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Abstract

Photodynamic therapy (PDT) is an approved cancer treatment modality. Despite its high
efficiency, PDT is limited in terms of specificity and by the poor solubility of the rather lipophilic
photosensitizers (PSs). In order to alleviate these limitations, PSs can be conjugated to
oligonucleotides. However, most conjugation methods often involve complex organic synthesis
and result in the appendage of single modifications at the 3'/5’ termini of oligonucleotides.
Here, we have investigated the possibility of bioconjugating a range of known PSs by
polymerase-mediated synthesis. We have prepared a range of modified nucleoside
triphosphates by different conjugation methods and investigated the substrate tolerance of
these nucleotides for template-dependent and -independent DNA polymerases. This method
represents a mild and versatile approach for the conjugation of single or multiple PSs onto
oligonucleotides and can be useful to further improve the efficiency of the PDT treatment.



Introduction

Cancer is the second leading cause of death worldwide, and its incidence is predicted to rise
to over 20 million new cases annually by 2025." Although chemotherapy and radiotherapy are
currently the main methods of treatment, they are usually limited by their inability to specifically
target tumor cells, leading to toxic side effects.? Hence, alternative, highly efficient and
personalized treatment modalities are in dire need to effectively combat cancers.>” In this
context, photodynamic therapy (PDT) has advanced as a promising non-invasive strategy for
combating cancer®'® and antimicrobial resistance.'*'” This approved treatment modality is
based on the combined action of a photosensitizer (PS), light of a specific wavelength, and
endogenous oxygen. Initially, the PS which should be non-toxic in the absence of light, is
administered either systemically or locally to a patient. After photoexcitation to an excited
singlet state, the PS will transition to a different, mainly triplet, state by intersystem crossing
instead of returning directly back to the ground state. Following these photochemical
processes, the PS will generate reactive oxygen species (ROS) or reactive singlet oxygen 'O,
depending on the mechanism of action.'® 820 These reactive species in turn create an
oxidative stress which eventually leads to cell death. PDT offers many advantages, including
the selective activation of the PSs by light with a defined wavelength, reduced systemic toxicity,
a degree of spatio-temporal control, the possibility of targeting a wide range of cells, a non- or
minimally-invasive approach, the combination with other treatments, combating drug
resistance, and blending with nanomaterials.!” 2 Nonetheless, PDT is still afflicted by a
number of limitations including lack or low tumor/cancer cell specificity, difficulties in reaching
deep tumors due to low penetration of light, and poor water solubility of hydrophobic PSs.?'2®
The potency of the PDT treatment modality can be improved by conjugating PSs to
biomolecules, particularly oligonucleotides.?*?% Indeed, equipping oligonucleotides with PSs
has been shown to be a versatile method to induce and investigate site-directed DNA
damage,?” 8 to improve the bioavailability of PSs,?® or to develop combination therapies.30-3?
Importantly, oligonucleotides can mediate a certain degree of specificity to PSs in order to
suppress off-target activity.>>* In this context, aptamers have advanced as popular vectors for
PSs due to their ease of production and their high target specificity and affinity.3¢-*? Conjugation
of single PS moieties to oligonucleotides typically involves chemical reactions such as amide
bond formation?® 40 4244 or click chemistry-based approaches®® 37 45 on pre-functionalized
oligonucleotides. While these approaches are robust, they only permit the addition of a single
PS and require chemically modified oligonucleotides which are expensive or need specialized
experimental set-ups for their production. Here, we present an enzymatic method for the
labelling of oligonucleotides with a variety of PSs that is readily applicable to any DNA
sequence without the need for any additional chemical reactions. This method is based on the
polymerase-mediated incorporation of nucleoside triphosphates equipped with PSs.
Importantly, we also demonstrate that PS-modified nucleotides are compatible with aptamer
isolation via the mod-SELEX (Systematic Evolution of Ligands by EXponential enrichment)
approach.

Results
Design and synthesis of nucleotides and PS precursors

We surmised that using nucleoside triphosphates equipped with PSs connected to the
nucleobases combined with polymerase-mediated DNA synthesis would represent a versatile
and robust method for labelling of oligonucleotides with PSs. Indeed, nucleobase-modified



nucleotides (dN*TPs) are usually well-tolerated by DNA polymerases, especially when
attached to the C5 position of pyrimidines.*¢5” Hence, using template-independent or template-
dependent polymerases, DNA oligonucleotides could easily be decorated with one or multiple
PSs. In order to explore this possibility, we set out to prepare dU*TPs equipped with the most
commonly used PS in PDT applications, i.e. chlorin €6, methylene blue, BODIPY moieties, and
perylene (Figure 1).
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Fig. 1. Chemical structure of all PS-modified nucleotides that were considered and produced.

