40@0&
OH OAc OAc OH
2 3 4 1

Scheme 1. Synthesis of nucleoside triphosphate dBphTP 1. Reagents and
conditions: i) Ac;0, EtsN, DMAP, pyridine, rt, 2.5h, 95%; ii) DCA, DCM, rt,
30 min, 81%; iii) a) 2-chloro-1,3,2-benzodioxaphosphorin-4-one, pyridine,
dioxane, rt, 45 min; (b) (nBuzNH),H,P,0;, DMF, nBusN, rt, 45 min; (c) I,
pyridine, H,O, rt, 30 min; (d) NHs(aqg.), rt, 1.5 h, 48% (4 steps).

Natural and modified oligonucleotides were either purchased
or prepared according to standard protocols for automated DNA
synthesis on a 1 umol scale in the trityl-off mode, respectively
(see Table 1 and ESI).[32, 34] The modified nucleotides were
introduced via the corresponding phosphoramidites (5-11, Figure
2) obtained as described previously.[60-62]
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Figure 2. Chemical structures of the modified biphenyl-C-nucleoside (5-
10) and abasic site nucleoside phosphoramidite 11 used for the synthesis of
modified oligonucleotides.

Table 1. Primers and templates used for primer extension
reactions.

Name Sequence (shown in the 5° to 3’ direction)®

P1 5'-TAC GACTCACTATAGCCTC

T1 5-GGA GBphG AGG CTA TAG TGA GTC GTA
T2 5-GGBph BphBphG AGG CTA TAG TGA GTC GTA
T3 5'-GGA GXG AGG CTATAG TGA GTC GTA
T3 5'-GGA G5G AGG CTA TAG TGA GTC GTA
T4 5'-GGA G6G AGG CTATAG TGA GTC GTA
T5 5'-GGA G7G AGG CTATAG TGA GTC GTA
T6 5'-GGA G8G AGG CTATAG TGA GTC GTA
T7 5'-GGA G9G AGG CTA TAG TGA GTC GTA
T8 5'-GGA G10G AGG CTA TAG TGA GTC GTA
T9 5'-GGA GG AGG CTATAG TGAGTC GTA
T10 5-GG¢ ¢poG AGG CTA TAG TGA GTC GTA
T11 5"pod 4G AGG CTA TAG TGA GTC GTA

T12 5'-GGA GCG AGG CTATAG TGA GTC GTA

® Numbers ranging from 5 to 10 represent the modified
nucleotides shown in Figure 2 and ¢ = 11.

2.2. Evaluation of enzymatic synthesis via a
interstrand stacking motif

zipper -like

With dBphTP 1 at hand, we proceeded to evaluate the
possibility of incorporating this C-nucleotide into DNA by
enzymatic synthesis and eventually construct a zipper-like
interstrand stacking motif. Therefore, we performed PEX
reactions using different polymerases (Phusion, Hemo KlenTagq,
Tag, Bst, Q5 DNA polymerase, Therminator, Vent (exo’),
Sulfolobus DNA polymerase 1V (Dpo4), Deep Vent, Phi29, and



the Klenow fragment of DNA polymerase | exo™ (Kf ex0’)) along
with dBphTP 1 as only substrate. We first evaluated the
incorporation efficiency using a 24-nucleotide long template T1
(Table 1) containing a single dBph unit immediately downstream
of the end of the 18-mer primer P1.[27] This initial screen
revealed that the modified nucleoside triphosphate was not
readily accepted as a substrate since no elongation of the primer
was observed (Fig. S1A). A similar observation was made with
each of the natural dNTPs (data not shown) as well as with the
abasic site nucleotide d¢TP 11 even though this analog was
shown to be readily incorporated opposite templating dA units
(Fig. S1B).[62] We hypothesized that this poor incorporation
efficiency mirrors the trend observed in thermal stability of
duplexes where a single dBph-dBph base pair caused a
significant decrease in T,,.[32] Hence, we assessed whether the
presence of multiple dBph units on the template would spur the
enzymatic formation of the zipper-like motif. We thus carried out
PEX reactions with template T3 that contains three consecutive
modified nucleotides immediately downstream of the end of
primer P1 (Fig. 3). This analysis reveals that the polymerase
Dpo4 incorporated a single dBphMP opposite a modified
nucleotide in moderate yields (~50%) while other polymerases
such as Hemo KlenTag and Bst only poorly recognized the
modified nucleotide as a substrate since only ~10% of the
elongated primer was formed which is sometimes accompanied
by exonucleolytic degradation of the primer (see e.g. lanes 1 and
6). A similar trend but with different polymerases was observed
with d¢TP 11 since the n+1 product formed in ~50% yield with
Bst and ~10% with Hemo KlenTaq (Fig. 3).

