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ABSTRACT: Oligonucleotide (ON) conjugates are increasingly important
tools for various molecular diagnostics, nanotechnological applications, and for
the development of nucleic acid-based therapies. Multiple labeling of ONs can
further equip ON-conjugates and provide improved or additional tailored
properties. Typically, the preparation of ON multiconjugates involves
additional synthetic steps and/or manipulations in post-ON assembly. This
report describes the simplified methodology allowing for multiple labeling of
ONs on a solid support and is compatible with phosphodiester as well as
phosphorothioate (PS) ONs. The current approach utilizes two novel alkyne-
and amino-functionalized linker phosphoramidites that can be readily
synthesized from a common aminodiol intermediate in three steps. The
combination of new linkers provides orthogonal functionalities, which allow for
multiple attachments of similar or varied moieties. The linkers are incorporated
into ONs during automated solid-phase ON synthesis, and the conjugation with functional entities is achieved by either amide bond
formation or by copper(I)-catalyzed azide−alkyne cycloaddition (CuAAC). The versatility of the approach is demonstrated by the
synthesis of 5′-site ON multiconjugates with small molecules, peptides, and fatty acids as well as in the preparation of an internal
peptide−ON conjugate.

■ INTRODUCTION

Synthetic oligonucleotides (ONs) are widely used for various
applications in life sciences, biotechnology, diagnostics, and
represent a major part of currently used nucleic acid
therapeutics.1,2 The conjugation of ONs with various ligands,
reporter groups, peptides, or proteins can provide the ON
conjugate with new valuable properties for various nano-
technological applications and pharmaceutical development.3

Consequently, ON conjugates are emerging as an important
subgroup of this class of macromolecules and are considered
promising candidates for clinical use.3−5 Despite many ongoing
clinical trials and several recent FDA approvals,6 the ON
delivery to the site of action remains one of the main
challenges of ON-based therapeutics.7−9 However, ON cellular
uptake and the ability to target specific tissues can be
significantly enhanced by the conjugation of uptake promoting
molecules, such as N-acetylgalactosamine (GalNAc) for
targeting the liver hepatocytes,10−14 or glucagon-like peptide-
1 (GLP-1) for the delivery to pancreatic β-cells.15 In addition,
ON-fatty acid conjugates showed enhanced potency of
antisense ONs (AONs) in muscles16 and high potential for
the treatment of myelofibrosis.17−19 A number of methods for
the conjugation of specific molecules to ONs have been
developed, including in-line conjugation20 and post-conjuga-
tion in solution3 or on the solid phase.21,22 Among various

chemistries developed for the preparation of ON conju-
gates,3,23,24 the copper(I)-catalyzed azide−alkyne cycloaddi-
tion (CuAAC), which is a variant of Huisgen azide−alkyne 1,3-
dipolar cycloaddition25,26 and known as “click” reaction, has
become an efficient method for conjugation of small
molecules,27,28 fluorophores,29 peptides,21,30 and carbohy-
drates31,32 to ONs. Multiple labeling of ONs13,33 and
incorporation of several different moieties into ONs, to
combine the effect of various entities,22,34−36 can improve
and provide additional tailored properties of ON conjugates.
Several approaches have been established for the preparation
of ON multiconjugates using copper(I)-catalyzed “click”
chemistry, including preparation of DNA constructs with
different fluorescent labels by sequential conjugation/depro-
tection reactions,37 in combination with thiol-Michael-type
addition,38 using a “click/reverse-click” procedure,39 or by
solid-phase CuAAC approach for the preparation of ON-
GalNAc dendrimer conjugates.27 Recently, we have reported
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an efficient method for the synthesis of multiple functionalized
ONs in a stepwise procedure that utilizes “click cycles” using
CuAAC,22 and a modified method allowing for efficient
conjugation of peptides to phosphorothioate (PS) ONs.40

Both approaches involve ON conjugation on the solid support
utilizing a H-phosphonate-based alkyne linker. Although the
above methodologies are efficient for the preparation of ON
conjugates, they involve several additional derivatization steps

of the ON prior conjugation reaction. Herein, we report the
development of novel alkyne- and amino-functionalized linkers
derived from the same scaffold and compatible with automated
ON synthesis using phosphoramidite chemistry. New linkers
are directly incorporated during automated solid-phase ON
synthesis and allow for multiple attachments of moieties, such
as small molecules and/or peptides, to phosphodiester as well
as PS ONs by CuAAC on a solid phase (Figure 1). In addition,

Figure 1. Schematic representation of synthesized ON conjugates, structures of alkyne and amino linker phosphoramidites, and azido-modified
moieties of benzylguanine (BG-N3), P4 peptide (P4-N3), MIF peptide (Ac-MIF-N3), and palmitic acid (PA).
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conjugation of two different entities to the ON is enabled by
the orthogonal functionality of alkyne and amino linkers.

■ RESULTS AND DISCUSSION

In this study, we aimed to develop a methodology that enables
direct incorporation of linker units into ONs during automated
solid-phase ON synthesis and further mono- and multiple
conjugation of the ON with moieties of interest on a solid
support without postassembly derivatization of ON. The first
novel phosphoramidite-based linker carries a sufficiently active
triple bond for efficient copper(I)-catalyzed “click” reaction on

a solid support. To allow conjugation of the ON with different
entities, the second new amine-containing linker (Figure 1) is
employed, thus enabling orthogonal chemistry based on amide
bond formation. The alkyne linker phosphoramidite was
developed with two variants of 5′-OH protecting group, the
4-methoxytrityl (MMTr) and 4,4′-dimethoxytrityl (DMTr)
(Scheme 1). Initially, the MMTr derivative 7, having a more
stable protecting group, was synthesized (Method A) for the
postsynthetic attachment to solid-supported ON (that can also
be purchased, if a synthesizer is not available) and further
conjugation procedures. In Method B, the synthesis route was

Scheme 1. Synthesis of 4-Monomethoxytrityl- and 4,4′-Dimethoxytrityl-Protected Alkyne Linker Phosphoramidites 7 and 11
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improved to fewer steps and the standard DMTr 5′-OH
protecting group was introduced for the automated in-line ON
synthesis to give alkyne linker 11.
The synthesis of MMTr-protected alkyne linker 7 (Scheme

1, Method A) began with the conversion of the low cost and
commercially readily available ethyl (3R)-4-cyano-3-hydrox-
ybutanoate 1 into aminodiol 2 by reduction with lithium
aluminum hydride (Supporting Information). The aminodiol 2
was further converted into trifluoroacetyl (TFA) derivative 3
for purification purposes. Regioselective protection of the
primary hydroxyl group in intermediate 3 using 1.1 equiv of 4-
methoxytrityl chloride in pyridine afforded compound 4 in
54% yield. Deprotection of the TFA group was performed in
aqueous ammonia−ethanol (2:1, v/v) mixture at room
temperature for 36 h. The crude compound 5 was then
subjected to the reaction with the preactivated triple bond
donor 4-((2-(prop-2-yn-1-yloxy)acetamido)methyl) benzoic
acid (8, PAMBA)22 to afford 6 in high yield, which was
converted into phosphoramidite derivative 7 in 72% yield.

