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Development of multiple chemical tools for deoxyribonucleic acid (DNA) labeling has facilitated wide use of
their functionalized conjugates, but significant practical and methodological challenges remain to
achievement of site-specific chemical modification of the biomacromolecule. As covalent labeling
processes are more challenging in aqueous solution, use of nonaqueous, biomolecule-compatible
solvents such as an ionic liquid consisting of a salt with organic molecule architecture, could be
remarkably helpful in this connection. Herein, we demonstrate site-specific chemical modification of
unprotected DNAs through a tetrazene-forming amine—azide coupling reaction using an ionic liquid.
This ionic liquid-enhanced reaction process has good functional group tolerance and precise

chemoselectivity, and enables incorporation of various useful functionalities such as biotin, cholesterol,
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Introduction

Chemically functionalized deoxyribonucleic acids (DNA) have
become invaluable in various applications such as molecular
beacons," polymerase chain reaction (PCR) technologies,?
deoxyribozymes (DNAzymes),"* asymmetric catalysis,® nano-
technology,” and therapeutics® such as antisense sequences,”*’
transcription-factor decoys,"»> and CpG motifs."*** The
methods of chemical synthesis of DNA have significantly facil-
itated the introduction of desired functionalities onto a specific
position,” and post-synthetic modification methods are also
powerful chemical tools,'*™ especially for labeling of DNA
targets with large labeling groups incompatible during the
chemical synthesis process.>*** Bioinspired enzymatic post-
synthetic labeling technologies have emerged as useful
approaches through sequence- or structure-dependent
substrate recognition,* and chemical modification is an alter-
native means for site-specific DNA labeling by incorporation of
a chemical handle that is inert toward endogenous chemical
functional groups but reactive toward a labeling reagent.***
However, despite the remarkable advance of the bioconjugation
technologies during the past decades, site-specific chemical
modification remains a serious challenge due to its demanding
criteria which include adequate reactivity of the labeling
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for future development of chemical tools for applications involving DNA functionalization.

reagents toward the target site and high selectivity in
biomolecule-compatible solvents such as aqueous buffer.
Finding the appropriate balance between the reactivity and
selectivity of a labeling reagent requires careful, time-
consuming screening, and the need for an aqueous solution
renders the realization of selective DNA bioconjugation even
more problematic, as development of organic reactions in
aqueous media is difficult.”®

Bioconjugation processes based on ionic liquids represent
an alternative strategy to address the compatibility issue
between DNAs and organic chemical reactions. Owing to the
ionic nature and resulting solubility of DNAs, water or aqueous
buffer is often a common choice for bioconjugation processes,
although aqueous reaction conditions are not preferable from
the perspective of the reaction because of their negative effects,
which include the solubility and stability of labeling reagents
and sluggish kinetics. As an alternative, ionic liquids,
compounds completely composed of ions have organic frame-
works with a constant charge state and have been successfully
employed for dissolution and stabilization of various DNA
molecules.”””® However, ionic liquids have not been used in
DNA bioconjugation processes even though their modular
properties suggest the medium may be preferable for both the
DNA and labeling process.

In this article, we report that a tetrazene forming reaction
based on an ionic liquid enables site-specific labeling of the
alkylamine tag on a desired position of DNA (Fig. 1). Our
research program (Bioconjugation In Nonaqueous-Driven
Reaction Solvent or BINDRS) to develop novel bioconjugation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Site-specific tetrazene-forming reaction on DNA substrates.