dBphTP
1 2 3 4 5 6

Nucleotide
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Figure 3. Gel analysis (PAGE 20%) of the products from primer
extension reactions with primer P1, template T2, and the modified
nucleotides d¢p TP and dBphTP. All the reaction mixtures contained 200 uM
of nucleotides and 2 U of the DNA polymerases. The reaction mixtures were
incubated at the corresponding temperatures in 1X reaction buffer for 3 h. P
indicates the unreacted primer. Polymerases used: 1. Phusion; 2. Hemo
KlenTag; 3. Q5 DNA polymerase; 4. Bst; 5. Taq; 6. Therminator; 7. Vent
(ex0); 8. Dpo4; 9. Deep Vent; 10. Phi29; 11. Kf exo".

2.3. Effect of electron-donating and —withdrawing groups on
enzymatic DNA synthesis

After a first evaluation of the possibility of an enzymatic
construction of a zipper-like motif using the C-nucleoside analog
dBph, we next questioned whether a modulation of the = electron
density on the biphenyl moieties could have an impact on the
incorporation efficiency of the modified nucleotide. Indeed, the
inclusion of electron-withdrawing groups on the aromatic system
was shown to significantly increase the T,, value of the resulting
duplexes while the presence of donating groups led to
thermoneutral duplexes (mixed duplexes containing acceptor and
donor moieties also led to increased T,, values).[61] In order to
evaluate whether the nature as well as the position of substituents
on the biphenyl moiety could favor the incorporation of a single
dBph moiety into DNA we synthetized templates T4-9 that
contain single biphenyl-nucleosides equipped with OMe, NH,,
and NO, units in the distal ring in both para and meta
orientations (Fig. 2 and Table 1). PEX reactions were carried out

7 8 9 10 11 | Polymerase

with primer P1, dBphTP, and various DNA polymerases (Fig. 4
and 5). This analysis clearly reveals that various polymerases
including Dpo4 and Kf exo readily incorporate the modified
nucleotide opposite biphenyl units equipped with a para-amino
unit (template T3; Fig. 4A and Table S1). In addition, PEX
reactions conducted with templates containing meta-nitro and
para-methoxy modifications (T8 (Fig. 5C) and T5 (Fig. 4B),
respectively) led to the formation of the expected n+1 product
albeit in lesser yields and with fewer polymerases. Hence, the
presence of electron-donors in the para-position or electron-
withdrawing groups in the meta-position of the distal ring
appears to be a means to improve the incorporation efficiency of
the modified dBph nucleotide into DNA. On the other hand,
enzymatic incorporation of the modified nucleotide was
markedly reduced when the substitution pattern was reversed i.e.
with electron-donors in the meta-position and electron-
withdrawing groups in the para-position (see Fig. 4C and Fig. 5A
and B and Table S1). Notwithstanding, partial formation of the
n+1 extended primer product was formed in the presence of these
templates which is not the case with the unmodified Bph-
containing template T1. The PEX reactions carried out with
Therminator also seem to follow this trend even though partial
exonucleolytic degradation of the primer can be observed. (Fig. 4
and Fig. 5)

A) S-TAC GAC TCA CTA TAG CCT C (P1)
3-ATG CTG AGT GAT ATC GGA G5G AGG (T3)
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Figure 4. Gel analysis (PAGE 20%) of the products of PEX reactions
with dBphTP, primer P1, and templates A) T3, B) T5, and C) T6. All the
reaction mixtures contained 200 pM of nucleotides and 2 U of the DNA
polymerases. The reaction mixtures were incubated at the corresponding
temperatures in 1X reaction buffer for 3 h. P indicates the unreacted primer.
Polymerases used: 1. Phusion; 2. Hemo KlenTag; 3. Q5 DNA polymerase; 4.
Tag; 5. Bst; 6. Therminator; 7. Vent (exo); 8. Dpo4; 9. Deep Vent; 10. Phi29;
11. Kf exo".
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3-ATG CTG AGT GAT ATC GGA G9G AGG (T7)