In addition to common PSs, we also considered three typical reactions which are used for the
preparation of oligonucleotide-PS bioconjugates, namely copper-catalysed alkyne—azide
cycloaddition (CuAAC), strain-promoted alkyne—azide cycloaddition (SPAAC), and amide
bond formation (vide infra). Choosing different conjugation strategies also permitted the
exploration and direct comparison of the effect of linker length and composition on the
substrate acceptance by polymerases. The synthesis of the modified nucleotides commenced
with the preparation of suitable PS building blocks equipped with azide and/or carboxylic acid
moieties.

Porphyrins are popular PDT agents due to their favorable photophysical properties.%® Chlorin
€e is a porphyrin-based PSs that displays high reactive oxygen species production efficiencies
and is integrated in the scaffold of approved drugs such as Talaporfin.®® The structural key
feature of chlorin es resides in the presence of three carboxylic acid functional groups which
display different reactivities.®° In order to prepare a suitable chlorin es building block for click
reactions, we first prepared the seven-membered anhydride ring between carboxylic acids 13’
and 152 by dehydration mediated by the addition of EDC (Scheme 1).%% %" The resulting
anhydride was then further reacted with 2-azidoethylamine which yielded the azide-modified
chlorin es analog 1 in moderate yields (50%).



Scheme 1. Synthetic pathway for the generation of Ces-N3s 1 and numbering of the porphyrin
system. Reagents and conditions: i) EDC, DIPEA, DCM, rt, 1 h; ii) 2-azidoethylamine, rt, 12
h, 50%.

Next, we set out to prepare iodinated BODIPY (Boron-Dipyrromethene) building blocks
compatible with click reactions and amide bond formation. BODIPY derivatives have emerged
as a promising new class of PDT agents and many analogues, particularly bis-iodinated-
BODIPY, display favorable photophysical properties such as high extinction coefficients,
resistance to photobleaching, and higher light-dark toxicity ratios.> 6 The synthesis of suitable
BODIPY derivatives begins with the condensation*® ¢* of 2,4-dimethylpyrrole with 8-chloro-8-
oxo-octanoate (Scheme 2A) or 6-bromohexanoyl chloride (Scheme 2B). The resulting
intermediates were then subjected to a cyclization reaction in the presence of BF3-Et,0O to form
the BODIPY core, leading to compounds 2 and 5, respectively. Ester 2 was then saponified
with LiOH to generate the carboxylic acid 3 in near quantitative yields. Compound 3 was then
subjected to oxidative iodination in the presence of |, and HIOs to give the desired compound
4 in moderate yields (51%). For azide containing BODIPY derivative 7, the synthetic route
involved an Sn2 reaction after the initial condensation reaction. Indeed, BODIPY 5 was treated
with NaNs to afford derivative 6 in moderate yields (47%). Finally, oxidative iodination was
carried out in the presence of I, and HIOs3, resulting in target compound 7 in excellent yields
(87%).
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Scheme 2. Synthetic routes to BODIPY building blocks. A) Synthesis of carboxylic acid
derivative 4. Reagents and conditions: i) a) DCM, reflux, 30 min; b) NEts, BF3-Et,0, reflux, 2



h, 41%; ii) LIOH, THF/H20, 40°C, 4 h, 97%; iii) MeOH, |2, HIOs, H2O, rt, 30 min, 51%. B)
Synthesis of azide 7. Reagents and conditions: i) a) DCM, reflux, 30 min; b) NEts;, BF3-Et.0,
reflux, 2 h, 47%; ii) MeOH, I, HIO3, H2O, rt, 30 min, 62%; iii) NaNs, ether crown 18-C-6, THF,
Ar, on, rt, 87%.

Suitable precursors for click and amide bond formation for the synthesis of modified
nucleotides equipped with perylene and methylene blue moieties were obtained from
commercial suppliers (see Supporting Information).