AONH, + Ny
.

using nontraditional media, recently discovered that triphe-
nylphosphine promotes a coupling reaction between an azide
and an alkylamine in peptides or proteins, forming a tetrazene
group with four consecutive nitrogen atoms.** With no notice-
able effect on the target peptides or proteins, this reaction,
which takes place in an ionic liquid, displays excellent chemo-
selectivity for alkylamines in the presence of a variety of other
NH groups in for example, guanidine or imidazole. The tetra-
zene formed in this reaction serves as a linker which can survive
pH changes and redox mediators. We have found that the
amine-azide coupling has no observable effect on native DNA
functional groups such as DNA bases, phosphate backbone and
ribose groups. This capability presents the possibility of site-
specific modification at a desired location in DNA through
incorporation of an exogenous alkylamine group. Reagent
screening revealed the wide tolerance of the amine-azide
coupling of various chemical functionalities, enabling prepa-
ration of a variety of functionalized DNA aptamers such as flu-
orophore, cholesterol, and biotin conjugates. The aptamer
conjugates were successfully used in staining experiments of
cancer cell lines, validating the compatibility of the ionic liquid-
based modification processes with the biomolecule.

Results and discussion
Reactivity survey of the phosphine-mediated chemistry

Our initial survey of the reactivities of the adenine (A), thymine
(T), cytosine (C), guanine (G), and uracil (U) nucleotides in
a simple DNA substrate revealed their inertness toward the
phosphine-azide coupling reaction (Fig. 2). In order to under-
stand the applicability of the phosphine-azide coupling reac-
tion, we first applied nonfunctional azide reagent 1la to
a tetrathymidine containing an additional nucleotide at the 5’
terminus (Fig. 2A-C). Notwithstanding the presence of different
types of NH, groups in native DNAs, virtually no tetrazene-
modified DNAs were observed in mass spectrometric analysis
after the reaction and subsequent buffer exchange processes
(Fig. 2D-H). On the other hand, introduction of alkylamine at
the 5'-terminus of the backbone led to a significant increase in
the signal from the peak corresponding to the formation of the
tetrazene group (Fig. 2I). Those results suggest that the ionic
liquid-based amine-azide coupling has a high specificity for
alkylamines over other endogenous arylamine groups.

The high functional group tolerance of the modification
process allowed incorporation of a variety of alkylazide reagents

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Alkylamine-selective tetrazene-forming reaction with penta-
nucleotides in an ionic liquid. Reaction conditions: KHCO3z (20 mM),
XTTTT (0.2 mM), azide 1a (7.5 mM), and PPhz (20 mM) in 1-butyl-1-
methylpyrrolidinium trifluoromethanesulfonate (BMPy OTf) at 50 °C
for 2 h. (A) Chemical structure of nucleotide backbone in an XTTTT
sequence with or without an alkylamine. (B) Chemical structure of
azide 1la. (C) Structure of the ionic liquid, BMPy OTf. (D-I) Matrix-
assisted laser desorption/ionization (MALDI-MS) analysis of the reac-
tion of XTTTT where X = adenosine (D), thymidine (E), cytidine (F),
guanosine (G), deoxyuridine (H), and thymidine with alkylamine (1)
containing a 12 carbon linker (5SAmMMC12).

to the alkylamine-tagged DNA (Fig. 3, S1 and S27). The trime-
thylsilyl (TMS) group has been used increasingly as a chemical
reporter in structural biology research because of its charac-
teristic chemical shift in nuclear magnetic resonance (NMR)
spectra.®®** Despite the relatively large steric bulk of the trime-
thylsilyl group, the TMS-methylazide (1b) could be used to
introduce the TMS group to the DNA. Tertiary amine-containing
reagents such as 1c or 1d did not decrease the efficiency of the
modification, and could be useful for introduction of an addi-
tional positive charge to the biomolecule. Incorporation of the
morpholine group (1d) is noteworthy as the resulting tag could
be useful in endoplasmic reticulum-targeting applications.*
Aromatic rings and a fluorophore scaffold are also compatible
with the modification, enabling preparation of a color-palette of
DNA-fluorophore conjugates. Interestingly, despite the versatile
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Fig. 3 Tetrazene-forming DNA bioconjugation with a variety of
alkylazides. Modification reaction conditions: KHCOs (20 mM), 5'-
TTTTT-3-alkyl-NH, (0.2 mM), azide derivatives 1b-1j (7.5 mM), and
PPhz (20 mM) in BMPy OTf at 50 °C for 2 h. *Reaction was incubated
overnight. Conversion in the parentheses were calculated based on
matrix-assisted laser desorption/ionization (MALDI-MS) analysis.
Conversion obtained by liquid chromatography is available in Fig. S2.