5-TAC GACTCA CTATAG CCTC (P1)
3“ATG CTG AGT GAT ATC GGA G6G AGG (T4)

Polymerase
P

1 2 3 45 6 7 8 9 1011 123 456 7 8 9101

P

® sosne -, e
- LT ..~ CEE T N L T
-
-

C) §-TAC GAC TCA CTATAG CCTC (P1)
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Figure 5. Gel analysis (PAGE 20%) of the products of PEX reactions
with dBphTP, primer P1, and templates A) T7, B) T4, and C) T8. All the
reaction mixtures contained 200 uM of nucleotides and 2 U of the DNA
polymerases. The reaction mixtures were incubated at the corresponding
temperatures in 1X reaction buffer for 3 h. P indicates the unreacted primer.
Polymerases used: 1. Phusion; 2. Hemo KlenTag; 3. Q5 DNA polymerase; 4.
Taq; 5. Bst; 6. Therminator; 7. Vent (exo’); 8. Dpo4; 9. Deep Vent; 10. Phi29;
11. Kf exo".

2.4. Enzymatic construction of oligonucleotides with multiple
dBph units

Nucleotides equipped with non-hydrogen bonding aromatic
moieties have been shown to be incorporated efficiently by DNA
polymerases opposite abasic sites.[63-65] Since solid-phase
synthesis of Bph-containing oligonucleotides is rather labor
intensive, we hypothesized that such sequences could be
constructed by the sequential enzymatic incorporation of
modified nucleotides opposite abasic sites in PEX reactions. To
do so, we synthesized three different templates containing one
(T9), three (T10), or five (T11) consecutive abasic sites (Table
1). Gel analysis of PEX reactions with dBphTP revealed that the
n+1l product was formed in good yields with a few DNA
polymerases irrespective of the nature of the template (Fig. 6 and
ESI). During reactions with template T9, a single dBphMP was
readily incorporated opposite an abasic site by Therminator,
Dpo4, and Kf exo’, while the PEX reactions with all other
polymerases either led to little product formation, partial
degradation of the primer, or no incorporation event (Fig. S2A
and Fig. 6). Importantly, after the installation of such a dBph-¢
pair, enzymatic DNA synthesis could be resumed by Therminator
upon addition of natural nucleoside triphosphates (Fig. S3).
Therefore, we propose a two-step protocol for the synthesis of
any sequence containing a single dBphMP unit: 1. PEX reaction
with Therminator, Dpo4, or Kf exo” and dBphTP on a template
containing an abasic site 2. natural DNA synthesis after the
installation of the dBph-¢ pair with dNTPs and Therminator.
Such a protocol has recently been applied for the synthesis of
modified DNAzymes using metal base pairs[28] and DNA
duplexes containing artificial silver base pairs.[66] In the former,
a modified nucleotide was installed opposite natural dA and dT
nucleotides and enzymatic synthesis was resumed with a
different polymerase (Dpo4) while in the latter, a modified purine
nucleotide was used to form an artificial silver base pair and
natural DNA synthesis was resumed with Therminator. Our

novel strategy mainly differs from these two first examples by
the nature of the templating nucleotide (i.e. abasic sites)
employed to trigger the incorporation of a C-nucleotide analog
into DNA.

In the context of templates containing multiple abasic sites,
efficient incorporation of a single dBph nucleotide was observed
but no products corresponding to primer extended by multiple
dBph units was formed (Fig. S2B). However, given that some of
the polymerases displayed a high propensity at incorporating the
modified nucleotide (high yields of product formation and no
exonucleolytic degradation of the primer), we questioned
whether conditions could be met that would enable the
incorporation of multiple dBph units. We thus performed PEX
reactions with increasing concentrations of modified nucleotide
and by supplementing the reaction mixtures with 1 mM Mn*
which is known to relax the substrate specificity of DNA
polymerases (Fig. 6).[67-70] Variation of both parameters indeed
resulted in higher incorporation efficiencies of dBphMP and the
formation of the n+2 product (in yields up to ~30%), particularly
with the polymerase Dpo4 and additional Mn®*. However,
enzymatic synthesis of modified DNA appears to stall after the
incorporation of two dBph unit since no n+3 product formation
could be observed regardless of the nature of the template. For
comparison, we also evaluated the incorporation efficiency of
natural dATP on templates containing multiple consecutive
abasic sites. In PEX reactions with template T10, Dpo4
efficiently incorporated two dAMP units and the n+3 product
could be observed albeit in poor yields (<10%; Fig. 6A). When
template T11 was used instead, Dpo4 produced a distribution of
products while Therminator led to the formation of the n+2 and
n+3 products. Thus, extension of primers with dAMP appears to
be more efficient than with dBphTP but is nonetheless impaired
by the presence of multiple abasic sites.
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Figure 6. Gel analysis (PAGE 20%) of the products of PEX reactions
with dBphTP, primer P1, and templates A) T10 and B) T11 under various
experimental conditions. All the reaction mixtures contained 2 U of the DNA
polymerases and the reaction mixtures were incubated at the corresponding
temperatures in 1X reaction buffer for 3 h. The final concentration of Mn*
was 1 mM. P indicates the unreacted primer. Polymerases used: 1. Bst; 2.
Therminator; 3. Dpo4; 4. Kf exo.