With all azide and carboxylic acid modified PS building blocks at hand, we next set out to
synthesize a subset library of modified nucleotides (Scheme 3). To do so, we prepared the
modified nucleotides 5-ethynyl-dUTP (dUETP)*® and aza-dibenzocyclooctyne (ADIBO)-
modified dUTP (dUC°TP)* by application of published protocols, while amino-11-dUTP
(dUA™TP) was commercially available.
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Scheme 3. Overview of the different conjugation approaches for the synthesis of PS-modified
dUTPs.

We first carried out CUAAC reactions with azide-modified PS and dUETP under mild conditions
(Scheme 4). The yields of isolated PS-modified nucleotides after thorough HPLC-purification
were low (~20%) when chlorin es azide 1 and BODIPY analogue 7 were employed and
moderate (~50%) with perylene- and methylene blue-azide derivatives. In addition, it is
noteworthy mentioning that CUAAC reactions carried out with chlorin es azide 1 resulted in the
formation of the copper complex despite a prolonged EDTA treatment prior and during HPLC
purification.®® The presence of Cu?* will alter the spectral properties of the PS and hence affect
PDT efficiency of the resulting PS-modified oligonucleotides,®® but alternative synthetic
methods could be applied to avoid chelation of the metal cation.”- 68

For SPAAC reactions, we incubated dU®°TP with azide-modified PS for 24h at 30°C in a
mixture of solvents consisting of different ratios of DMF, DMSO, and H.O. As for the copper-
catalyzed reactions, the yields varied between low (~20%) and moderate (>60%) depending
on the nature of the azide precursor. Nonetheless, all target nucleotides could also be obtained
by application of SPAAC reactions.
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Scheme 4. Synthetic pathways for the synthesis of dUEPSTP and dUC®-PSTP derivatives.
General reagents and conditions used for CUAAC reactions: PS-Ns;, dUETP, Cul, DIPEA,
DMF/DMSO/MeCN/Hz0, ar, rt, 4 h; 0.5 M EDTA to chelate residual copper then purification on
RP-HPLC (20 mM TEAA/MeCN). Yields of isolated nucleotides: dUE¢TP: 19%, dUEVBTP:
58%, dUEBPPTP: 22%, dUE-PeYTP: 43%. General reagent and conditions for SPAAC reactions:
PS-Ns;, dU®°TP, DMF/DMSO/H,O, 30°C, 24 h, purification on RP-HPLC (20 mM
TEAA/MeCN). Yields of isolated nucleotides: dUCC-Ce¢TP: 17%, dU®O-MBTP: 67%, dUCC-BPPTP:
18%, dUCOPeVTP: 22%.

Lastly, we carried out amide bond formation reactions with three PS agents equipped with
carboxylic acid moieties and dUA™TP under standard conditions (Scheme 5). Conjugation to
chlorin es revealed to be the most challenging reaction due to the formation of doubly
substituted porphyrin. Due to the occurrence of this side-product, a thorough purification was
required, and the yields remained modest for the formation of the desired nucleotide dUA™
Ce6TP (17%). The BODIPY and methylene blue containing nucleotides dUA™BPPTP and dUA™
MBTP on the other hand were obtained in moderate to good yields, respectively.
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Scheme 5. General synthetic pathway for the synthesis of dUA™PSTP derivatives. General
reagents and conditions: a) PS-COOH, DMF/DMSO, 40°C, 1 h; b) dUA™TP in H2O, rt, 12 h;
purification on RP-HPLC (20 mM TEAA/MeCN). Yields of isolated nucleotides: dUA™-Ce¢6TP
17%, dUA™MBTP 73%, dUA™-BDPTP 42%,.

Biochemical characterization with the terminal deoxynucleotidyl transferase (TdT)