reactivities of azides, phosphines, and their derivatives (e.g
phosphazide and iminophosphorane), a single product was
observed with an alkyl bromide substituted azide (1g) without
loss of the bromide group. As the incorporation of the dime-
thylalkyl bromide is common in radical polymerization
processes,*** the successful attachment of the group assists
further development of DNA-polymer conjugates. Thus, the
phosphine azide reaction is not affected by a series of functional
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groups such as silyl, tertiary amino, ether, ester, aryl alcohol,
tertiary alkyl bromide and alkene groups.

In an effort to understand the compatibility of the functional
groups and enhance the reaction efficiency, we tested different
types of phosphine and phosphite reagents (Fig. 4). A DNA
aptamer for human serum albumin was chosen as a model
substrate for this study of phosphines.*®* We focused only on
reasonably air-stable phosphines including triaryl-phosphines
with a range of substituents (2a-2g), alkylphosphine (John-
Phos, 2h), and arylphosphite (2i) and used triphenylphosphine
oxide (3) as a negative control (Fig. 4A and C).*” The degree of
the modification reaction was assessed with biotin-azide which
provides an analysis handle for anti-biotin Southern blotting
with a streptavidin-fluorophore conjugate. With the sole
exception of tris(pentafluorophenyl)phosphines (2b), all the
triarylphosphines (2a, 2c-2g) displayed a fluorescence signal at
a similar level, indicating the minor effect of the subtle changes
of the electronic properties of the aryl substituents (Fig. 4D and
S31). On the other hand, substantially weaker fluorescence
signals were observed from reactions involving bisalkyl-
monoarylphosphine (2h) or triphenylphosphite (2i), which
suggests the necessity of triarylphosphine for the reaction. In
order to visualize the total DNA amount on a blot membrane,
Mayer's hemalum solution, which relies on coordination of
aluminum with the phosphate backbone, was employed
(Fig. S471).*® In contrast to the Southern blot showing a varied
fluorescence signal dependent on the biotin attachment on
DNA, Mayer's hemalum stain showed similar intensity across
all the conditions, confirming the validity of the experimental
design (Fig. S37). The triarylphosphine-dependent modification
was also confirmed by mass spectrometry (Fig. S31). We also
found that different types of ionic liquid could be utilized for
this chemical transformation (Fig. 4B and S5%). Furthermore,
double-stranded DNAs with the alkylamine tag exhibited
comparable reactivity to the single-stranded DNA system as well

