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igonucleotide conjugates via one-
pot diselenide-selenoester ligation–
deselenization/alkylation†

Christopher Liczner, a Cameron C. Hanna, bc Richard J. Payne bc

and Christopher J. Wilds *a

A breadth of strategies are needed to efficiently modify oligonucleotides with peptides or lipids to capitalize

on their therapeutic and diagnostic potential, including the modulation of in vivo chemical stability and for

applications in cell-targeting and cell-permeability. The chemical linkages typically used in peptide

oligonucleotide conjugates (POCs) have limitations in terms of stability and/or ease of synthesis. Herein,

we report an efficient method for POC synthesis using a diselenide-selenoester ligation (DSL)-

deselenization strategy that rapidly generates a stable amide linkage between the two biomolecules. This

conjugation strategy is underpinned by a novel selenide phosphoramidite building block that can be

incorporated into an oligonucleotide by solid-phase synthesis to generate diselenide dimer molecules.

These can be rapidly ligated with peptide selenoesters and, following in situ deselenization, lead to the

efficient generation of POCs. The diselenide within the oligonucleotide also serves as a flexible

functionalisation handle that can be leveraged for fluorescent labelling, as well as for alkylation to

generate micelles.
Introduction

Owing to their intrinsic instability in biological settings and
their inability to diffuse through cell membranes, synthetic
oligonucleotides must be modied in order to be used for
therapeutic applications, such as for gene silencing through
antisense1 or RNA interference mechanisms.2 Modication is
typically achieved via two main strategies: the chemical modi-
cation of the sugar-phosphate backbone3 or through conju-
gation to other species, such as lipids4,5 and peptides.6 Peptide-
oligonucleotide conjugates (POCs) are an important category of
modied oligonucleotides as specic peptides can be installed,
which engender cell-penetrating7,8 or cell-targeting9,10 proper-
ties to the oligonucleotide cargo. Indeed, very recently, a peptide
was used to enhance the nuclear delivery of an oligonucleotide
drug in the lungs of mice.11 Beyond therapeutics, POCs have
istry, Concordia University, 7141 Rue
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also found applications in promoting the self-assembly of arti-
cial proteins12 and as functional biomaterials.13,14

While POCs can be prepared by in-line solid-phase synthesis
(i.e. by sequential elongation of each species en bloc),15–18 this
strategy is hampered by incompatibilities between the peptide
and oligonucleotide protection and assembly chemistries, e.g.
cleavage and/or depurination of oligonucleotides can occur
under the acidic conditions used for peptide deprotection.
These limitations have inspired the development of more
robust post-synthetic strategies to fuse the peptide and oligo-
nucleotide components. Specically, by installing complemen-
tary reactive groups on the peptide and oligonucleotide
fragments, the two pure components can be conjugated, thus
circumventing the challenges of in-line synthesis. Some
common POCs generated via this approach possess disul-
de,19,20 thiosuccinimide,21–23 triazole24,25 and amide link-
ages.26,27 While each of these conjugates have found use for
a number of applications, the majority of these linkages suffer
from specic limitations. For example, disuldes are suscep-
tible to reducing conditions in in vitro assays or within cells,
thiosuccinimides have been shown to be labile under physio-
logical conditions,28 triazoles are typically installed using
copper catalysis, which can damage oligonucleotides29 and
amides are generated with poor chemoselectivity, requiring the
use of partially or fully protected peptides. Native-chemical
ligation (NCL) has emerged as a powerful method to over-
come the chemoselectively issues in preparing stable amide-
linked POCs.30 Specically, the reaction occurs between
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a peptide thioester and an oligonucleotide with a 50-cysteinyl in
the presence of thiophenol and tris(carboxyethyl)phosphine
(TCEP) additives (Fig. 1A). The reaction proceeds via trans-
thioesterication between the 50-thiol and the thioester, fol-
lowed by a rapid S-to-N acyl shi to afford the desired POC,
typically in 1–2 days. In recent years, diselenide-selenoester
ligation (DSL), a reaction inspired by the NCL method but
with superior kinetics, has been developed for the synthesis of
modied proteins.31–34 This seminal methodology enables the
rapid and efficient fusion of peptides bearing C-terminal sele-
noester functionalities with peptides bearing an N-terminal
selenocystine residue (the oxidised form of the 21st amino
acid selenocysteine/Sec) in the absence of any ligation additives.
Without purication, the diphenyl diselenide (DPDS) byproduct
can be removed by extraction with hexanes or diethyl ether and
deselenization of the Sec residue at the ligation junction to
alanine achieved through the addition of excess TCEP and
dithiothreitol (DTT) or glutathione (GSH) (Fig. 1B). The DSL
reactions proceed rapidly at low to high millimolar concentra-
tions of reacting peptide fragments, with reactions oen
reaching completion in a few minutes. However, below this
concentration poor kinetics are observed owing to the bimo-
lecular nature of the rate limiting step and the low steady state
Fig. 1 Methods for the chemoselective amidation of biomolecules. (A) N
bearing a free thiol. (B) One-pot diselenide-selenoester ligation–deselen
One-pot diselenide-selenoester ligation–deselenization/alkylation to ge
are shown in bold; Bn ¼ benzyl; Ph ¼ phenyl; t-Bu ¼ tert-butyl; DPDS ¼