Lastly, we evaluated the possibility of generating
oligonucleotides equipped with dBph tails. To do so, we
employed the X family polymerase terminal deoxynucleotidyl
transferase (TdT) which incorporates nucleotides at the 3’-
termini of ssDNA oligonucleotides in a template-independent
manner.[71] Tailing reactions were carried out under different
experimental conditions where the nature of the metal cofactors



(Mn**, Mg®, and Co®"), the influence of the initiator (i.e. primer)
concentrations (2 and 20 puM) and the reaction time on the tailing
reactions were evaluated (Fig. 7). When both Mg®* and Co** were
used as cofactors with low initiator concentrations, efficient
tailing reactions were observed with the incorporation of up to
four dBph units. On the other hand, when Mn®* was used as a
cofactor, the tailing reactions were not as efficient since the
polymerase seemed to stall after the addition of three modified
nucleotides. The order of preference in terms of metal cofactors
thus follows the trend often observed with modified nucleotides,
ie. Co® =~ Mg” > Mn?.[71] Expectedly, decreasing the
monomer/initiator ratio negatively impacted the TdT-mediated
polymerization reactions.[72] The appendage of four C-
nucleotides on ssDNA primers during TdT-mediated tailing
reactions appears to be a general upper limit for such analogs
since similar results had been reported with pyrene-modified
nucleotides.[73, 74]
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Figure 7. Gel image (PAGE 20%) of the TdT-mediated tailing reactions
with dBphTP and different initiator concentrations, reaction times, and
cofactors. All reactions were performed with primer P1 and incubated with
10 U of TdT at 37°C. Cofactor concentrations were 1 mM for Mn?* and Mg**
and 0.25 mM for Co?*. P indicates the unreacted primer.

3. Conclusions

The presence of C-nucleosides equipped with aromatic
moieties in DNA can be used in a broad range of applications.
However, while solid-phase synthesis permits the introduction of
nucleoside analogs into DNA and RNA sequences, this method is
restricted to rather short sequences and to simple modification
patterns.  Alternative protocols for the synthesis of
oligonucleotides containing aromatic C-nucleotides are thus in
dire need.[75] Enzymatic synthesis of modified oligonucleotides
is an alluring strategy since a single modified nucleotide could be
employed for the construction of numerous oligonucleotides
potentially containing  multiple modified C-nucleotides
irrespective of the length of the sequence.[76, 77]

Our study shows that the C-nucleotide analog dBphTP can be
used as a building block for the enzymatic construction of
modified oligonucleotides under certain experimental conditions.
We have shown that the presence of consecutive modified
residues on template oligonucleotides can partially improve the
incorporation efficiency of dBphMP into DNA even though the
yields remain modest (~50% conversion was obtained with the
Dpo4 polymerase). However, the incorporation efficiency can be
further improved by changing the stereoelectronic nature of the
distal ring of templating dBph nucleotides. Best incorporation
efficiency was obtained by introducing a para-amino moiety on
the distal ring combined with the Dpo4 or the Kf exo
polymerases. Moreover, multiple dBph building blocks can be
incorporated into DNA by the Therminator, Dpo4, or Kf exo
polymerases either by using templates containing abasic sites or
by the TdT-tailing reaction which seems to be restricted to only

four incorporation events. We have also devised a two-step
enzymatic protocol that permits the synthesis of any sequence
containing a dBph moiety. This two-step method can potentially
be applied to other modified (e.g. pyrene-modified
nucleotides[63]) or natural (e.g. dATP[62]) nucleotides that are
known to be incorporated opposite basic sites. Collectively, these
results demonstrate the possibility of using polymerases to
synthesize dBph-containing oligonucleotides and could be
expanded to other C-nucleotides. This approach can benefit from
the use of engineered polymerases[8, 78, 79] and work towards
this aim is currently under way in our laboratory.