(Fig. S67).
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Fig. 4 Screening of phosphine reagents on tetrazene formation reaction on a DNA aptamer toward human serum albumin (HSA). Sequence of
the HSA aptamer: 5 -TGCGGTTGTAGTACTCGTGGCCG-3' 3¢ Reaction conditions: HSA DNA aptamer (0.1 mM), KHCOs (20 mM), biotin azide (7.5
mM), and phosphine (3.0 mM) in a mixture of 1-ethyl-3-methylimidazolium acetate (EMIM OAc)/DMF (1 : 1) at 50 °C for 2 h. (A) General chemical
structure of phosphine. Green circle, red square, and blue triangle each represents the aryl or alkyl groups shown in Fig. 5C. (B) Chemical
structure of ionic liquid EMIM OAc. (C) Chemical structures of the aryl or alkyl groups of different phosphine/phosphite reagents. (D) Bar graph
showing the anti-biotin Southern blot after modification of the HSA DNA aptamer with biotin azide with different phosphines. Error bars
represent standard deviation (n = 3). Representative blot membrane images for the anti-biotin Southern blot (Cy5) and total stain with Mayer's
hemalum solution (MHS) are shown below the bar graphs. Full-width Southern blot membrane images are shown in Fig. S3.+
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Site-specific amine-azide coupling reactions. The site-
specific incorporation of the tetrazene functional group
proved to be independent of the alkylamine introduction site
(Fig. 5A and B). In order to determine whether the reactivity of
the alkylamine group is affected by its location on the DNA
sequence, we tested the reaction of a small DNA (TTTTT) with
an alkylamino group on the internal thymidine (alkylamine on
thymidine base), 3’ terminus, and 5'-terminus (Fig. 5A).
Assessment of the modification was performed by using
fluorophore-azide (1k, boron dipyrromethene, BODIPY) to
compare the reaction efficiency of the different DNAs (Fig. 5B),
because the fluorescence intensity from the DNAs after the
reaction reflects the efficacy of the reaction process. The DNAs
were incubated with the reaction cocktails containing the flu-
orophore azide (1k) and triphenylphosphine, and then the
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Fig. 5 Reactivity and selectivity analysis of the tetrazene forming
reaction on pentanucleotides with an alkylamine in different locations.
(A) Bar graph showing fluorescence intensity of 5-TTTTT-3 with and
without an alkylamine and treated with fluorophore azide 1k. Reaction
conditions: KHCOz (20 mM), 5-TTTTT-3 with and without amine
group (0.2 mM), azide 1k (3 mM), and PPhz (3 mM) in BMPy OTf at 50 °C
for a specific time. Error bars represent standard deviation (n = 3).
Statistical analysis of the data is available in Fig. S9.1 (B) Chemical
structure of alkylazide containing a boron dipyrromethene (BODIPY)
group (1k). (C) Agarose gel images for the reaction of TTTTT-5-NH,
with azide 1k in the presence of DNA ladder (10—-300 bps). Total DNA
samples were visualized by the fluorescence from SYBR Gold nucleic
acid gel stain (Cy3 excitation and emission), while modified DNA
samples were visualized by the fluorescence from BODIPY (Cy2
excitation and emission). Reaction conditions: KHCOz (20 mM), TTTTT
with or without NH, tag at 5’ position (0.2 mM), DNA mixture (0.9 mg
mL™Y), azide 1k (3 mM), and PPhs (3 mM) in BMPy OTf at 50 °C for 2 h.
Chemical structures of the alkylamine groups on different positions
(internal, 3, and 5') are available in Fig. S18.1

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

reactions were subjected to the buffer exchange process to
remove the labeling reagents and ionic liquid at a different time
points (0, 30 and 60 min). The fluorescence intensities of the
DNA after the buffer exchange were visualized on a nylon blot
membrane (Fig. 5A and S7t). There is a slight difference of the
labeling efficiency tendency, but we did not observe substantial
difference of the reactivity at any position, and the negative
control without amine groups displayed no meaningful reac-
tivity. The similar observation was also confirmed by MALDI-MS
analysis (Fig. S77), and those results demonstrated the gener-
ality of the labeling process on different locations of alkyl-
amines. Taking advantage of the minimal reactivity of the
phosphine-azide toward endogenous DNA functional groups,
we were able to selectively modify alkylamine-labeled DNA in
a mixture with other untagged DNAs (Fig. 5C and S8%). Thymi-
dine pentamer (TTTTT) with and without the alkylamine tag at
the 5’ terminus was incubated with BODIPY-azide (1k) and tri-
phenylphosphine in the presence of a series of DNAs ranging
from 10 to 300 base pairs. Agarose gel analysis showed a single
fluorescence band at the bottom of the gel representing the
alkylamine-containing condition. In contrast, a total stain of the
gel with a SYBR fluorophore confirmed the presence of
a number of DNAs, demonstrating that the modification
process indeed occurred preferentially on the alkylamine-
tagged DNA over other untagged DNAs.