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of selenol present under the additive-free
conditions. Recently, a modied reaction manifold dubbed
the reductive DSL (rDSL) was developed. This variant of the DSL
reaction employs TCEP and DPDS in the ligation buffer which
enables efficient ligation reactions even down to nanomolar
concentrations of reacting peptide fragments.35

We envisaged that the application of DSL for the rapid and
high yielding synthesis of POCs at low concentrations, in
a chemoselective and untemplated manner, would be highly
desirable for nucleic acid research. Utilizing the diselenide
handle for the late stage site-selective alkylation of oligonucle-
otides was also expected to be synthetically valuable. To the best
of our knowledge, there is only one previous example of a dis-
elenide-bridged oligonucleotide in the literature,36 however,
this species would be unsuitable for DSL owing to the unfav-
ourable positioning of its reactive functional groups.

Herein, we report the synthesis of a novel selenide phos-
phoramidite and its incorporation, by automated solid-phase
synthesis (SPS), at the 50-end of both a known i-motif forming
sequence37 (50-dTCCCGTTTCCA-30) and the mixed-base
sequence 50-dACTCGTTCGTA-30. Once deprotected and cleaved
from the controlled pore glass (CPG) solid-support, spontaneous
dimerization generated the desired diselenide-bridged
ative chemical ligation to generate peptide-oligonucleotide conjugates
ization to generate native or post-synthetically modified proteins. (C)
nerate peptide-oligonucleotide conjugates or micelles (bonds formed
diphenyl diselenide; R1 ¼ H or amino acid side chain; R2 ¼ decyl chain).

Chem. Sci., 2022, 13, 410–420 | 411
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oligonucleotides. Furthermore, we demonstrate the scope of
one-pot rDSL-deselenization chemistry for the preparation of
POCs, using C-terminal selenoester peptides and 50-diselenide-
bridged oligonucleotides (Fig. 1C). The thermal stability and
circular dichroism (CD) proles were measured for the i-motifs
of the unmodied oligonucleotide, the diselenide-bridged
oligonucleotide and a POC. The applicability of the 50-group of
the oligonucleotide was highlighted by in situ lipidation of a POC
with a decyl chain following additive-free DSL, leading to self-
assembly of the conjugate into micelles (Fig. 1C). This late
stage alkylation protocol was also applied towards the synthesis
of oligonucleotide micelles as well as uorescently labelled
oligonucleotides. Finally, we show that oligonucleotide micelles
can be disassembled through H2O2-triggered dealkylation.
Results and discussion
Synthesis of selenide phosphoramidite

Selenide phosphoramidite 6 (Scheme 1) was designed as a key
building block for incorporation into oligonucleotides. The
reactive diselenide and amine functional groups were posi-
tioned three bonds apart in 6, allowing the intramolecular Se-to-
N acyl shi in the proposed DSL reactions to proceed through
a 5-membered cyclic transition state, known to lead to the most
facile ligation rates in NCL.38 Protecting groups were carefully
considered for the amine and selenol functional groups to
ensure that they would be orthogonal for the solid-phase
assembly of the oligonucleotide. A uorenylmethoxycarbonyl-
protected amine was avoided as this group would be removed
under the basic oligonucleotide deprotection conditions, which
Scheme 1 Synthesis of selenide phosphoramidite 6. Reagents and co
TBSOCH2CH2NH2 (1.5 equiv.), PyBOP (1.2 equiv.), DMF, RT, 20 h; (c) CBr4
diselenide (2.1 equiv.), NaBH4 (2.1 equiv.), EtOH, 0 �C to RT, 2 h; (e) TREAT
equiv.), DIPEA (4.0 equiv.), THF, RT, 20 min. (Tr ¼ trityl; TBS ¼ tert-buty
phonium hexafluorophosphate; TREAT-HF ¼ triethylamine trihydrofl
diisopropylethylamine).