The synthesis methodology was further modified for the
preparation of DMTr-protected alkyne linker 11 (Scheme 1,
Method B). The synthesis of phosphoramidite 11 was started
by direct condensation reaction between the preactivated
PAMBA (8) and crude aminodiol 2 using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 1-hydroxyben-
zotriazole (HOBt) as condensing agents to obtain 9 in 49%
yield. The primary hydroxyl group in diol derivative 9 was then
protected with a DMTr group to obtain compound 10, which
was then converted into phosphoramidite 11 in 81% yield.
Even though the coupling of PAMBA (8) with crude
aminodiol 2 was less efficient compared to the coupling with
protected intermediate 5 described in Method A, the overall
yields of the final phosphoramidites 7 and 11 were comparable.
Method B also reduced the number of synthetic steps making
the method more amenable to an increase in synthesis scale.
To enable orthogonal conjugation of entities to ONs, a

fluorenylmethoxycarbonyl (Fmoc)-protected amino linker
(Figure 1), which allows conjugation through amide bond
formation, was developed based on the same aminodiol

Scheme 2. Synthesis of Fmoc-Protected Amino Linker Phosphoramidite 16

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05075
ACS Omega 2021, 6, 579−593

582

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05075/suppl_file/ao0c05075_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05075?ref=pdf


scaffold (2) as the alkyne-type linker. The synthesis was started
with the protection of the amino group of p-(aminomethyl)-
benzoic acid 12 with the Fmoc-protecting group (Scheme 2,
Supporting Information). Fmoc-protected derivative 13 was
then condensed with aminodiol 2 using EDC/HOBt as a
condensing agent in N-methylpyrrolidone (NMP). The
primary hydroxyl group of crude 14 was protected with a
DMTr group using DMTrCl in pyridine, and 4,4′-dimethox-
ytritylated compound 15 was then converted into phosphor-
amidite 16 in 62% yield.
As the first example of an ON construct utilizing the new

alkyne linker, a branched DNA multiconjugate carrying four
units of benzylguanine (BG) was synthesized (ON1-(BG)4 in
Figure 1 and Table 1). BG-labeled DNA can be used as a tool
in SNAP-display technology for the selection of proteins.41,42

The synthesis of the ON1-(BG)4 conjugate was started from
postsynthetic incorporation of a commercial doubler modifier
at the 5′-end of the solid-supported DNA followed by
sequential attachment of four units of alkyne linker 7 by two
cycles on the automated DNA synthesizer (Figure 2). The
reversed-phase HPLC (RP-HPLC) analysis of alkyne-modified
DNA intermediate (ON1 in Figure 2) showed a rather
moderate coupling efficiency of the doubler modifier as
evidenced from the presence of free DNA (Figure S25 in the
Supporting Information). Nevertheless, addition of the doubler
resulted in a sufficient conversion to demonstrate the use of
the new linker. Apart from the major 5′-tetra-linker-modified
ON1, only minor amounts of bis- and tris-alkyne-modified
variants were detected. The solid-supported DNA conjugate
with four BG units was then prepared by simultaneous
regioselective conjugation using azido-functionalized BG (BG-
N3, Supporting Information) and alkyne-modified DNA
(ON1) utilizing the CuAAC reaction with copper(I) iodide.
The “click” reaction was performed directly on the solid
support at ambient temperature, minimizing purification steps
and achieving efficient removal of the residual copper by an
ethylenediaminetetraacetic acid (EDTA) wash procedure. The
final ON1-(BG)4 construct obtained after deprotection and
cleavage from the solid support was analyzed by RP-HPLC

(Figures 2 and S26 in the Supporting Information) and its
identity was confirmed by mass spectrometry.
Thereafter, we investigated the efficiency of the new alkyne

linker for the preparation of PS-ON peptide multiconjugates.
The model 2′-O-methyloligoribonucleotide phosphorothioate
(2′-OMe-PS ON) targets exon 23 of the dystrophin pre-
mRNA in mdx mice. Mono-conjugation of the muscle homing
P4 peptide (LGAQSNF) derivative to the corresponding ON
results in increased exon-skipping levels in the diaphragm and
the cardiac muscle tissue of mdx mice.43 To explore the
potency of the developed alkyne linker, we performed the
synthesis of 2′-OMe-PS ON conjugates with one, two, and
three P4 peptide units attached to the 5′-end of the PS ONs
(ON2-P4, ON3-(P4)2, and ON4-(P4)3 in Figure 1). The ONs
with PS backbone equipped with one, two, and three units of
alkyne linker 11 (ONs2-4 in Figure 3, Table 1) were in-line
assembled on an automated ON synthesizer. The copper(I)-
catalyzed conjugation of the solid-supported ONs2-4 to the P4
peptide was performed using a P4 peptide equipped with
azido-lysine at the N-terminus (P4-aza-peptide) and the
recently developed protocol where the CuBr × Me2S complex
is used as copper(I) source40 (Figure 3). The conjugation
reaction was followed by subsequent washing of the solid-
supported ON-peptide conjugates with DMSO, 50 mM EDTA
solution, and acetonitrile to remove residual copper(I) salts
and other reagents. Subsequent deprotection and cleavage
from the solid support resulted in the final mono-, bis-, and
tris-ON-P4 peptide conjugates, which were analyzed by RP-
HPLC, and their identities were confirmed by mass
spectrometry (ON2-P4, ON3-(P4)2, and ON4-(P4)3 in Figure
3, and Figures S28, S30, and S32 in the Supporting
Information). The HPLC profiles of the resulting ON-P4
conjugates revealed the presence of the corresponding residual
starting ON3 and ON4 as well as ON conjugates with only one
unit of P4 peptide attached for ON3-(P4)2 (Figure S30 in the
Supporting Information), and with one or two units of P4
peptides attached for ON4-(P4)3 (Figure S32 in Supporting
Information). The reason for not complete attachment of two
and three units of P4 peptide, in comparison to the rather
efficient mono-conjugation of the P4 peptide, could possibly