With a subset library of PS-modified dUTPs at hand, we sought to determine their compatibility
with enzymatic DNA synthesis. To do so, we first evaluated whether the modified nucleotides
could be used in template-independent DNA synthesis mediated by the terminal
deoxynucleotidyl transferase (TdT). The TdT is an X family of polymerase and is capable of
incorporating nucleotides randomly at the 3'-termini of ssDNA and ssRNA primers.6®7
Importantly, the TdT has rather lax nucleotide substrate requirements which propelled this
polymerase in the forefront of numerous practical applications such as de novo enzymatic
synthesis,’*’" aptamer selection,’®®° functional tagging, 8% and construction of DNA
nanostructures.?* Given these alluring features, combining TdT-mediated tailing reactions with
PS-modified nucleotides could be employed for the post-SELEX functionalization of aptamers
or in enzymatic aptamer generation. A first step towards these applications is the evaluation
of the substrate tolerance of the TdT for the PS-modified dUTPs. To do so, we carried out
primer extension (PEX) reactions with a 19 nucleotide long, 5’-FAM-labelled primer P1 (see
the Supporting Information for sequence composition) in the presence of three metal cofactors
(Co?*, Mn?*, and Mg?*). Nucleotides equipped with methylene blue acted as the best substrates
for TdT-mediated reactions (Fig. 2). Indeed, tailing reactions conducted with dUA™MBTP and
Co?" led to product distributions comparable to those obtained with natural dTTP. The tailing
reactions with dU®®-MBTP and Co?* were also highly efficient albeit products with faster gel
mobilities could be also observed suggesting a somewhat reduced substrate tolerance. When
the metal cofactor was changed to Mn?* or Mg?*, the efficiency of the tailing reaction markedly
dropped. PEX reactions carried out with dUEMBTP only led to primers extended by one or two
modified nucleotides, regardless of the cofactor that was employed. While nucleotides
equipped with methylene blue acted as good substrates for the polymerase, nucleotides
equipped with Ces and BODIPY were not readily tolerated by the TdT since no or very little
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extended primer products could be observed (Fig. S1 and S2, respectively). Tailing reactions

with perylene-modified dUTPs led mainly to products corresponding to primer extended by one
to two modified nucleotides, albeit in low yields (Fig. S3).
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Fig. 2. PAGE gel (20%) analysis of tailing reactions with methylene blue containing
nucleotides. Reactions were conducted with TdT (20 U) using primer P1 (2 pmol) with 1 pL
TdT 10X buffer, with 200 uM of either dUEMETP, dUCO-MBTP  or dUA™VBTP in the presence of
either 1 mM Mn?*, 0.25 mM Co?*, or 1 mM Mg?*. The reactions with modified nucleotides were
incubated for 5 min, 15 min, 30 min and 1 h at 37°C. Controls: (T; ) negative control without
TdT; (T;) negative control without dTTP; (Tyy; Tco; Tyg) Positive control with a final

concentration of 200 uM dTTP and 1 mM Mn#, 0.25 mM Co?, or 1 mM Mg? and 1 h
incubation.

Biochemical characterization of modified nucleotides with template-dependent
polymerases

Enzymatic synthesis with template-dependent polymerases and the PS-modified nucleotides
represents the first step towards the generation of modified libraries for SELEX experiments
but also permits the introduction of one or multiple PS agents at any position of a DNA
sequence. Hence, we continued our biochemical characterization by carrying out PEX
reactions with the family B polymerase Vent (exo’) along with a rather simple primer/template
system (P1/T1, see Supporting Information) which allows for the incorporation of a single,
modified, 3’-terminal nucleotide. This analysis revealed that all PS-modified nucleotides were
tolerated as substrates by the DNA polymerase and resulted in extended primer products in
high yields (see Fig. S3). Only the reactions conducted with dUE-C¢6TP (lane 3, Fig. S3), dUF
MBTP (lane 6, Fig. S3), and dUE-BPPTP (lane 9, Fig. S3) led to ~60-80% conversion of the primer
to extended products, suggesting that the triazole linker arm obtained after CUAAC reactions
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was less tolerated by the polymerase. It is also noteworthy mentioning that in some cases, n+2
products stemming from untemplated incorporation events could be observed.?>%” Next, we
wished to further demonstrate the compatibility of the PS-modified nucleotides with
polymerase-mediated DNA synthesis by digestion-LC-MS analysis experiments. To do so, we
carried out large-scale PEX reactions with modified nucleotides and Vent (exo’) on the P1/T1
primer/template system. The resulting dsDNA products were then digested by the collective
action of nucleases and the shrimp alkaline phosphatase down to single nucleosides which
were then analysed by LC-MS as described previously.*? %8 All LC-MS profiles displayed the
four characteristic peaks corresponding to the canonical nucleosides along with additional
peaks corresponding to the expected PS-modified nucleosides (Fig. S12-S17 and
Experimental Section). Collectively, these experiments confirm that all the modified
nucleotides were readily tolerated by polymerases and incorporated into DNA.