412 | Chem. Sci., 2022, 13, 410–420
would lead to potential acrylonitrile adduct formation and/or
transamidation at the free amine, rendering it inert for subse-
quent DSL and limiting sequence selection (primary amines can
“deprotect” adjacent adenine and guanine nucleobases). As
such, base stable trityl (Tr) protection of the amine was selected.
The cyanoethyl group was chosen for protection of the selenol
moiety, which could be removed during the basic deprotection
steps in oligonucleotide isolation, thus eliminating the need for
an extra step in the workow.

The synthesis of selenide phosphoramidite 6 started from
commercially available N-trityl-L-serine methyl ester 1, which
was rst saponied to the lithium carboxylate salt intermediate.
This was followed by a reaction with tert-butyldimethylsilyl
(TBS)-protected ethanolamine (see ESI† for synthesis) using
PyBOP as the coupling reagent to afford amide 2 in 67% yield
over two steps. Next, conversion of the free hydroxyl in 2 to the
corresponding iodide was attempted by treatment with iodine,
triphenylphosphine (PPh3) and imidazole, as previously re-
ported39 (see ESI† for full procedure). However, in our hands,
this caused formation of the aziridine as the major product.
Aziridine formation could be overcome through the use of
a base-free Appel reaction using carbon tetrabromide and PPh3,
affording alkyl bromide 3 in 71% yield. From here, di(2-
cyanoethyl) diselenide (see ESI† for synthesis) was reduced
with sodium borohydride to the selenolate, which was treated
with alkyl bromide 3 to afford protected selenide 4 in 74% yield.
Chemoselective desilylation in the presence of a cyanoethyl
group was achieved by treatment with triethylamine trihydro-
uoride as the uoride source,40 affording alcohol 5 in 88%
yield. Finally, phosphitylation of the primary alcohol in 5
nditions: (a) LiOH (1.1 equiv.), 1 : 1 (v/v) H2O/MeOH, reflux, 4 h; (b)
(1.3 equiv.), PPh3 (1.1 equiv.), DCM, 0 �C to RT, 2 h; (d) di(2-cyanoethyl)
-HF (3.0 equiv.), TEA (2.0 equiv.), THF, RT, 3 h; (f) Cl–P(OCE)N(iPr)2 (3.0
ldimethylsilyl; PyBOP ¼ benzotriazole-1-yl-oxy-tris-pyrrolidino-phos-
uoride; TEA ¼ triethylamine; CE ¼ 2-cyanoethyl; DIPEA ¼ N,N-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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generated selenide phosphoramidite 6 in 85% yield. Overall,
this compound was prepared in 26% yield over 6 steps.

Synthesis and purication of a 50-diselenide-bridged
oligonucleotide

Selenide phosphoramidite 6 was rst introduced by automated
SPS into the 50-end of the sequence 50-dTCCCGTTTCCA-30, an
oligonucleotide known to form a dimeric head-to-head i-motif
structure at acidic pH (structure shown in Fig. S1†). This
sequence was chosen as a model system to explore ligation via
DSL as the 50-ends of both i-motif monomer oligonucleotides
are in close proximity, thus, a 50-diselenide bridge between the
interacting strands was not expected to hinder i-motif forma-
tion. Additionally, the inuence of the diselenide bridge on the
thermal stability and structure of the i-motif could be studied.