Table 1. Oligonucleotides and ON Conjugates Used in the Study

ES-TOF mass m/zc

ONa sequence 5′ → 3′b calcd found

ON1 (Lalkyne)2-(L
alkyne)2-doubler-GCGTTGATGCAATTTCTATGC 2104.23d 2104.43d

ON2 Lalkyne-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 1827.49d 1827.81d

ON3 Lalkyne-Lalkyne-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 1934.11d 1933.96d

ON4 Lalkyne-Lalkyne-Lalkyne-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 1632.37e 1632.21e

ON5 TCAAGGAAG-Lalkyne-ATGGCATTTCT 1640.59d 1640.77d

ON6 Lalkyne-LNHFmoc-Lalkyne-TCAAGGAAGATGGCATTTCT 1821.75d,f 1821.88d,f

ON1-(BG)4 (BG-L)2-(BG-L)2-doubler-GCGTTGATGCAATTTCTATGC 2036.34e 2036.54e

ON2-P4g (P4-L)-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 2060.25d 2060.40d

ON3-(P4)2
g (P4-L)-(P4-L)-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 1919.49e 1919.63e

ON4-(P4)3
g (P4-L)-(P4-L)-(P4-L)-G*G*C*C*A*A*A*C*C*U*C*G*G*C*U*U*A*C*C*U 2190.90e 2191.19e

ON5-P4 TCAAGGAAG-(P4-L)-ATGGCATTTCT 1873.34d 1873.82d

ON6-(PA) Lalkyne-(PA-L)-Lalkyne-TCAAGGAAGATGGCATTTCT 1881.35d 1881.31d

ON6-(MIF)-(PA)-(MIF)h (MIF-L)-(PA-L)-(MIF-L)-TCAAGGAAGATGGCATTTCT 2079.08d 2079.50d

aCleaved from the solid support and deprotected ONs. See Table S1 for the yield of ON conjugation and the total yield of ON conjugates. bIn all
sequences, A = 2′-deoxyadenosine, G = 2′-deoxyguanosine, C = 2′-deoxycytidine, T = thymidine, A = 2′-OMe-adenosine, G = 2′-OMe-guanosine,
C = 2′-OMe-cytidine, U = 2′-OMe-uridine, * = PS linkage. L = linker, BG = benzylguanine, P4 = LGAQSNF, MIF = (Ac)PLG (N → C), PA =
palmitic acid. cNegative mode. d[M]−4. e[M]−5. fES-TOF mass after Fmoc removal. gP4 peptide is equipped with azido-lysine at the N-terminus
(see P4-N3 in Figure 1). hMIF peptide is equipped with an azido linker at the C-terminus (see Ac-MIF-N3 in Figure 1).
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be due to steric hindrance brought about by the peptide. Also,
hypothetical coordination of copper between two neighboring
alkyne moieties, which may come in close proximity, could
lead to a reduced rate of reaction. The final ON3-(P4)2 and

ON4-(P4)3 bis- and tris-conjugates were, however, obtained as
main products. Incomplete conjugation will result in difficulties
during isolation and purification to obtain homogenous
conjugates and will lead to a decrease in overall yields.

Figure 2. Synthesis of tetra-benzylguanine-labeled ON1-(BG)4.
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Separation during chromatography will of course depend also
on, apart from the HPLC gradient, the nature of the peptide
attached.

The new alkyne linker was also evaluated for internal
labeling of ONs. Such constructs with an internally
incorporated entity could be utilized as a tool in various

Figure 3. Synthesis of mono-, bis-, and tris-P4 peptide PS-ON conjugates ON2-P4, ON3-(P4)2, and ON4-(P4)3, via 1−3 cycles of linker 11
incorporation.
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diagnostic applications. Recent studies revealed that internal
labeling of ONs with short peptides, which influence specificity
and affinity to the target, improve their target recognition and
stability toward nucleases.44 A solid-supported DNA (ON5 in
Figure 4 and Table 1) with the internally incorporated alkyne
linker was assembled on an automated ON synthesizer using
phosphoramidite 11 and subjected to conjugation on a solid
support with the P4-aza peptide using copper(I) iodide in a
CuAAC reaction. The conjugation reaction of ON5 appeared
to be somewhat slower, and 8 equiv of P4-aza peptide was used
instead of 6 equiv of P4-aza peptide, which was required for
the preparation of the 5′-monoconjugate ON2-P4. The need
for a larger amount of P4-aza peptide could possibly be
explained by the additional hindrance at the reaction site by
the formation of the secondary structure in ON5 with an
internally incorporated abasic site modification. A structural
effect is also suggested by the HPLC profile of alkyne-modified
ON5 (Figure S33 in the Supporting Information), which after
deprotection and cleavage from the support, displays a split
peak with the same mass data. The internally P4-conjugated
DNA (ON5-P4) was cleaved from the solid support,
deprotected, and analyzed by RP-HPLC (Figures 4 and S34
in the Supporting Information), and its identity was confirmed
by mass spectrometry.
The orthogonality of the developed alkyne and amine linkers

was exploited for the synthesis of ON multiconjugates
containing different entities at the 5′-terminal position of an
ON. Multifunctionalized ONs bearing different functional
moieties are of great interest for various biotechnological
applications and for further development of ON therapeutics.
The conjugation of different entities to ONs has been
investigated, e.g., for the preparation of GalNAc−cholesterol-
modified ONs,34 GalNAc−pentylamine-modified siRNA,35

cell-penetrating peptide (CPP)−myristic acid-modified
ONs,36 and multivalent ON glycoconjugates.45,46 The method-
ology utilizing a combination of the alkyne and amine linkers is
exemplified by the preparation of a 5′-site ON tris-conjugate
ON6-(MIF)-(PA)-(MIF) by incorporating an acetylated form
of the MIF-1 peptide47 (MIF), a palmitoyl unit, and a second
MIF peptide moiety (Figure 1). The MIF-1 is an endogenous
brain peptide with a variety of pharmacological effects on the
central nervous system, whereas the attachment of long-chain