Encouraged by these results, we next set out to explore the possibility of synthesizing longer
DNA sequences equipped with multiple PS units. To do so, we carried out PEX reactions with
the 31-nt long template T2, the 15-nt long primer P2 (Supporting Information), the PS-modified
dUTPs, and a series of family A (Tag, Hemo KlenTagq, Bst) and family B (Phusion, Vent (exo
), Deep Vent (exo’), Therminator, Q5) DNA polymerases. PEX reactions carried out with the
BODIPY-modified nucleotides dUE-BPPTP, dUCC-BPPTP, and dUA™BPPTP vyielded full length
products with all polymerases that were tested with complete consumption of primer P2 (Fig.
3). In addition, a slight change in electrophoretic mobility could be observed depending on the
chemical nature of the linker arm. Indeed, DNA containing nucleotides equipped with a short
triazole moiety displayed faster running bands than those modified with a bulky ADIBO unit.
When the methylene-blue containing nucleotides were engaged in similar PEX reactions, full
length product formation could be observed with dU®OMETP and dUA™MBTP (Fig. S4).
Consumption of the product was complete when Hemo KlenTaq, Taq, Bst, Vent (exo’) and
Deep Vent (exo) (lanes 2, 4, 5, 7 and 8 in Fig. S4) were used as polymerases whereas the
reactions with the remaining polymerases produced the expected product in ~70% yield. On
the other hand, dUEMBTP acted as a rather poor substrate for the polymerases since
essentially truncated products could be observed in all reactions. Similar results were obtained
when Ces-modified dUTPs were engaged in PEX reactions (Fig. S5). Finally, successful
incorporation of the perylene-containing dUEPeYTP and dUC°-PeYTP could be achieved with
several polymerases especially Phusion and Q5 which readily tolerated both nucleotides as
substrates (Fig. S6).
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Fig. 3. PAGE gel (20%) analysis of PEX reactions (3 hour) using primer P2 (10 pmol) and
template T2 (15 pmol) with natural dNTPs (200 uM) and the modified triphosphates (200 uM)
dUE-BPPTP, dUCO-BPPTP and dUA™BPPTP. Polymerases used: lane 1) Phusion (2 U); lane 2)
Hemo KlenTaq (8 U); lane 3) Q5 (2 U); lane 4) Taq (5 U); lane 5) Bst (8 U); lane 6) Therminator
(2 U); lane 7) Vent (ex07) (2 U); lane 8) Deep Vent (exo’) (2 U); lane 9) Negative control reaction
without polymerase; 10) Negative control reaction with only dATP, dGTP, and dCTP; lane 11)
Primer P2 12) positive control reaction with natural ANTPs and Vent (exo’) (2 U). 15 nucleotides
(nt) correspond to P2 and 31nt to full-length product.

Next, we evaluated the possibility of modifying yet longer DNA oligonucleotides with PS
moieties. To do so, we carried out PEX reactions with the P3/T3 primer/template system which
allows for the incorporation of up to thirteen modified nucleotides (Supporting Information).
These PEX reactions were carried out under similar conditions as for the P2/T2 system and
the gel images are depicted in Fig. S7-S10. This analysis reveals that 1) dU®°-VBTP, dUA™
MBTP, dUCC-BPPTP, dUA™BOPTP and dUCC-PeYTP all act as excellent substrates for most or all
polymerases that were considered and produce the expected full-length products, 2) dU*TPs
obtained by CuAAC reactions (i.e. dUFBPPTP, dUEMBTP, and dUEPeYTP) were moderate
substrates but at least Vent (exo’) and Deep Vent (exo’) readily incorporated these modified
nucleotides and produced the expected full-length products with high (>80%) conversion
yields, and 3) reactions with Ces-modified nucleotides produce either rather undefined,
smeared product bands or high molecular products with little electrophoretic mobility. Based
on this analysis, we identified for each modified nucleotide the best experimental conditions to
produce heavily modified dsDNA which are highlighted in Fig. 4.
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Fig. 4. Gel (PAGE 20%) analysis of the PEX reactions with primer P3 (10 pmol), template T3
(15 pmol), dNTPs and dUPSTPs (200 uM) at 60°C for 3 h. Lane 1: dUEPeYTP with Bst (8 U);
lane 2: dUCOPeYTP with Vent (exo’) (2 U); lane 3: dUE-Ce®TP with Therminator (2 U); lane 4:
dUCO-Ce6TP with Hemo Klen Taq (8 U); lane 5: dUA™Ce6TP with Hemo Klen Taq (8 U); lane 6:
dUEMBTP with Deep Vent (exo’) (2 U); lane 7: dUO-MBTP with Deep Vent (exo’); lane 8: dUA™
MBTP with Deep Vent (exo); lane 9: dUEBPPTP with Deep Vent (exo’); lane 10: dU®C-BPPTP with
Deep Vent (exo’); lane 11: dUA™BPPTP with Deep Vent (exo’); lane 12: Negative control
reactions without polymerase; lane 13) positive control reaction with natural dTTP. 18 nt
corresponds to the length of P3, 71 nt correspond to full-length product.