A trityl-on SPS was performed in order to retain the trityl group
on the 50-amine (to avoid byproduct formation that can occur with
a free amine, vide supra). Notably, prior to deprotection, treatment
of the CPG-bound oligonucleotide with 10 vol% diethylamine in
acetonitrile could not be performed to remove the potent elec-
trophilic acrylonitrile, as this caused premature deselenization of
the resulting oligonucleotide. Deprotection was instead achieved
by overnight incubation with ammonium hydroxide/ethanol
(3 : 1, v/v) at 37 �C. The supernatant was subsequently lyophi-
lised and the crude 50-modied oligonucleotide dissolved in 18
MU H2O and analyzed by ion-exchange (IEX) HPLC (compared to
the unmodied oligonucleotide, Fig. S2†). This demonstrated
quantitative coupling of selenide phosphoramidite 6, which could
not otherwise be evaluated by the in-line conductivity cell of the
ABI synthesiser due to the trityl-on synthesis that was performed
(i.e. there was no trityl cation released to accurately measure the
coupling efficiency). It should be noted that the oligonucleotide
had a later than normal HPLC retention time for a tritylated 12-
mer sequence, providing early evidence that the diselenide bridge
had formed between the two oligonucleotide strands. Minor
thymine acrylonitrile adduct formation was observed by mass
spectrometry (MS) analysis of the crude sample (Fig. S3†) and was
also observed as the small shoulder adjacent to the target product
in the IEX chromatogram (Fig. S2B†). The crude oligonucleotide
was then puried by IEX HPLC and loaded onto a C-18 cartridge
for detritylation (three successive 2 vol% triuoroacetic acid (TFA)
in H2O washes) and desalting. The puried oligonucleotide was
then analyzed by IEX HPLC (Fig. S5†) and MS (Fig. S6†), which
conrmed the preparation of the desired deprotected diselenide-
bridged oligonucleotide 7. It is important to note that a very small
amount of 20-deoxyadenosine depurination occurred from the
acidic detritylation washes (as observed in the mass spectrum:
Fig. S6†), however, this small impurity was deemed inconse-
quential for the proposed DSL optimization studies.

rDSL-deselenization for the preparation of POCs

Peptide selenoesters were next prepared using a side chain
anchoring solid-phase strategy as previously reported41 (see
ESI† for synthesis and purication). We next attempted to fuse
the oligonucleotide diselenide dimer and peptide selenoester
via one-pot rDSL-deselenization chemistry to generate POCs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
We initially performed reactions on a small scale using rDSL
conditions that have been reported to proceed efficiently at low
concentrations of reacting fragments. Before initiating rDSL, it
was necessary to sonicate the ligation buffer containing TCEP
and DPDS for 30 minutes in order to ensure optimal dissolution
of phenylselenolate, as this reagent is sparingly soluble in
aqueous media. Furthermore, the buffers were all sparged with
argon for 10 minutes before use in order to remove any dis-
solved O2, as aerobic deselenization has been reported to cause
b-hydroxylation at amino acids.34,42,43

An initial rDSL reaction was attempted by dissolving
lyophilised diselenide oligonucleotide 7 (50 nmol, 1 equiv.) and
selenoester peptide 8 (200 nmol, 2 equiv. with respect to
monomer oligonucleotide) in an aqueous 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (pH 5.5) containing 30 mM
TCEP and 20 mM DPDS and the resulting mixture was incu-
bated at 37 �C (500 mM oligonucleotide and 2 mM peptide nal
concentrations, Fig. 2). It should be noted that slightly acidic
pH was used in order to minimize undesirable selenoester
hydrolysis over the reaction period. Tracking the reaction
progress by IEX HPLC indicated minimal starting material
remained aer just 2 hours (Fig. 2d). Each aliquot was treated
with hydrazine before injection in order to conrm the presence
of the desired amide and to hydrazinolyse any selenoester
intermediates that remained in the reaction mixture. Aer only
5 minutes, the excess selenoester peptide 8 present in the
reaction at this early time point was not completely hydrazi-
nolyzed and was still observed in the HPLC trace (Fig. 2b).
Furthermore, the intermediate species were identied by
analyzing the 1 h aliquot directly by MS (Fig. S10†; no hydrazine
treatment), conrming the presence of symmetrical diselenide
9 and asymmetrical diselenides 11 and 12, generated through
diselenide exchange of 9 with starting material 7 and with
phenylselenolate liberated during the reaction, respectively
(Fig. 2). Intermediate selenoester 10 was also identied, but was
no longer present aer 3 h by MS analysis (Fig. S11†). The
reaction was then extracted with diethyl ether to remove any
dissolved diphenyl diselenide or phenylselenolate, which would
interfere with the deselenization step owing to their radical
scavenging properties. Additional DTT (50 equiv. instead of 5
equiv.) was then added to facilitate deselenization. Pleasingly,
following 3 h of incubation, all intermediates coalesced to
afford the target POC 13, as observed in the IEX HPLC trace
(Fig. 3d; no hydrazine treatment) and conrmed by MS analysis
(Fig. S12†). Furthermore, the presence of excess selenoester
peptide 8 (Fig. 3b) did not prevent efficient deselenization
under these reaction conditions. Thus, rDSL (3 h) and in situ
deselenization (3 h) generated POC 13 in 97% yield as judged by
analytical HPLC (Fig. S13†), with no b-hydroxylated byproduct
observed (Fig. S12†). These results demonstrate that DSL
involving oligonucleotides can tolerate secondary structures, as
at the temperature and pH used for ligation, the i-motif was
formed (see Biophysical study section for conrmation).