4. Experimental section
4.1. 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 or on a Reveleris Prep
system from Buchi. Thin layer chromatography was carried out
on pre-coated glass-backed plates of silica gel (0.25 mm, UV s,)
from Macherey-Nagel. All chemicals and solvents used were
purchased from Sigma-Aldrich and Alfa Aesar unless stated
otherwise. 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. Assignation of
the NMR signals was performed by using a combination of
'H/*H-COSY, “C-DEPT-135, and “C/*H-HMBC experiments.
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 umol
scale. Natural DNA phosphoramidites (dT, dC4bz, dG2DMF,
dA6Bz) and solid support (dA6Bz-lcaa-CPG 500A) were all
purchased from ChemGenes. 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,0,
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 ym, 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 (Phusion,
Hemo KlenTaq, Tag, Bst, Q5, Therminator, Vent (exo’), Dpo4,
Deep Vent, Phi29, and 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).

4.2. Chemical synthesis of nucleotides

Synthesis of nucleoside analog 3:

The starting material 2 [32, 34] (100mg, 017mmol) was
dissolved in dry pyridine (2.5 mL) at RT under N, and DMAP
(24 mg, 019 mmol, 1.1eq.) and Et;N (61 puL, 0.43 mmol, 2.5 eq.)
was added. To this solution acetic anhydride (24 pL, 0.26mmol,
1.5 eq.) was added in one portion. The reaction mixture was
stirred for 2.5h then concentrated to dryness. The crude oil was
extracted in DCM (3 x 10mL) and NaHCO; sat (5 mL). The
organic layers were combined dried over MgSO, and
concentrated. The crude product was purified by flash
chromatography (Hex/EtOAc 4/1) to yield 102 mg (95%) of the
title compound 3.

R¢ (Hex/ EtOAc 4/1) = 0.4. MS CuH330sNa" calculated
637.256; observed 637.2585.

'H NMR (400 MHz, Chloroform-d) & = 7.61 (m, 4H), 7.52
(dd, J=7.8, 2.1, 4H), 7.46 (m, 2H), 7.43 — 7.36 (m, 4H), 7.33 —
7.27 (m, 2H), 7.26 — 7.22 (m, 1H), 6.94 — 6.65 (m, 4H), 5.44 —
5.31 (m, 1H), 5.18 (dd, J=10.9, 5.0, 1H), 4.23 (d, J=2.0, 1H),
3.97 — 3.74 (m, 6H), 3.47 — 3.29 (m, 2H), 2.46 — 2.34 (m, 1H),
2.25 (ddd, J=13.6, 11.0, 5.9, 1H), 2.13 (s, 3H).

3C NMR (101 MHz, Chloroform-d) & = 170.5, 158.5, 144.9,
140.9, 140.7, 140.1, 136.1, 136.1, 130.2, 128.8, 128.3, 127.8,
127.3, 127.2, 127.1, 126.8, 126.6, 113.1, 86.3, 84.3, 80.2, 64.3,
55.2,41.6, 21.2.

Synthesis of nucleoside analog 4:

Nucleoside 3 (90mg, 0.14 mmol) was dissolved in dry DCM
(9 mL) and then treated with dichloroacetic acid (120uL
1.4mmol, 10eq.). The resulting orange reaction mixture was
stirred for 30 min. under N, at RT. The reaction mixture was
quenched with MeOH and evaporated to dryness. The crude oil
was extracted in DCM (3 x 10mL) and NaHCO; sat (5 mL). The
organic layers were combined dried over MgSO, and
concentrated. The crude product was purified by flash
chromatography (Hex/EtOAc 4/1) to yield 37 mg (81%) of the
title compound 4.

Rt (Hex/ EtOAcC 4/1) = 0.15.
MS Cy9H,,0,Na" calculated 312.1362; observed 637.2585.