Finally, we evaluated these eleven PS-modified nucleotides for their capacity at serving as
substrates for polymerases under PCR conditions. To do so, we used a 79-nt long template
(T4) flanked by the primers P4 and P5 and evaluated the possibility of amplifying T4 with
different polymerases along with the PS-modified dUTPs. Even though experimental
conditions could be identified that permitted efficient PEX reactions on long template strands
(Fig. 4), the modified nucleotides were rather reluctant at serving as substrates for
polymerases under PCR conditions (Fig. S11). Low yielding amplification was observed only
with dUEPeYTP and only in the presence of Deep Vent (exo’).

Discussion

PDT is a highly efficient and recognized tumor treatment modality. The major limitations in PDT
reside in the lack of tumor specificity due to their passive cellular uptake as well as the limited
water solubility of the rather hydrophobic photosensitizers.* Bioconjugation of pPSs represents
an alluring strategy to alleviate these limitations. In this context, DNA and RNA oligonucleotides
represent rather suitable platforms to improve the efficiency of PDT via coupling to PS agents.
However, most conjugation methods involve chemical steps that allow for the incorporation of
single photosensitizing units mainly located at the 3’- and 5’-termini of oligonucleotides. Here,
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we have evaluated the possibility of introducing one or multiple PS units by enzymatic DNA
synthesis at any position of the sequence.

We have synthesized nucleoside triphosphates modified with a small variety of PSs at the level
of the nucleobase. We have then evaluated the capacity of these PS-modified nucleotides to
act as substrates for template-dependent and template-independent polymerases. For the
template-independent polymerase TdT, highly efficient tailing reactions could be obtained with
nucleotides equipped with methylene blue, particularly those prepared by SPAAC and amide-
bond coupling reactions. Single incorporation events could be obtained with perylene-modified
nucleotides, while modifying nucleotides with BODIPY or chlorin es appeared to be deleterious
to enzymatic synthesis. On the other hand, various template-dependent polymerases readily
tolerated the modified nucleotides and could be used to produce short as well as long DNA
sequences equipped with PSs. As for template-independent DNA synthesis, nucleotides
equipped with methylene blue appeared to be the best while chlorin es-modified nucleotides
appeared to be the worst substrates for polymerases. Even though most modified nucleotides
are excellent substrates for DNA polymerases under PEX reaction conditions they are
refractory to PCR amplification, which has previously been observed for other modification
patterns.*6- 88 8 This study also allowed to investigate the effect of the nature of the linker arm
on the substrate tolerance. Overall, it appears that nucleotides bearing a rigid and short triazole
connector at position C5 of the nucleotide are the least tolerated by all DNA polymerases.
Nonetheless, the efficacy of incorporation of such nucleotides also depends on the nature of
the PS modification attached to the nucleobase since dUE-BPPTP acts as a very good substrate
for all polymerases that were evaluated (Fig. 3).

Lastly, nucleotides with similar linker arms (yet different modification patterns) have been
shown to be fully compatible with the mod-SELEX approach even though they are not
necessarily substrates for polymerases under PCR conditions.®>% Particularly, libraries for
SELEX prepared with nucleotides containing propargylamino- and triazole-based linker arms
can efficiently be converted into unmodified DNA by standard PCR.8 919 We are thus
confident that these modified nucleotides could be used for the identification of modified
aptamers and DNAzymes and on-going work in the laboratory on an aptamer SELEX with
dUA™-BPPTP seem to confirm this statement.