By IEX HPLC, POC 13 and the deselenized product of starting
material 7 co-elute (Fig. S14A†), making it necessary to purify
the product by reverse-phase (RP) HPLC. This also allowed for
a more accurate determination of the HPLC yield of the rDSL-
Chem. Sci., 2022, 13, 410–420 | 413
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Fig. 2 Tracking rDSL between diselenide oligonucleotide 7 and selenoester peptide 8 by IEX HPLC. Traces depict reaction progress after (a)
0minutes (diselenide 7 prior tomixing) (b) 5minutes (c) 1 hour (d) 2 hours and (e) 3 hours. The red box is highlighting the disappearance of starting
material 7 over time. See ESI† for HPLC conditions and aliquot preparation. Nucleotides of oligonucleotide 7 and amino acid residues of peptide
selenoester 8 are provided in one letter code.

Fig. 3 Tracking deselenization of intermediates 9, 11 and 12 after rDSL by IEX HPLC. Traces depict reaction progress after (a) 0 minutes (b) 1 hour
(c) 2 hours and (d) 3 hours. The red box is highlighting the disappearance of intermediate 9 over time. The percentages are the relative amounts of
POC 13 and intermediate 9 present, determined from the area of the peaks. See ESI† for HPLC conditions and aliquot preparation.
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deselenization process, as baseline resolution of the two species
is achieved (Fig. S13†). It should be noted that under the RP
HPLC conditions used (pH 5.8), a proportion of the POC forms
the i-motif in situ and thus, it is necessary to collect the broad
peak that elutes aer the single-stranded oligonucleotide in
order to maximise the yield of POC. With the RP-puried
conjugate in hand (Fig. S14B†), further purication by IEX
HPLC, followed by C-18 cartridge desalting, yielded an ultra-
pure POC (Fig. S14C†), which was used in the subsequent UV
thermal denaturation and CD studies.

Biophysical studies of i-motif oligonucleotides

The stability of the pure unmodied oligonucleotide (50-
dTCCCGTTTCCA-30), diselenide oligonucleotide 7 and POC 13
were each evaluated by UV thermal denaturation at pH 5.5. The
reverse sigmoidal proles observed for each species at 295 nm
(Fig. S15†) were indicative of i-motif formation. Furthermore,
diselenide oligonucleotide 7 was found to have a melting
temperature (Tm) of 52 �C, 22 �C higher than the native structure,
demonstrating a signicant stabilization by linking the 50-ends.
Conversely, POC 13 had a 3 �C lower Tm value compared to the
unmodied i-motif structure. CD proles were also measured for
each species at pH 5.5. All species displayed very similar CD
characteristics, exhibiting a positive peak at 287 nm and a nega-
tive peak at 242 nm (Fig. S16†). The positive peak at 287 nm is
characteristic of i-motif structures, however, typically the nega-
tive peak observed is at approximately 260 nm. This deviation is
likely due to the GTTT hairpin loops found in this structure, that
interact through a T:G:G:T tetrad, as these hairpins are not
commonly found in other previously studied i-motifs.