'"H NMR (400 MHz, Methanol-d,) & = 7.65 — 7.56 (m, 4H),
7.54 — 7.48 (m, 2H), 7.47 — 7.40 (m, 2H), 7.35 — 7.30 (m, 1H),
5.28 (ddd, J=6.0, 1.8, 0.9, 1H), 5.12 (dd, J=11.0, 5.0, 1H), 4.08
(td, J=4.4, 2.2, 1H), 3.79 (dd, J=4.5, 1.2, 2H), 3.33 (p, J=1.7,
1H), 2.35 (ddd, J=13.7, 5.0, 1.1, 1H), 2.12 (s, 3H), 2.15 — 2.06
(m, 1H).

C NMR (101 MHz, Methanol-d,) & = 171.0, 140.8, 140.7,
140.0, 128.4, 127.0, 126.6, 126.5, 126.4, 85.7, 80.2, 76.8, 62.3,
41.1, 19.6.

Synthesis of nucleoside triphosphate 1:

The suitably protected nucleoside 4 (37 mg, 0.11 mmol) was
dissolved in dry pyridine (0.2 mL) and dry dioxane (0.4 mL) at
RT wunder N, To this clear solution, 2-chloro-1,3,2-
benzodioxaphosphorin-4-one (40 mg, 0.18 mmol, 1.5 eq.) were
added and the reaction mixture was stirred for 45 min. A solution
of tributylammonium pyrophosphate (95 mg, 0.17 mmol, 1.4 eq.)
in dry DMF (0.17 mL) and tributylamine (60 pL) was added
dropwise and the reaction mixture stirred for another 45 min. The
reaction mixture was then oxidized by the addition of iodine (56
mg, 0.21 mmol, 1.8 eq.) in pyridine (0.98 mL) and H,O (0.02
mL). After 30 min of stirring the excess of iodine was quenched
with a sodium thiosulfate (10% wi/v in water) and the clear
solution was concentrated under reduced pressure at 30°C. The
concentrated mixture was treated with ammonium hydroxide
30% (12 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 precipitated by the addition of
NaClO, 2% in acetone (12 mL). The crude product was purified
by RP-HPLC (30% B in 20 min; Buffer A) TEAB 50mM pH=8;
Buffer B) TEAB 50mM pH=8, 50% ACN) to yield 29 mg (48 %)
of the pure triphosphate 1.

MS (MALDI): m/z calculated for C17H19012P32': 508.01;
observed: 508.24.

'H NMR (400 MHz, Deuterium Oxide) § = 7.72 — 7.57 (m,
4H), 7.50 (d, J=8.0, 2H), 7.43 (t, J=7.7, 2H), 7.38 — 7.31 (m, 1H),
5.16 (dd, J=10.5, 5.7, 1H), 4.52 (d, J=5.4, 1H), 4.14 (s, 1H), 4.06
(t, I=4.8, 2H), 2.26 — 2.08 (m, 2H).

IP NMR (162 MHz, Deuterium Oxide) & = -6.70 (d, J=13.8),
-9.78 (d, J=19.1), -21.28 (t, J= 14.6).

4.3. Enzymatic reactions

The 5’-FAM-labelled primer P1 (30 pmol) was annealed to
the appropriate template (45 pmol) in water by heating to 95°C
and then gradually cooling to room temperature. The appropriate
reaction buffer, the modified triphosphate; and DNA polymerases
were added to the annealed oligonucleotides for a total reaction
volume of 20 pL. Following incubation at the optimal
temperature for the enzyme, the reactions were quenched by
adding stop solution (20 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 (7M). Visualization was performed by phosphorimaging.