Conclusions

Here, we have demonstrated that modified nucleotides represent alluring tools for
bioconjugating DNA oligonucleotides with photosensitizing agents under mild and efficient,
polymerase-catalyzed reaction conditions. This method can be applied to virtually any type of
oligonucleotides and permits the incorporation of one or multiple PSs. The modified
nucleotides are well-tolerated by various template-dependent DNA polymerases and the
template-independent TdT polymerase can be used to add single PS-modified nucleotides at
the 3’-end of oligonucleotides. Overall, this facile conjugation method could be applied in
SELEX to identify PS-modified aptamers (on-going work in our laboratory), the production of
spherical nucleic acids equipped with multiple PS,'* for the post-SELEX modification of
existing aptamers, or to improve ferroptosis during PDT treatment.’%

Methods

General protocol for CUAAC reactions

PS-N3 and dUETP (stock solution at 34.5 mM) were dissolved in 300 uL of DMF and 300 pL
H20 in a 1.5 mL Eppendorf tube and degassed under Argon. In a separated Eppendorf tube,
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Cul (1.5eq.) and THPTA (2 eq.) are suspended in DIPEA (6 eq.), 20 yL H20 and 100 yL MeCN
and degassed with Argon. The two fractions were merged and 100 pyL to 2 mL of
H,O/DMF/DMSO were added until complete dissolution. The reaction mixture was degassed
with Argon and left to shake at 1000 rpm, at r.t. for 4 hours. The reaction mixture was
evaporated in vacuo and resuspended in 300 yL H>O and centrifuged at 4000 rpm for 15
minutes, and the supernatant was isolated and purified. Prior to each HPLC injection, 50 uL
EDTA 0.5 M in H20 (pH = 8).

General protocol for SPAAC reactions

PS-N3 was dissolved in 300 pl DMF and 100 pl of dUCCTP (34.2 mM stock solution) in an
Eppendorf. 100 pyL to 2 mL H.O/DMF/DMSO were added until complete dissolution. The
reaction mixture was shaken at 1000 rpm at 30°C for 24 hours. DMF was then evaporated in
vacuo and the crude resuspended in 200 pL H2O. The mixture was centrifuged at 4000 rpm
for 15 minutes, and the supernatant was purified by semi-prep reverse phase HPLC.

General protocol for amide bond formation

PS-COOH was dissolved in DMF or DMSO and HBTU was then added. The resulting mixture
was stirred and kept at 40°C for 1 hour. After this period, dUA™TP (100 mM in H,O) was
introduced and the reaction mixture was left under continuous stirring at room temperature for
given reaction times. After reaction, the solvent was carefully removed under reduced pressure
and the remaining residue redissolved in deionized water. The mixture was centrifuged and
the supernatant decanted, leaving behind the precipitate. The isolated material was then
dissolved in deionized water for further purification.

HPLC purification of modified nucleotides

The HPLC purification is common to the 3 procedures described above. They were done with
a semi-preparative reverse-phase column (Kinetex 5 ym C18 100 A LC column). Solvent. A 0-
100% B elution gradient over 45 minutes was used, with buffer A: 20 mM TEAA in water, buffer
B MeCN. Before proceeding with the full purification, an analytical injection was performed to
evaluate the chromatographic profile and check the retention time of the compounds in the
reaction mixture. Based on this preliminary analysis, gradient adjustments were made,
introducing a plateau of 5 to 10 minutes centered around the retention times of interest.
Detector wavelengths on the HPLC were set at 260 nm, 280 nm and the specific absorption
maximum of the photosensitizers, facilitating a purification process (i.e. Ces: 405 nm, MB: 664
nm, BODIPY: 525 nm; perylene: 435 nm). After HPLC purification, the collected fractions were
analyzed by MALDI-TOF to ensure successful production of the modified triphosphates.

General method for TdT-mediated extension reactions

In a 10 pL reaction volume, the following components were combined: a 5-FAM-labelled
primer (2 pmol; see the Supporting Information for sequence composition), the modified
nucleotide, the selected metal ion co-factor (1 mM Mn?*, 0.25 mM Co?*, and 1 mM Mg?* final
concentration), 1 pL of TdT polymerase buffer (10X concentration) and 1 pL of TdT
polymerase. The reaction mixture was incubated at 37 °C, with the reaction times ranging from
5 minutes to 1 hour, depending on the specific requirements. To stop the reaction, 10 uL of a
quenching solution (70% formamide, 50 mM EDTA, 0.1% bromophenol, and 0.1% xylene
cyanol) was added. The resulting reaction mixtures were then analyzed using denaturing
polyacrylamide gel electrophoresis (PAGE 20%). Gel electrophoresis was run with a
trisborate—EDTA (TBE) buffer at a 1x concentration with a pH of 8 and 7 M urea.