Investigating the scope of POC formation via rDSL-
deselenization

Next, the focus shied towards examining the scope of the
rDSL-deselenization methodology for POC generation. To this
end, selenide phosphoramidite 6 was incorporated at the 50-end
of the sequence 50-dACTCGTTCGTA-3'. This sequence was
chosen in order to demonstrate that i-motif formation is not
a prerequisite for efficient DSL between oligonucleotides and
peptides, as it is not known to form any secondary structures at
acidic pH, nor is it self-complementary. Furthermore, 20-deox-
yadenosine was placed next to the reactive 50-group in order to
conrm that the proximal exocylic amine of adenine does not
interfere with the DSL reaction. Finally, this oligonucleotide was
designed to clearly demonstrate that the implemented pro-
tecting group and purication strategies prevent trans-
amidation between the 50-amine and adjacent protected
adenine (vide supra). The SPS and purication of diselenide
oligonucleotide 14 were performed as described above (see
Fig. S8† for the IEX HPLC trace of puried product). It is
important to note that on this occasion, a more dilute solution
was used during deprotection in order to minimize acrylonitrile
adduct formation that was observed in the synthesis of oligo-
nucleotide 7. Under these conditions there was no evidence of
acrylonitrile adducts as judged by IEX HPLC and MS analysis
(see Fig. S7† for comparison). A further modication was also
© 2022 The Author(s). Published by the Royal Society of Chemistry
made in the detritylation process. Since this sequence con-
tained more purines than diselenide oligonucleotide 7 (and
a small amount of depurination occurred during detritylation of
this species), we sought to suppress this side reaction alto-
gether. Gratifyingly, by performing a water wash aer each of
the 2 vol% TFA/H2O detritylation treatments, as well as the
inclusion of 0.5% NH4OH in the eluent (to neutralize any
residual TFA), depurination of diselenide oligonucleotide 14
was completely avoided, as observed by MS analysis (Fig. S9†).

The one-pot rDSL-deselenization chemistry was next
attempted on diselenide oligonucleotide 14 with a range of
peptide selenoesters (8, 15–17) each bearing different amino
acid residues near the C-terminus. The reactions were per-
formed using the same reaction times, concentrations and
equivalencies of peptide selenoester and oligonucleotide
components successfully employed above (Table 1, entries 2–5).
Pleasingly, clean conversions to the target POCs were obtained
as judged by HPLC analysis (HPLC yields >92% over the two
steps). In these reactions, the deselenized starting material and
target POC products did not co-elute by IEX and thus, could be
puried solely by IEX HPLC. Each of the POC products were
isolated with purities of 97% or greater. These results indicate
that oligonucleotide secondary structure is not required for DSL
to proceed efficiently and that a nearby exocyclic amine at the 50-
end is well tolerated.
Additive-free DSL-Alkylation for the preparation of POC
micelles

Having demonstrated that POCs can be rapidly and efficiently
generated using one-pot rDSL-deselenization chemistry, we next
sought to apply DSL chemistry to the generation of POCmicelles.
We envisaged that this could be achieved by omitting the dese-
lenization step and capitalising on the presence of a selenol
moiety for late stage lipidation chemistry.35 To this end, we per-
formed additive-free DSL (i.e. with no TCEP and DPDS in the
ligation buffers) between diselenide oligonucleotide 7 and sele-
noester peptide 8. Gratifyingly, this led to clean fusion of the
fragments aer 4 h (conrmed by IEX HPLC; see Fig. S33A†).
Following removal of the DPDS generated in the reaction, in situ
alkylation with bromodecane was performed. Specically, the
crude DSL reaction mixture was treated with aqueous 0.1 M MES
buffer (pH 6.7) containing 150 mM DTT (150 equiv.), followed by
an equal volume of bromodecane (500 equiv.) in DMF, and the
resulting mixture was incubated at 37 �C (Scheme 2). Excess DTT
was used to reduce, but not deselenize the intermediate dis-
elenides, revealing the highly nucleophilic selenolate for alkyl-
ation with bromodecane. Interestingly, at no time interval was the
single-stranded alkylated POC observed in the IEX HPLC traces
(Fig. S33†). Instead, total disappearance of the intermediate POC
peaks occurred over time and were completely absent from the
chromatogram in the 23 h IEX HPLC trace. This suggested that
self-assembly to larger aggregates was occurring, owing to its
amphiphilic character and the lack of observable precipitate in
the reaction solution. Importantly, the peptide used for the
generation of the POC does not form secondary structures
(conrmed by the CD data, Fig. S16†). This supported the idea
Chem. Sci., 2022, 13, 410–420 | 415
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Table 1 Scope of DSL-deselenization between 50-diselenide-bridged oligonucleotides and peptide selenoesters