fatty acyl groups can modulate lipophilicity of the ON and
facilitate cellular uptake.48 In addition, palmitoylation of ONs
can enhance the affinity to albumin and has been demonstrated
to facilitate functional uptake of the ON into skeletal and
cardiac muscles.16 The synthesis of the ON6-(MIF)-(PA)-
(MIF) conjugate was started with in-line sequential addition of
linkers 11, 16, and then again 11 at the 5′-end of the ON
during automated solid-phase ON synthesis, followed by the
removal of the Fmoc-protecting group from the amino linker
on the solid support (Figure 5). The standard treatment for
Fmoc removal (20% piperidine solution in DMF) resulted in
the formation of significant amounts of side product
corresponding to a dibenzofulvene adduct (Figure S35 in the
Supporting Information). Therefore, several scavengers and
conditions were evaluated to overcome this problem, e.g., 2%
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 10% piper-
idine solution in DMF, 20% diethylamine (DEA) in
acetonitrile, 2% DBU and 10% morpholine in DMF. The
treatment of ON6 attached to Glen UnySupport FC for 2 min
with a mixture of 2% DBU and 5% piperazine solution in
DMF49 gave the best results in the suppression of the side
product formation (Figure S36 in the Supporting Informa-
tion). Conjugation of palmitic acid was performed using
HBTU and N-methylmorpholine (NMM), and the resulting
ON-palmitic acid conjugate ON6-(PA) was then reacted with
the MIF peptide functionalized with an azido linker (Ac-Pro-
Leu-Gly-CH2CH2-N3, Ac-MIF-N3)

21 using the CuAAC
reaction. The solid-supported ON conjugate was deprotected
and cleaved from the solid support resulting in the final tris-
conjugate ON6-(MIF)-(PA)-(MIF) (Figures 5 and S38 in the
Supporting Information), which was analyzed by RP-HPLC
and its identity was confirmed by mass spectrometry.
In conclusion, we have developed new versatile phosphor-

amidite-based alkyne and amine linkers that allow for multiple
conjugation of ONs. Both linkers are derived from the same
chemical scaffold that can be readily obtained from a low-cost
commercial material, and they are compatible with in-line
addition during automated solid-phase ON synthesis as well as
for orthogonal conjugation on a solid support. Assembly of
ONs, containing the activated alkyne linker at the 5′-end of
ONs or internally, allowed for direct conjugation of multiple
units of peptides or low-molecular-weight compounds to ONs

Figure 4. Synthesis of ON internal conjugate with P4 peptide (ON5-P4) utilizing ON5 with internally incorporated linker 11 and P4-aza peptide.
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using the CuAAC reaction on a solid support. The described
methodology is also compatible with phosphorothioate ONs as
exemplified by the synthesis of a series of PS ON conjugates
with one, two, and three P4 peptides. Sequential incorporation
of alkyne- and amine-based linkers at the 5′-terminus of an ON
enabled the synthesis of a tris-conjugate bearing two entities of
the MIF peptide and one palmitoylated unit. The alkyne linker
allows for the conjugation reaction at low concentrations and
under mild conditions. Additionally, conjugation on a solid
support has the advantage of simplifying the purification of ON
conjugates since the excess of copper can be readily removed
by washing the solid support with the EDTA solution. The
multiconjugation of an ON with a low-molecular-weight
molecule (benzylguanine, BG) as well as with a short MIF
peptide proceeded efficiently with negligible amounts of the
residual nonconjugated ON. The attachment of a longer P4-
peptide, and especially its multiple conjugation, appeared to be
more challenging and resulted in the presence of incomplete

conjugation products, but with the final ON conjugate being
the major product. The main advantage of the presented
strategy is the flexibility in the design of ON conjugates,
allowing for conjugation of various entities at different
positions including multiple attachments. The methodology
is applicable for both phosphodiester and PS ONs including
preparation of ON multiconjugates with different entities of
interest for numerous biotechnological applications and ON
therapeutics.

■ MATERIALS AND METHODS

General Information. All reagents and solvents used in
chemical synthesis were of commercial grade. The (3R)-4-
cyano-3-hydroxybutanoate (1) and 6-((4-(aminomethyl)-
benzyl)oxy)-9H-purin-2-amine (SNAP-Tag) were obtained
from Fluorochem Ltd. (U.K.), 2-[2-(2-azidoethoxy)ethoxy]-
acetic acid hydroxysuccinimide ester was from MCAT GmbH
(Germany), and palmitic acid was from Sigma-Aldrich Sweden.

Figure 5. Synthesis of ON tris-conjugate ON6-(MIF)-(PA)-(MIF) with attached palmitoyl residue and two units of the MIF peptide.
Chromatograms A−C demonstrate the RP-HPLC profile of (A) crude ON6 after Fmoc deprotection and cleavage from the solid support, (B)
crude ON6-(PA) conjugate, and (C) final crude tris-conjugate ON6-(MIF)-(PA)-(MIF) (see enlarged Figures S36−S38 in the Supporting
Information). RP-HPLC is performed on a C18 column (Supelco Discovery BIO Wide Pore C18-5) with a linear gradient from 0 to 50% (for A),
and from 50 to 100% (for B and C) of buffer B in buffer A over 45 min at 25 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05075
ACS Omega 2021, 6, 579−593

587

https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=fig5&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05075/suppl_file/ao0c05075_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05075?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05075?ref=pdf


Azido-functionalized P4 peptide (P4-aza peptide),40 azido-
functionalized MIF peptide (Ac-MIF-N3),

21 and PAMBA22

were synthesized according to the respective published
procedures. Azido-functionalized benzylguanine (BG-N3,
SNAP-Tag azide) was synthesized as described in the
Supporting Information. Methanol (MeOH, Analytical
Grade) and acetonitrile (CH3CN, Analytical Grade) were
additionally dried over 3 Å molecular sieves and pyridine
(Analytical Grade) was dried over 4 Å molecular sieves.
Tetrahydrofuran (THF, Puriss p.a.) was distilled at atmos-
pheric pressure over LiAlH4 prior to use. Thin-layer
chromatography (TLC) was performed on Merck precoated
silica gel 60 F254 glass-backed or aluminum plates and
visualized by UV and/or by charring with 8% (v/v) sulfuric
acid in methanol, with 6% (m/v) ninhydrin in ethanol or
standard potassium permanganate solution. Chromatographic
separations were performed on Merck G60 silica gel.
Automated chromatography was performed on CombiFlash
Rf 200 by Teledyne ISCO system using RediSep normal-phase
silica flash or RediSep Rf Gold normal-phase silica columns.
Mass analysis was performed with a Micromass LCT ESI-TOF
mass spectrometer. All NMR spectra were recorded on a
Bruker AVANCE DRX-400 (400.1 MHz in 1H, 100.6 MHz in
13C) or Bruker AV 500 MHz (500.13 MHz in 1H, 125.76 MHz
in 13C, and 202.47 MHz in 31P) spectrometers using either
tetramethylsilane (TMS) or the deuterated solvent as an
internal standard. Chemical shifts (δ scale) are reported in
parts per million (ppm). Coupling constants (J values) are
given in Hertz (Hz). RP-HPLC was carried out on a Jasco
HPLC system with UV detection at 254 nm using a Supelco
Discovery BIO Wide Pore C18-5 (250 × 4.6 mm2) column
with 1 mL/min flow rate and a linear gradient from 0 to 50%
of buffer B in buffer A over 45 min at ambient temperature or
as specified. Buffers for RP-HPLC were as follows: (A) 50 mM
triethylammonium acetate (TEAA), pH 6.5; (B) 50 mM
TEAA, pH 6.5, in 50% CH3CN. The 21-mer DNA (5′-
d(GCGTTGATGCAATTTCTATGC)-3′) on a solid support
used for the synthesis of ON1-(BG)4 was purchased from
Eurogentec S.A., Belgium. ONs were analyzed in the negative
mode as solutions in acetonitrile/water, 1:1 (v/v), and their
molecular weights were obtained from the m/z values of the
multiple charged ions.
(R)-5-(N-Trifluoroacetyl)-aminopentane-1,3-diol (3). A