General method for primer extension reactions with template-dependent polymerases
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A 5’-FAM-labelled primer (10 pmol) was hybridized with the corresponding template (15 pmol)
in DNase/RNase-free ultrapure water. This was achieved by elevating the temperature to 95°C
and then allowing it to gradually cool down to room temperature over an hour. Subsequently,
DNA polymerase (0.5 to 1 uL), suitable reaction buffer, and the required dNTP(s) were added
to yield a 10 pL reaction mixture. This mixture underwent incubation at the polymerase-specific
optimal temperature for given times. The reactions were quenched by adding 10 uL of a
solution containing formamide (70%), EDTA (50 mM), bromophenol (0.1%), and xylene cyanol
(0.1%). The resulting reaction mixtures were analyzed by gel electrophoresis in a denaturing
20% polyacrylamide gel, complemented with 1x TBE buffer (pH 8) and urea (7 M).

General protocol for PCR reactions

The PCR mixtures were obtained by adding primers P4/P5 (6 uM each), template T4 (0.1 uM),
dNTPs (200 uM), Mg?* (2 mM), polymerase (0.4 uL), and polymerase buffer (either 2 uL of
10X or 4 pL of 5X), in a total volume of 20 yL. The PCR amplification protocol commenced
with an initial 5-minute denaturation step at 95°C. This was succeeded by amplification (25
cycles for modified nucleotides and 10 to 15 for canonical nucleotides), each consisting of a 1-
minute denaturation at 95°C, annealing for 1 minute at 52°C, and elongation for 2 minutes at
72°C. The cycles finished with a final extension period of 5 minutes at 72°C. After PCR
amplification, the reaction products were evaluated using 4% agarose gels, supplemented with
1X E-GEL sample loading buffer (loading: 1 to 5 pmol).

General Protocol for digestion-LC-MS analysis of modified DNA

Primer P1 (100 pmol) was annealed with template T1 (150 pmol) in DNase/RNase-free
ultrapure water. This was carried out by first raising the temperature to 95°C, then gradually
cooling down to room temperature over a period of one hour. 1 pL of Vent (exo’) polymerase,
1 uL of 10 x Thermopol reaction buffer, and 200 uM of modified dUTP or canonical dTTP for
the positive control were successively added to the annealed duplex. Next, the combined
mixture was left to incubate for a period of four hours at 60°C. 1 pL of the resulting reaction
mixtures were diluted in 9 pL H>O and quenched by adding the stop solution (vide supra). 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) to confirm efficient extension
reactions. After evaluation of the efficiency of the PEX reactions by gel electrophoresis,
reaction products were purified using Monarch DNA Cleanup columns (5 ug), each column
processing a maximum of 250 pmol of product. The purified products (around 100 pmol in 10
ML) were then combined with Nucleoside Digestion Mix buffer (2 uL of 10X) and Nucleoside
Digestion Mix (1 pL) in a final volume of 20 pL. The solution was left to incubate at 37°C for
one hour. Finally, the resulting products were subjected to LC-MS analysis without further
purification.

A solution of digested dsDNA was introduced into a ThermoFisher Hypersil Gold aQ
chromatography column (100 X 2.1 mm, with a particle size of 1.9 ym), maintained at a
temperature of 30°C. Flow rate was set at 0.3 ml/min, and isocratic elution was performed at
1% MeCN in H20 with 0.1% formic acid for 8 minutes, then at 100% CH3;CN from the 9th to
the 11th minute. In positive ion mode, parent ions were fragmented using a normalized collision
energy of 10% in PRM (Parallel Reaction Monitoring) mode. MS2 resolution was set at 17,500
with an AGC target of 2e5, a maximum injection time of 50 ms and an isolation window of 1.0
m/z. The inclusion list contained the following masses: dC (228.1), dA (252.1), dG (268.1), dT
dT (243.1), dUA™-Ce6 (973 41; calcd. 972.44), dUEMB (809.35; calcd. 972.44), dUA™ME (733.32;
calcd. 732.32), dUE-BPP (864.08; calcd. 863.08), dUA™BDP (1005.19; calcd. 1004.18), and dUF-
Pery (705.27; calcd. 704.26).
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