Preparation of DNA aptamer conjugates. The ionic liquid-
based approach also enabled the introduction of a hydro-
phobic anchor onto a DNA aptamer (Fig. 6). Synthetic DNAs
with hydrophobic tags have been studied increasingly as
hydrophobic DNAs exhibit unique properties such as formation
of nanostructures and cell permeability for molecular transport
across cell membranes.**** However, due to the strong prefer-
ence of an aqueous or highly polar solution of DNA with its
polyionic nature, introduction of nonpolar, hydrophobic groups
including lipids and steroids is chemically challenging. With
the ionic nature of the hydrophobic scaffold of ionic liquids, we
hypothesized that our BINDRS strategy could address the
dilemma of a reaction solvent incorporating a hydrophobic tag
reacting with hydrophilic DNA molecules. A DNA aptamer
toward the RNA hairpin of human immunodeficiency virus
(HIV)-1 transactivation-responsive (TAR) element*' was incu-
bated with cholesterol azide (1I) and different types of phos-
phine reagents (Fig. 6A). Consistent with the known cholesterol-
induced aggregation of DNA** as well as with the phosphine
screening experiments in Fig. 5, the agarose gel analysis showed
the aggregation of the DNAs with active triarylphosphine
reagents in a high conversion but not from sterically bulky
alkylphosphines nor from phosphine oxide negative control
conditions (Fig. 6B). Even though the polarity or solubility of
DNAs would have been altered by the cholesterol modification
processes, no significant loss of nucleotides was observed after
the buffer exchange, as confirmed by results from the Mayer's
hemalum stain (Fig. S10%). The high efficiency of the modifi-
cation process with cholesterol was confirmed by MALDI-MS
too (Fig. 6C). The aggregation observed in the agarose gel is
indicative of the potential capability of the aptamer modified
with a hydrophobic tag to diffuse into the cell membrane, and

Chem. Sci., 2022, 13, 1780-1788 | 1783
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Fig. 6 Attachment of cholesterol to a DNA aptamer toward the RNA
hairpin of human immunodeficiency virus (HIV)-1 transactivation-
responsive (TAR) element through the tetrazene-forming reaction.
Sequence of the HIV-1-TAR aptamer: 5 -CCCTAGTTAGCCATCTCCC-
3.4 Modification conditions: HIV-1-TAR-5-NH, aptamer (0.1 mM),
KHCOs3 (20 mM), azide 1l (7.5 mM), and PPhs (2) or O=PPhs (3) (20
mM) in EMIM OAc/DMF/DMSO (2 : 1: 1) at 50 °C for 2 h. (A) Chemical
structure of cholesterol azide (1l). (B) Agarose gel analysis of HIV-1-
TAR-5'-NH, aptamer modified with cholesterol azide (1l) in the pres-
ence of triphenylphosphine oxide (3), triphenylphosphine (2a) John-
Phos (2h), and sulfonate-substituted triphenylphosphine (2e). Degree
of conversion was calculated by quantification of the unmodified DNA
bands in comparison with the triphenylphosphine oxide condition as
100% of the starting material. (C) Matrix-assisted laser desorption/
ionization (MALDI-MS) analysis of the modification of HIV-1-TAR-5
NH, aptamer with azide 1l and triphenylphosphine oxide (top, negative
control) or triphenylphosphine (bottom). (D) Confocal microscopy
images of Hela cells stained with HIV-1-TAR aptamer hybridized with
its complementary DNA-Cy5 conjugate (magenta). Top: cholesterol-
modified aptamer (azide/PPhs-treated aptamer). Bottom: unmodified
aptamer (azide/O=PPhz-treated aptamer). Green: actin filament stain
with phalloidin—CF488 conjugate. Scale bar: 20 pm.

accordingly, we tested the cholesterol-tagged aptamer in
confocal microscope experiments using a cancer cell line.
Cultured HeLa cells were incubated with the cholesterol
aptamer hybridized with its complementary sequence bearing
a cyanine fluorophore (Cy5), and the fluorescence signal was
visualized on a confocal microscope (Fig. 6D). As anticipated,*
the fluorescence signal derived from the Cy5 fluorophore was
observed to be dependent on the modification. Staining of the
actin filament with a phalloidin-fluorophore conjugate shows
the presence of cells in both conditions. Together, these
experiments demonstrate the successful introduction of
cholesterol to the aptamer sequence through the ionic liquid-
based reaction.