solution of compound 1 (0.66 g, 4.2 mmol) in anhydrous
tetrahydrofuran (THF, 8 mL) was added dropwise to a cooled
(0 °C) suspension of LiAlH4 (0.87 g, 22.9 mmol) in anhydrous
THF (4 mL). The resulting mixture was left to attain ambient
temperature and then stirred overnight. Next, the mixture was
cooled to 0 °C and treated sequentially with Milli-Q water
(0.38 mL), 10 N NaOH (1.04 mL), and Milli-Q water (0.38
mL). The mixture was then kept at ambient temperature with
stirring for 1 h. The solids were removed by filtration, washed
with 2-propanol, and the filtrate was concentrated in vacuo.
The residue was re-dissolved in Milli-Q water (10 mL), and
the pH of the solution was adjusted to 7.0 using 0.5 M HCl.
The mixture was concentrated in vacuo, and traces of water
were removed by evaporation of the added methanol. Crude
aminodiol (compound 2) was dissolved in anhydrous
methanol (42 mL), and triethylamine (5.8 mL, 42 mmol)
was added followed by the addition of ethyl trifluoroacetate
(5.0 mL, 42 mmol). The reaction mixture was stirred at room
temperature for 20 h. Volatiles were evaporated in vacuo, and
the residue was purified by flash column chromatography using

0−6% methanol in dichloromethane as eluent to afford
compound 3 (0.69 g, 3.21 mmol, 76% for two steps). 1H
NMR (400.1 MHz, CDCl3): δ = 7.90 (br s, 1H), 4.06−3.98
(m, 1H), 3.96−3.89 (m, 1H), 3.87−3.79 (m, 1H), 3.72−3.63
(m, 1H), 3.40−3.31 (m, 1H), 1.81−1.62 (m, 4H) ppm. 13C
NMR (100.6 MHz, CDCl3): δ = 157.3 (q, J = 36.3 Hz), 115.9
(q, J = 287.4 Hz), 71.3, 61.5, 38.0, 37.8, 35.0 ppm. ES−MS
calcd for C7H11F3NO3 [M − H]− 214.07, found 214.05.

(R)-1-O-(4-Methoxytrityl)-5-(N-trifluoroacetyl)-amino-
pentane-1,3-diol (4). Compound 3 (0.635 g, 2.95 mmol)
was dried by evaporation of the added anhydrous pyridine and
was dissolved in the same solvent (29 mL). The resulting
solution was cooled to 0 °C, and 4-methoxytritylchloride (1.0
g, 3.24 mmol) was added under a nitrogen atmosphere. The
reaction mixture was stirred overnight allowing the temper-
ature to rise to the ambient. The reaction was quenched with
10% aqueous NaHCO3, and the mixture was extracted with
dichloromethane. The organic phase was washed with water,
dried over Na2SO4, filtered and concentrated under reduced
pressure. The residue was subjected to flash column
chromatography using 0−2.5% methanol in dichloromethane
as eluent to give compound 4 (0.78 g, 1.6 mmol, 54%). 1H
NMR (400.1 MHz, CDCl3): δ = 7.59 (br s, 1H), 7.35−7.31
(m, 4H), 7.27−7.14 (m, 8H), 6.78 (d, J = 8.7 Hz, 2H), 3.92−
3.83 (m, 1H), 3.73 (s, 3 H), 3.67−3.57 (m, 1H), 3.41−3.34
(m, 1H), 3.28−3.16 (m, 2H), 1.83−1.71 (m, 1H), 1.68−1.47
(m, 3H) ppm. 13C NMR (100.6 MHz, CDCl3): δ = 158.7,
157.0 (q, J = 36.5 Hz), 144.0, 143.8, 135.1, 130.2, 128.18,
128.15, 128.0, 127.1, 115.9 (q, J = 287.7 Hz), 113.3, 87.4, 72.2,
62.6, 55.2, 38.2, 36.4, 34.5 ppm; ES−MS calcd for
C27H27F3NO4 [M − H]− 486.19, found 486.17.