Entry Peptide Oligonucleotide (DNA) Yielda (%) Purityb (%)

1 Ac-LYRANSA (8) dTCCCGTTTCCA (7) 97 100
2 Ac-LYRANSA (8) dACTCGTTCGTA (14) 93 99
3 Ac-LYRANYF (15) dACTCGTTCGTA (14) 92 100
4 Ac-LYRANQF (16) dACTCGTTCGTA (14) 97 99
5 Ac-LYRANM (17) dACTCGTTCGTA (14) 96 97

a Yield determined by RP HPLC analysis of the crude samples using the areas of the POC product and deselenized/reduced oligonucleotide starting
material (see ESI for conditions). b Determined from the areas in the pure IEX HPLC traces (minor impurity: b-hydroxylated species).

Scheme 2 Synthesis of POC micelles by additive-free DSL-alkylation.
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that micelles were generated following the alkylation instead of
other previously reported POC nanostructures where the peptide
is integral for proper structure formation, such as hollow44 or
multi-lamellar spheres.25 Once lyophilised and redissolved in
0.1M aqueousMES buffer, pH 6.7, dynamic light scattering (DLS)
measurements of a 100 mM solution conrmed the presence of
species with an average size of 84 nm (Fig. S34†). In contrast, the
unmodied oligonucleotide displayed signicantly smaller
aggregates, averaging 1.5 nm in size at the same concentration
(Fig. S37†). The morphology of the alkylated POC was determined
by negative-stain transmission electron microscopy (Fig. S38†),
conrming that spherical micelles were indeed prepared.
Alkylation of the diselenide oligonucleotide dimer

As a control experiment to assess the importance of the peptide
for micelle formation, and to further demonstrate the synthetic
utility of the 50-group, diselenide oligonucleotide 7 was alky-
lated using bromodecane, without prior installation of
a peptide (see ESI† for details). The reaction was performed at
pH 6.7 and, on this occasion, the single-stranded alkylated
oligonucleotide was observed aer just 1 h (Fig. S35B†). Aer
22 h, the HPLC signal for this alkylated species decreased
signicantly (Fig. S35F†), suggesting that micelles were still
forming under the reaction conditions. Aggregate formation
was subsequently conrmed by DLS measurements at pH 6.7
416 | Chem. Sci., 2022, 13, 410–420
(Fig. S36†), indicating they were on average 77 nm, roughly the
same size as the POC micelles.

In order to more thoroughly characterise this late stage
alkylation, an alkyl bromide with a shorter carbon chain (bro-
mopentane) was reacted with diselenide oligonucleotide 7 to
minimize self-assembly (see ESI† for details). The alkylation was
complete aer 1 h, with the Se-alkylated oligonucleotide
conrmed to be the major product by IEX HPLC (Fig. S40B†)
and MS analysis (Fig. S41†). Identication of the Se-alkylated
oligonucleotide by MS was facilitated by the characteristic
isotopic distribution for selenium-containing compounds
(Fig. S42†). Importantly, there was no evidence of N-alkylation
under these conditions, despite the presence of the free 50-
amine.

The alkylation conditions developed above were subse-
quently applied to the synthesis of a uorescent dimethox-
ycoumarin labelled oligonucleotide (see ESI† for details). The
reaction was once again complete in 1 h, conrmed by IEX
HPLC (Fig. S43†). Following purication, the uorescence
properties of the oligonucleotide were determined, with char-
acteristic absorbance at 350 nm (Fig. S46A†) and emission at
435 nm (Fig. S46B†), further conrming successful alkylation.
Taken together, a mild, base-free alkylation method for dis-
elenide oligonucleotides has been developed that is rapid,
chemoselective and high yielding. This is in contrast to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Proposed pathway for the hydrogen peroxide promoted dealkylation of oligonucleotide micelles resulting in dicarbonyl oligonu-
cleotide 18. For clarity, only one monomer of the micelle is shown. The b-elimination mechanism is also shown for clarity.
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previously developed selenol/selenolate alkylation approach,
which only resulted in 34% uorescent labelling.45
Oxidative dealkylation of oligonucleotide micelles by
selenoxide elimination