Finally, the ionic liquid-based amine-azide coupling was
applied to labeling of a therapeutically important DNA aptamer
(Fig. 7). The Her2 receptor is an epidermal growth factor related
protein (ErbB2) family of receptor tyrosine kinases and

1784 | Chem. Sci,, 2022, 13, 1780-1788
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emblematic example of overexpressed proteins in several types
of cancer cells (Fig. 7A).** We have adopted the sequence (42
nucleotides) of a DNA aptamer to the Her2 receptor originally
reported by Yarden and co-workers.* Modification of the Her2
aptamer with biotin-azide reagent proceeded smoothly in the
same reaction conditions as those used with other aptamers,
and was confirmed by MALDI-MS and anti-biotin Southern
blotting (Fig. S111). A gel shift assay using streptavidin also
demonstrated the consumption of the unmodified aptamer
(Fig. S117). We used the biotinylated aptamer for cell imaging
experiments on a Her2-overexpressing cell line, SK-BR-3.
Treatment of SK-BR-3 cells with the biotinylated aptamer and
streptavidin-fluorophore (Cy5) conjugate displayed strong
fluorescence signals while negligible fluorescence was observed
from the unconjugated aptamer (Fig. 7B). Importantly, cells
treated with the biotinylated aptamer hybridized with its
complementary sequence showed substantial decrease in the
fluorescence signals, highlighting the importance of the single-
strand aptamer structure for its binding with the target protein.
In addition, treatment of the cells with the Her2 aptamer prior
to the introduction of the biotinylated aptamer caused
substantial decrease of fluorescence response (Fig. S127), and
this competition experiment shows the binding of the modified
aptamer to the same antigen target. As such, we have confirmed
the conservation of the aptamer's binding capability toward
antigen targets even after treatment with ionic liquids and
phosphine/azide reagents, demonstrating the practical utility of
the ionic liquid-DNA bioconjugation approach.

Discussion: tetrazene formation by amine-azide coupling
reaction

Nuclear magnetic resonance (NMR) and mass spectroscopic
evidences support the formation of 1,4-disubstituted-2-trans-
tetrazene by the phosphine-mediated chemistry. While NMR
characterization of such disubstituted tetrazene has not been
reported to date,*® we observed two broad peaks at 5.5 and
6.1 ppm for a model substrate in "H NMR,?® which are akin to
chemical shift of NH protons of a previously reported mono-
substituted tetrazene compound (5.88 ppm).*” In order to
further confirm the formation of disubstituted tetrazene, we
have performed a deuterium exchange experiment by addition
of D,O, and, indeed, disappearance of the two broad peaks was
observed (Fig. S131). "H-'"H COSY NMR demonstrated the
correlation of broad peaks and methylene groups attached to
the parent amine and azide reagents,* and those observations
also ascertained the formation of the disubstitued tetrazene.
The observation of peaks at 75 (NH) and 300 ppm (N=N) in >N
NMR in our previous report also support the formation of the
disubstituted tetrazene® as the tetrasubstituted tetrazene peaks
are observed in the slightly more downfield region (NH: 100-
180 ppm and N=N: 360-400 ppm).*** With all the mass
spectroscopic data in the current and previous report of
peptide/protein/DNA substrates that shows the mass shift cor-
responding to the molecular weight of the azide reagents, the
formation of 1,4-disubstituted tetrazene has been supported by
our experimental data.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Tetrazene-forming reaction of DNA aptamer with the Her2 receptor. Sequence of the Her2 aptamer: 5'-GCAGCGGTGTGGGGG-
CAGCGGTGTGGGGGCAGCGGTGTGGGG-3' 5 Modification conditions: Her2 aptamer-5'-NH, aptamer (0.1 mM), KHCO3 (20 mM), biotin azide
(7.5 mM), and PPh3z (20 mM) in EMIM OAc/DMF/DMSO (2 : 1: 1ratio) at 50 °C for 2 h. (A) Partial crystal structure of Her2 receptor (PDB ID: IN8Z).
(B) Confocal microscopy images of Her2-overexpressing SK-BR-3 cells stained with biotin-modified Her2 aptamer (top), unmodified aptamer
(middle), or biotin-modified Her2 aptamer hybridized with complementary DNA sequence (bottom). The bound aptamer was visualized by
streptavidin—fluorophore (Cy5) conjugate (1:50 dilution) shown in magenta. Blue: nuclear stain with DAPI. DIC: differential interference contrast.