(R)-1-O-(4-Methoxytrityl)-5-N-[4-((2-(prop-2-yn-1-
yloxy)acetamido)methyl)benzoyl]-aminopentane-1,3-
diol (6). Compound 4 (0.45 g, 0.92 mmol) was dissolved in a
mixture of aqueous ammonia (28%) and ethanol (1:1 v/v) (10
mL) containing triethylamine (0.17 mL, 1.2 mmol) and stirred
for 24 h at the ambient temperature. After that time, an
additional 6 mL of aqueous ammonia (28%) was added to the
reaction mixture and the reaction was kept overnight. Volatiles
were partially removed in vacuo, and the residue was
partitioned between ethyl acetate and saturated aqueous
solution of NaHCO3. The aqueous phase was re-extracted
with ethyl acetate, and the combined organic phases were dried
over Na2SO4, filtered and concentrated under reduced pressure
to afford 5. The crude compound 5 was dissolved in anhydrous
N,N-dimethylformamide (DMF, 4.5 mL) containing N,N-
diisopropylethylamine (DIPEA, 0.16 mL, 0.93 mmol) and was
added to a solution of 4-((2-(prop-2-yn-1-yloxy)acetamido)-
methyl) benzoic acid (PAMBA, 0.21 g, 0.84 mmol) in
anhydrous DMF (4.5 mL), which was preactivated with 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HBTU, 0.32 g, 0.84 mmol) and DIPEA (0.29
mL, 1.69 mmol) for 30 min. The reaction mixture was stirred
for 3 h at the ambient temperature and then partitioned
between ethyl acetate and water. The aqueous phase was
washed with ethyl acetate, and the combined organic phases
were dried over Na2SO4, filtered and concentrated in vacuo.
The residue was subjected to flash column chromatography
using 0−4% methanol in dichloromethane as eluent to give
compound 6 (0.51 g, 0.82 mmol, 97%). 1H NMR (400.1 MHz,
CDCl3): δ = 7.66 (d, J = 8.3 Hz, 2H), 7.36−7.31 (m, 4H),
7.28−7.12 (m, 10H), 7.05 (t, J = 5.1 Hz, 1H), 6.82−6.72 (m,
3H), 4.45 (d, J = 6.1 Hz, 2H), 4.15 (d, J = 2.4 Hz, 2H), 4.05
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(s, 2H), 3.92−3.84 (m, 1H), 3.79−3.69 (m, 4H), 3.37−3.25
(m, 2H), 3.22−3.14 (m, 1H), 2.40 (t, J = 2.4 Hz, 1H), 1.84−
1.73 (m, 1H), 1.70−1.51 (m, 3H) ppm. 13C NMR (100.6
MHz, CDCl3): δ = 168.9, 167.1, 158.6, 144.3, 144.1, 141.3,
135.3, 133.9, 130.2, 128.2, 127.9, 127.7, 127.3, 127.0, 113.2,
87.1, 78.1, 75.9, 70.6, 69.0, 62.3, 58.6, 55.2, 42.4, 37.8, 36.6,
36.0 ppm; ES−MS calcd for C38H39N2O6 [M − H]− 619.28,
found 619.29.
(R)-3-O-(N,N-Diisopropylamino-(2-cyanoethoxy)-

phosphinyl)-1-O-(4-methoxytrityl)-5-N-[4-((2-(prop-2-
yn-1-yloxy)acetamido)methyl)benzoyl]-aminopentane-
1,3-diol (7). To a cooled (0 °C) solution of compound 6
(0.21 g, 0.34 mmol) in THF (3.5 mL), DIPEA (0.29 mL, 1.7
mmol) was added under a nitrogen atmosphere followed by 2-
cyanoethyl N,N-diisopropylphosphoramidochloridite (0.15
mL, 0.68 mmol). The reaction mixture was stirred for 30
min, then allowed to warm to ambient temperature, and stirred
for an additional 2 h. The mixture was partitioned between
ethyl acetate and a 10% aqueous solution of NaHCO3, and the
aqueous phase was re-extracted with ethyl acetate. The
combined organic phases were dried over Na2SO4, filtered,
and concentrated under reduced pressure. The crude product
was purified by flash column chromatography using 0−2%
acetonitrile in ethyl acetate containing 0.1% of triethylamine as
eluent to give compound 7 (0.2 g, 72%). 31P NMR (202.47
MHz, DMSO-d6): δ = 146.7, 146.3 ppm; ES−MS calcd for
C47H58N4O7P [M + H]+ 821.40, found 821.36.
(R)-5-N-[4-((2-(Prop-2-yn-1-yloxy)acetamido)methyl)-

benzoyl]-aminopentane-1,3-diol (9). PAMBA (8, 12.5 g,
50.56 mmol) and aminodiol 2 (8.434 g, 70.78 mmol) were
dissolved in water/THF mixture (3:2). HOBt (1.37 g, 10.11
mmol) was added to the resulting solution followed by the
addition of EDC (9.42 g, 60.67 mmol), and the reaction
mixture was stirred overnight. Brine solution (62 mL) was
added and the mixture was extracted with THF. The organic
phase was concentrated under reduced pressure and purified
by flash column chromatography using 0−12% THF in
acetonitrile as eluent to afford compound 9 (8.68 g, 24.91
mmol, 49%). 1H NMR (400.1 MHz, CD3OD): δ = 7.77 (d, J =
8.3 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 4.47 (s, 2H), 4.28 (d, J
= 2.4 Hz, 2H), 4.10 (s, 2H), 3.87−3.79 (m, 1H), 3.74−3.67
(m, 2H), 3.59−3.42 (m, 2H), 2.94 (t, J = 2.4 Hz, 1H), 1.86−
1.63 (m, 4H) ppm. 13C NMR (100.6 MHz, CD3OD): δ =
172.2, 170.1, 143.8, 134.6, 128.55, 128.49, 79.7, 77.1, 69.5,
67.9, 60.1, 59.4, 43.2, 40.8, 38.1 ppm; ES−MS calcd for
C18H23N2O5 [M − H]− 347.16, found 347.16.
(R)-1-O-(4,4′-Dimethoxytrityl)-5-N-[4-((2-(prop-2-yn-

1-yloxy)acetamido)methyl)-benzoyl]-aminopentane-
1,3-diol (10). Method A. Compound 9 (5.43 g, 15.59 mmol)
was dissolved in DMF (27 mL) and 2,6-lutidine (3.34 g, 31.17
mmol) was added to the reaction mixture followed by 4,4′-
dimethoxytrityl chloride (5.02 g, 14.81 mmol). The reaction
mixture was stirred for 18 h and then water (11 mL) and
saturated aqueous NaHCO3 solution (5.5 mL) were added to
the reaction mixture, and the crude product was extracted with
toluene. The combined organic phases were washed with 20%
citric acid (14 mL), concentrated in vacuo, then methanol and
dichloromethane were added and the solution concentrated
under reduced pressure. The crude material was purified by
flash column chromatography using 0−10% methanol in
dichloromethane as eluent to afford compound 10 (4.98 g,
7.65 mmol, 49%).