For TdT-tailing reactions, solutions containing 20 or 2 pmol
primer P1, 1 UpL™" of TdT, dBphTP (200 uM), 1x reaction
buffer, and H,O (for a total reaction volume of 10 pL) was
incubated at 37°C for 5 h. The reaction mixtures were then
purified by Nucleospin columns and quenched by the addition of
an equal volume of loading buffer. The reaction products were
then resolved by electrophoresis (PAGE 20 %) and visualized by
phosphorimager analysis.
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1. Additional gel images:
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Fig. S1. Gel analysis (PAGE 20%) of PEX reactions with primer P1, template T1, and dBphTP A) and d¢TP B). All
the reaction mixtures contained 200 uM of nucleotides and 2 U of the DNA polymerases. The reaction mixtures were
incubated at the corresponding temperatures in 1X reaction buffer for 2 h. P indicates the unreacted primer.
Polymerases used: 1. Phusion; 2. Hemo KlenTaq; 3. Q5 DNA polymerase; 4. Bst; 5. Tag; 6. Therminator; 7. Vent
(ex0’); 8. Dpo4; 9. Deep Vent; 10. Phi29; 11. Kf exo'.
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Fig. S2. Gel analysis (PAGE 20%) of PEX reactions with primer P1, template T9 A), T10 B) , and T11 C) in the
presence of dBphTP. All the reaction mixtures contained 200 uM of nucleotides and 2 U of the DNA polymerases.
The reaction mixtures were incubated at the corresponding temperatures in 1X reaction buffer for 1 h. P indicates the
unreacted primer. Polymerases used: 1. Phusion; 2. Hemo KlenTag; 3. Q5 DNA polymerase; 4. Bst; 5. Taqg; 6.
Therminator; 7. Vent (exo’); 8. Dpo4; 9. Deep Vent; 10. Phi29; 11. Kf exo".
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Fig. S3. Gel analysis (PAGE 20%) of products stemming from various bypass experiments. PEX reactions with
natural controls were carried out using template T14, primer P1, and incubate at the adequate temperature for 1 h.
The modified dBph unit was incorporated opposite a single abasic site (template T9 as described in Fig. S2) and
natural dNTPs were then added and incubated for an additional hour. P indicates the unreacted primer. Polymerases
used: 1. Bst; 2. Therminator; 3. Dpo4; 4. Kf exo".

Table S1. Yields (in %) of n+1 product formation based on the gel analysis shown in Figures 4 and 5.

Polymerase T3 T4 T5 T6 T7 T8
Phusion 0 0 0 0 0 0
Hemo Klen Taq 31 25 15 23 19 19
Q5 DNA polymerase 0 0 0 0 0 0
Taq 14 0 4 5 5 15
Bst 50 20 45 22 18 41
Therminator 76 48 71 42 63 67
Vent (exo) 0 0 0 0 6 0
Dpo4d 74 54 62 44 36 71
Deep Vent 0 0 0 0 0 0
Phi29 0 0 0 0 0 21

Kf exo’ 81 74 67 64 54 71




2. NMR and MALDI spectra
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Fig. S4. "H NMR spectrum of compound 3.
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Fig. S5. *C NMR spectrum of compound 3.
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Fig. S6. "H NMR spectrum of compound 4.
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Fig. S7. *C NMR spectrum of compound 4.
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Fig. S8. 'H NMR spectrum of dBphTP 1.
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Fig. S9. *'P NMR spectrum of dBphTP 1.
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3. Oligonucleotide synthesis and characterization:

Table S2. Overview of oligonucleotides containing biphenyl and modified biphenyl nucleotides.

Template Sequence (shown 5¢ to 3°) Meaic. M.
T1 GGABphTGAGGCTATAGTGAGTCGTA 7514 7517
T2 GGBphBphBphGAGGCTATAGTGAGTCGTA 7561 7565
T3 GGAGX1GAGGCTATAGTGAGTCGTA 7554 7557
T4 GGAGX2GAGGCTATAGTGAGTCGTA 7554 7555
T5 GGAGX3GAGGCTATAGTGAGTCGTA 7569 7571
T6 GGAGX4GAGGCTATAGTGAGTCGTA 7569 7570
T7 GGAGX5GAGGCTATAGTGAGTCGTA 7584 7586
T8 GGAGX6GAGGCTATAGTGAGTCGTA 7584 7585
T9 5'-GGA G¢G AGG CTATAG TGA GTC GTA 7387 7386°
T10 5'-GGo ¢6G AGG CTA TAG TGA GTC GTA 7105 7104
T11 5"-00b 646G AGG CTA TAG TGA GTC GTA 6807  6805°

AX1=5 X2=6;X3=7; X4=8; X5=9; X6 =10. ° data taken from Tet. Lett. 2018, 59, 4241-4244.
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Fig. S13. Total ion chromatogram (TIC) of template T2.
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Fig. S16. Mass spectrum of template T3.
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Fig. S18. Mass spectrum of template T4.
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Fig. S20. Mass spectrum of template T5.
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Fig. S21. Total ion chromatogram (TIC) of template T6.
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Fig. S24. Mass spectrum of template T7.
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Fig. S25. Total ion chromatogram (TIC) of template T8.
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Fig. S26. Mass spectrum of template T8.