Scale bar: 20 pm.

Tetrazene-forming reactions of azide species with amine
derivatives are also documented and indicated in previous
literature. Inorganic salt ammounium azide or [NH4][N;] is
known to be interconverted to a constitutional isomer 2-tetra-
zene (H,N-N=N-NH,) under high pressure,”®** and this reac-
tion represents the simplest example of the formal NH,-N,
coupling reaction (i.e. ammonia H-NH, and hydrogen azide N;-
H). Aryl- or sulfonyl-azide reagents are also known to form
transient tetrazene intermediates through the reaction with
anionic amine derivatives: Ar-NHLi** or Ar-NHMgBr,* respec-
tively. Furthermore, reactions of amine compounds with sul-
fonylazide have been developed with the use of copper catalyst
for the well-known azide transfer reaction through the forma-
tion of transient tetrazene species bound to the copper
center.”*** Thus, amine-azide coupling reactions have been
accomplished through harsh reaction conditions or other
reaction enhancement processes such as the deprotonation of
amine or metal catalysis, and our system probably relies on the
promotion of the azide reactivity through the aid of the phos-
phine reagent (vide infra).

The stability of tetrazene groups are dependent highly on
their substitutions, and stable nature of alkyl-substituted tet-
razene products are indicated in previous literature. The
abovementioned aryl- and sulfonyl-tetrazene species generated
from metal amide species undergoes rapid decomposition in
a reaction mixture.*>*® Likewise, instability of aryl-substituted
tetrazene generated from diazonium and hydrazine
compounds are reported,***” which could be applied for radical
coupling reactions.”® Consistent with those previous reports,
the phosphine-mediated amine-azide coupling reaction of DNA
with aryl and sulfonylazide did not provide the expected tetra-
zene products (Fig. S147). On the other hand, alkyl-substituted
tetrazene compounds could be substantially more stable; for

© 2022 The Author(s). Published by the Royal Society of Chemistry

instance, thermal decomposition temperature of a polymer
form of tetraalkyl-substituted tetrazene occurs at 130 °C.*
Monoalkyl-substituted tetrazene's "H NMR has been reported
without special notes about the stability,"”” which is also indic-
ative of reasonable stability of the compound at ambient
conditions. Our previous report indicated the product of
amine-azide coupling reactions on proteins are stable toward
heat denaturing condition (95 °C for 2 min) as well as biologi-
cally relevant molecules such as glutathione (thiol), hydrogen
peroxide, and acidic/basic pH.* The observation of the high
stability also supports the formation of the dialkyl-substituted
tetrazene by the amine-azide coupling reaction.