Method B. Compound 9 (2.61 g, 7.5 mmol) was dried by
evaporation of the added anhydrous pyridine and was
dissolved in the same solvent (75 mL). The resulting solution
was cooled to 0 °C and 4,4′-dimethoxytrityl chloride (1.78 g,
5.25 mmol) was added under nitrogen atmosphere. The
reaction mixture was kept at 0 °C, and after 2 h an additional
amount of 4,4′-dimethoxytrityl chloride (1.02 g, 3.0 mmol)
was added under a nitrogen atmosphere. The mixture was then
allowed to warm to ambient temperature and stirred for 40 h.
After that time, saturated aqueous NaHCO3 was added and the
product was extracted with dichloromethane. The combined
organic phases were dried over Na2SO4, filtered, and
concentrated under reduced pressure. The residue was
subjected to flash column chromatography using acetonitrile
in ethyl acetate containing 0.1% of triethylamine as eluent to
give compound 10 (4.34 g, 6.67 mmol, 89%). 1H NMR (500.1
MHz, CD3OD): δ = 7.77−7.74 (m, 2H), 7.41−7.35 (m, 4H),
7.29−7.25 (m, 4H), 7.25−7.20 (m, 2H), 7.19−7.14 (m, 1H),
6.82−6.78 (m, 4H), 4.29 (d, J = 2.40 Hz, 2H), 4.11 (s, 1H),
3.58−3.49 (m, 1H), 3.49−3.41 (m, 1H), 3.29−3.23 (m, 1H),
3.20−3.13 (m, 1H), 2.93 (m, 1 H), 1.82−1.70 (m, 3H), 1.65−
1.56 (m, 1H) ppm. 13C NMR (125.76 MHz, CD3OD): δ =
172.3, 170.3, 160.1, 146.9, 143.9, 137.9, 137.8, 134.7, 131.3,
129.4, 128.8, 128.7, 128.6, 127.8, 114.2, 87.5, 79.8, 77.2, 69.7,
68.0, 61.7, 59.5, 55.9, 43.3, 38.7, 38.1 ppm; ES−MS calcd for
C39H41N2O7 [M − H]− 649.29, found 649.27.

(R)-3-O-(N,N-Diisopropylamino-(2-cyanoethoxy)-
phosphinyl)-1-O-(4,4′-dimethoxytrityl)-5-N-[4-((2-
(prop-2-yn-1-yloxy)acetamido)methyl)benzoyl]-amino-
pentane-1,3-diol (11). To a cooled (0 °C) solution of
compound 10 (1.63 g, 2.5 mmol) in THF (25 mL), DIPEA
(2.18 mL, 12.5 mmol) was added under a nitrogen atmosphere
followed by the addition of 2-cyanoethyl N,N-diisopropyl-
phosphoramidochloridite (1.39 mL, 6.25 mmol). The reaction
mixture was stirred for 30 min, then allowed to warm to
ambient temperature, and was additionally stirred for 2 h. The
mixture was partitioned between ethyl acetate and 10%
aqueous solution of NaHCO3, and the aqueous phase was
re-extracted with ethyl acetate. The combined organic phases
were dried over Na2SO4, filtered, and concentrated under
reduced pressure. The crude product was purified by flash
column chromatography using 0−2% acetonitrile in ethyl
acetate containing 0.1% of triethylamine as eluent to give
compound 11 (1.73 g, 81%). 31P NMR (202.47 MHz, DMSO-
d6): δ = 146.7, 146.3 ppm; ES−MS calcd for C48H60N4O8P [M
+ H]+ 851.41, found 851.45.

(R)-1-O-(4,4′-Dimethoxytrityl)-5-N-[((9H-fluoren-9-yl-
methoxycarbonylamino)methyl)-benzoyl]-aminopen-
tane-1,3-diol (15). To a solution of compound 13 (2.24 g,
8.2 mmol) in NMP (20 mL), HOBt (0, 22 g, 1.64 mmol) and
EDC (1.526 g, 9.83 mmol) were added, and the reaction
mixture was stirred for 20 min. A solution of aminodiol 2 (1.1
g, 9.23 mmol) in NMP (5 mL) was added dropwise, and the
reaction mixture was stirred for 4 h at ambient temperature.
After the completion of the reaction (monitored by RP-
HPLC), 0.05 M HCl (30 mL) was added to the reaction
mixture and water/ethyl acetate work-up was performed. The
crude residue was subjected to flash column chromatography
(ISCO system) using 0−25% methanol in dichloromethane to
give intermediate 14 (1.52 g 3.2 mmol), which was co-
evaporated with pyridine and re-dissolved in the same solvent
(15 mL). DMTrCl (1.30 g, 3.84 mmol) was added under a
nitrogen atmosphere and the reaction mixture was stirred
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overnight. After that time, the reaction was quenched with
methanol (1 mL) followed by the addition of saturated
NaHCO3 (5 mL). Volatiles were evaporated under reduced
pressure and a water/dichloromethane work-up was per-
formed. The organic phase was collected and washed with
water and a 10% citric acid solution, dried over Na2SO4, and
filtered. The crude product was concentrated on celite (for
solid loading) and chromatographed (ISCO chromatography
system) using 0−100% gradient of ethyl acetate in heptane to
yield compound 15 (1.2 g, 48%) as a white foam. 1H NMR
(500.1 MHz, CD3OD): δ = 7.78−7.68 (m, 4H), 7.62 (d, J =
7.5 Hz, 2H), 7.39−7.32 (m, 4H), 7.32−7.02 (m, 11H), 6.77
(dd, J = 8.8, 1.5 Hz, 4H), 4.46−4.38 (m, 2H), 4.33−4.29 (s,
2H), 4.20−4.15 (t, 1H), 3.95−3.87 (m, 1H), 3.73−3.67 (s,
6H), 3.59−3.50 (m, 1H), 3.50−3.40 (m, 1H), 3.28−3.21 (m,
1H), 3.18−3.11 (m, 1H), 1.82−1.69 (m, 3H), 1.65−1.54 (m,
1 H) ppm. 13C NMR (125.76 MHz, CD3OD): δ = 169.5,
159.3, 158.3, 146.0, 144.6, 142.0, 137.0, 130.5, 128.6, 128.1,
127.8, 127.6, 127.5, 127.0, 125.5, 120.3, 113.3, 86.6, 67.2, 66.9,
60.9, 55.0, 44.4, 37.9, 37.3, ppm. ES−MS calcd for
C49H48N2O7 [M + Na]+ 799.34, found 799.08.
(R)-3-O-(N,N-Diisopropylamino-(2-cyanoethoxy)-

phosphinyl)-1-O-(4,4′-dimethoxytrityl)-5-N-[((9H-fluo-
ren-9-yl-methoxycarbonylamino)methyl)benzoyl]-ami-
nopentane-1,3-diol (16). Compound 15 (1.15 g, 1.48
mmol) was dissolved in THF (16 mL) and cooled in an ice-
bath. DIPEA (516 μL, 2.96 mmol) was added to the resulting
solution under a nitrogen atmosphere followed by 2-
cyanoethyl N,N-diisopropylphosphoramidochloridite (495
μL, 2.22 mmol). The reaction mixture was stirred for 2 h,
quenched with methanol (300 μL), and concentrated in vacuo.
Then water/EtOAc work-up was performed, the organic
phases were combined, dried over Na2SO4, and filtered.
Triethylamine (100 μL) was added to the filtrate, which was
then concentrated on celite (for solid loading) and chromato-
graphed (ISCO chromatography system) using 0−100% ethyl
acetate in heptane to give compound 16 (0.89 g, 62%) as a
white foam. 31P NMR (202.47 MHz, DMSO-d6): δ = 146.7,
146.3 ppm; ES−MS calcd for C58H66N4O8P [M + H]+ 977.46,
found 977.46.
Synthesis of Linker-Modified ONs. The tetra-alkyne