Inspired by a polymer micelle drug delivery system that was
shown to efficiently disassemble upon oxidation of its selenide
linkage by hydrogen peroxide,46 and another report that showed
excess hydrogen peroxide treatment of a phenyl selenide-
modied RNA strand promoted selenoxide elimination
without undesirable side reactions to the oligonucleotide,47 we
explored the application of an oxidative elimination strategy to
induce dealkylation and thus disassembly of the oligonucleo-
tide micelles. To this end, a 100 mM H2O2 solution (160 equiv.)
was freshly prepared and added to a solution containing 50
nmol of the oligonucleotide micelles (without a conjugated
peptide), which was incubated at 37 �C (Scheme 3). An excess of
peroxide was used in this reaction due to the presence of
remaining DTT from the alkylation step, which would quench
the H2O2. Gratifyingly, MS analysis conrmed the presence of
the expected dicarbonyl oligonucleotide 18 aer just 10minutes
(Fig. S47†). The isotopic distribution of this species (Fig. S48†)
was altered compared to that of the Se-alkylated oligonucleo-
tide, corroborating the loss of selenium. The other oligonucle-
otide species present likely resulted from side reactions with
excess hydrogen peroxide. Elimination was expected to be quite
facile, as the generated double bond of the enamine interme-
diate (Scheme 3) is in conjugation with the adjacent carbonyl.

This nding is particularly valuable, as many pathologies are
associated with high levels of reactive oxygen species, such as
hydrogen peroxide. Consequently, the present work provides
preliminary evidence that micelles, prepared as described with
b-selenylated carbonyl groups, could potentially be used as
oligonucleotide drug carriers that selectively break apart once
adequately oxidised in diseased cells.
Experimental

All experimental procedures, HPLC chromatographs, MS, CD,
and NMR spectra, UV thermal denaturation proles, DLS
measurements and TEM images are found in the ESI.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we have designed and synthesised selenide
phosphoramidite 6, which was successfully installed at the 50-
end of two oligonucleotides by SPS. Aer deprotection, target
diselenide oligonucleotides dimers could be generated in
excellent yields. Remarkably, the prepared diselenide-bridged i-
motif had a 22 �C higher Tm than the native, unmodied
structure, where both had identical CD proles. Two diselenide-
bridged oligonucleotides, 7 and 14, were used to demonstrate
the scope and efficiency of one-pot rDSL-deselenization for the
rapid and efficient synthesis of POCs. The reaction manifold
was shown to tolerate a proximal exocyclic amine as well as
hybridised (i-motif) or unhybridised (single-stranded) oligonu-
cleotides. The utility of the developed methodology was exem-
plied by synthesising micelles through either one-pot additive-
free DSL-alkylation, generating POC micelles, or simply alkyl-
ation, generating oligonucleotide micelles. The alkylation
conditions were also used to rapidly synthesise a uorescently
labelled oligonucleotide in high yield. Lastly, evidence for the
H2O2-responsiveness of the oligonucleotide micelles was
provided, where the C–Se bond was cleaved through an elimi-
nation pathway, producing dicarbonyl oligonucleotide 18.

Taken together, the present study highlights the power of
late stage chemoselective modication chemistry at a highly
versatile functional group. This was exemplied through the
rapid and efficient generation of a panel of POCs, POC micelles,
oligonucleotide micelles and alkylated oligonucleotides from
a single reactive 50-functionality on an oligonucleotide
precursor.

Given the speed and efficiency of the DSL methodology for
POC synthesis, it stands to reason that this strategy will also
nd utility in the bioconjugation of other systems, for example,
between nanoparticles and peptides/oligonucleotides. This is
an especially enticing prospect, as carboxylic acids can be con-
verted to the corresponding selenoester analogue in one
synthetic step,48 and the preparation of carboxylic acid func-
tionalised nanoparticles is already well established.49–51 Future
work will focus on the production of a library of alkylated POCs,
varying the amino acid content and length of the peptide as well
as the alkyl chain length, in order to interrogate their encap-
sulation and H2O2 disassembly potentials. Furthermore,
Chem. Sci., 2022, 13, 410–420 | 417
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attempts are being made at growing crystals of the diselenide-
bridged i-motif to provide high-resolution structural insights
on how the 50-functional group imparts the high thermal
stability observed in this work.
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