Discussion: roles of phosphine

The phosphine-mediated amine functionalization method
relies on chemical reagents of Staudinger reduction converting
the azide group into to amine group. The Staudinger reduction
process initiates by the addition of phosphine reagents to the
terminal nitrogen of azide group generating an intermediate
called phosphazide, followed by its decomposition through the
liberation of nitrogen gas to an iminophosphorane interme-
diate that is reactive toward water to produce the amine product
and phosphine oxide.® Though the rate-determining step of the
Staudinger reactions are often the initial step (i.e. the addition
of phosphine to azide),* multiple factors could influence the
reaction dynamics, allowing for various applications of the
reactive phosphazide and iminophosphorane intermediates.
Indeed, due to the chemoselectivity of those reagents to one
another, numerous bioconjugation and bioorthogonal chem-
istry have been developed through different modification
strategies which often takes advantage of the high nucleophi-
licity of the phosphazide and iminophosphorane
intermediates.®>**
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On the other hand, the reactivity of phosphazide derivatives
toward nucleophile has been recently reported as well.
Formally, the phosphine-mediated amine-azide coupling can
be considered the reaction of the phosphine- and azide-derived
intermediate with nucleophile (amine) through the N-N bond
formation. Such electrophilic behaviors of phosphazide deriv-
atives were also observed in literature.®® In particular, a report
by Zhang, Guo, and co-workers suggested that electrophilic
reactivity of alkylated phosphazide intermediate toward an
enolate nucleophile would produce 1,2,3-triazoline after the
liberation of triphenylphosphine in an intramolecular manner
(Fig. S15%).° We propose that, for our tetrazene-forming
process, such electrophilic/cationic phosphazide derivatives
might be generated iz situ by protonation of the nitrogen anion,
and the nucleophilic attack of amine group as well as release of
triphenylphosphine would afford the tetrazene product
(Fig. S1571). The lifetime of the zwitterionic phosphazide species
are dependent on their local environments (often controlled by
bulkiness of the phosphine and azide substituents to destabi-
lize the cis-phosphazide intermediate for the prevention of the
iminophosphorane generation),* and ionic liquid may be
playing important roles in the stabilization of the zwitterionic
species. Taking into account the higher basicity of alkyl-
substituted nitrogen anion than aryl-substituted one, the
protonation of the zwitterionic phosphazide would be more
facile with the alkylazide-derived one than aryl- or sulfonyl ones,
and the effective formation of the product with alkylazide rather
than aryl and sulfonylazide might be a consequence of this
basicity difference in addition to the aforementioned aryl- and
sulfonyl-tetrazene instability (Fig. S14+).

Based on the proposed mechanism, only catalytic amount of
triphenylphosphine would be necessary for the amine-azide
coupling reaction; however, in practice, excess phosphine
reagents are prerequisite to observe the tetrazene formation. We
have performed the aptamer labeling using cholesterol-azide
with varied amount of PPh;, and indeed, remarkable decrease
of modification efficiency was observed with the lower PPh;
conditions (Fig. S167), likely due to the competing Staudinger
reduction pathway of the reaction between phosphine and azide
reagents. Moreover, NMR study demonstrated that treatment of
benzylamine (reactive for the amine-azide coupling) or aniline
(unreactive) compounds with an alkylazide reagent with tri-
phenylphosphine did not show meaningful difference in *'P
NMR with regard to PPh; and O=PPh; amounts (Fig. S177),
further supporting our mechanistic hypothesis that the
coupling reaction does not generate triphenylphosphine oxide
and that significant amount of the phosphine/azide reagents
also would undergo the Staudinger reduction process. It would
be reasonable to assume that the unique reaction conditions of
bioconjugation with excess reagents enabled the development
of the phosphine-mediated amine-azide coupling reaction.

Conclusion

The ionic liquid-based tetrazene-forming reaction has been
successfully applied to the site-specific modification of unpro-
tected DNA substrates. The high reaction efficiency at a desired
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location and high tolerance toward a variety of functional
groups on azide and phosphine reagents could be of significant
help in tailoring the technology to more specific applications.
Thanks to the widespread use of azide-alkyne cycloaddition
reactions in the chemistry and biology communities,* there are
numerous commercially available alkylazide reagents, and the
current work can be readily adopted for diverse applications.
The shelf-stable nature of the alkylazide and triarylphosphine
reagents would also be practically helpful in this context.
Persistent issues of common amine-targeting reagents originate
from the reagent instability such as the hydrolytic decomposi-
tion of N-hydroxysuccinimide (NHS) ester reagents for the
acylation reaction and the aerobic oxidation of aldehyde
reagents used in the reductive alkylation reaction. Our initial
success of ionic-liquid bioconjugation development for nucle-
otide substrates may serve to provide further access to untapped
chemical labeling methodologies for preparation of nucleotide
conjugates.
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