linker modified ON1 (Table 1) was assembled starting from
commercial CPG-supported DNA (Eurogentec S.A.) by
postsynthetic coupling with the symmetric doubler modifier
amidite (Glen Research) followed by the sequential coupling
of activated alkyne linker phosphoramidite 7. The ONs2-6
(Table 1) were assembled in-line in a TWIST synthesis
column (Glen Research) on an Applied Biosystems 394 DNA/
RNA synthesizer using 0.1 M anhydrous acetonitrile solution
of commercial dATac, dGTac, T, dCAc (Sigma-Aldrich), or 2′-
OMe-APac, 2′-OMe-CAc, 2′-OMe-U, 2′-OMe-GiPr‑Pac phosphor-
amidites (Glen Research), and the synthesized alkyne linker
phosphoramidite 11, and amino linker phosphoramidite 16.
PADS (0.2 M phenylacetyl disulfide in CH3CN/3-methylpyr-
idine, 120 s treatment) was used as a sulfurizing reagent for the
synthesis of phosphorothioate ONs2-4. The ON syntheses
were performed on a 1 μmol scale using Glen UnySupport FC,
0.3 M 5-benzylthio-1-H-tetrazole (BTT) as an activator and 60
s coupling time for DNA phosphoramidites, 600 s coupling
time for 2′-OMe phosphoramidites, and 900 s coupling time
for the symmetric doubler modifier amidite, and linker
phosphoramidites 7, 11, and 16.

Synthesis of Benzylguanine (BG)-Labeled ON (ON1-
(BG)4). The CPG-supported tetra-linker-modified ON1 (0.25
μmol) containing the tetra-5′-alkyne functionality was placed
in 2 mL Eppendorf tube with a screw cap, and the azido-
functionalized BG (BG-N3, 7.1 mg, 4 μmol, 16 equiv)
dissolved in dimethyl sulfoxide (DMSO, 560 μL) was added.
To the resulting mixture, DIPEA solution (5 μmol, 20 μL from
a stock solution of 1 mL of DMSO containing 43 μL of
DIPEA) was added followed by the addition of CuI (2 μmol,
200 μL from a stock solution of 1.9 mg of CuI in 1 mL of
DMSO). The reaction mixture was agitated on a vortex for 24
h at ambient temperature. After that time, the mixture was
centrifuged and the solution above the support was carefully
removed using a syringe with a needle. The CPG-supported
ON-(BG)4 conjugate was then washed sequentially with
DMSO (3 × 0.6 mL), tert-butanol-H2O (1:1 v/v, 1 × 0.6
mL), 1 mM solution of EDTA in tert-butanol-H2O (1:1 v/v, 3
× 0.6 mL), tert-butanol-H2O (1:1 v/v, 1 × 0.6 mL), and
CH3CN (2 × 0.6 mL), and dried by a 1 min stream with
nitrogen gas. The resulting solid-supported BG-labeled ON
was treated with aqueous ammonia (28%) for 48 h at ambient
temperature. The CPG was removed by filtration using a
Millex syringe-driven filter (0.22 μm) into a 50 mL round-
bottomed flask, and the residue in the Eppendorf tube and
filter were washed with milli-Q water (3 × 1 mL). The
combined filtrate was concentrated under reduced pressure at
30 °C, and the residue was re-dissolved in water, transferred to
an Eppendorf tube, and lyophilized. The aqueous EDTA
solution (0.25 μmol) was added to the deprotected ON-
(BG)4, and the crude conjugate was subjected to RP-HPLC
using C18 column with a linear gradient from 0 to 100% of
buffer B in buffer A over 45 min at 25 °C; tR = 26.5 min. ES−
TOF mass m/z calcd (M−5) 2036.34, found 2036.54.

Synthesis of Oligonucleotide-mono-P4 Conjugate
(ON2-P4). To the solid-supported ON2, containing one unit
of 5′-alkyne linker (15 mg, 0.5 μmol) in an Eppendorf tube,
the P4-aza peptide (2.8 mg, 3 μmol, 6 equiv, in 50.6 μL of
DMSO-H2O, 4:1 v/v) was added, followed by addition of a
DIPEA solution (1.74 μL, 10 μmol, 20 equiv in 5 μL of H2O),
CuBr × Me2S (0.41 mg, 2 μmol, 4 equiv, in 15 μL of DMSO),
and 50 μL of DMSO. The reaction was agitated on a vortex for
24 h at ambient temperature. The resulting solid-supported
ON-peptide conjugate was washed with DMSO (3 times), 50
mM EDTA (3 times), and CH3CN (3 times), and then air-
dried. The solid-supported ON2-P4 conjugate was then placed
in an Eppendorf tube with a screw cap, and 1 mL of aqueous
ammonia (28%) was added to deprotect and cleave the ON
from the solid support at room temperature overnight. The
resulting solution was then removed with a syringe, evaporated
and subjected to RP-HPLC on a C18 column with a linear
gradient from 10 to 35% of buffer B in buffer A over 30 min at
25 °C, tR = 19.2 min. ES−TOF mass m/z calcd (M−4)
2060.25, found 2060.40.

Synthesis of Oligonucleotide-bis-P4 Conjugate (ON3-
(P4)2). To the solid-supported ON3, containing two units of
the 5′-alkyne linker (15 mg, 0.5 μmol) in an Eppendorf tube,
the P4-aza peptide (4.65 mg, 5 μmol, 10 equiv, in 133 μL of
DMSO-H2O, 4:1 v/v) was added, followed by the addition of a
DIPEA solution (1.74 μL, 10 μmol, 20 equiv in 5 μL of H2O),
CuBr × Me2S (0.82 mg, 4 μmol, 8 equiv, in 15 μL of DMSO),
and 50 μL of DMSO. The reaction was agitated on a vortex for
24 h at ambient temperature. The resulting solid-supported
ON-peptide conjugate was washed with DMSO (3 times), 50
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mM EDTA (3 times), and CH3CN (3 times), and then air-
dried. The solid-supported ON3-(P4)2 conjugate was then
placed in an Eppendorf tube with a screw cap, and 1 mL of
aqueous ammonia (28%) was added to deprotect and cleave
the ON from the solid support at room temperature overnight.
The resulting solution was then removed with a syringe,
evaporated, and subjected to RP-HPLC on a C18 column with
a linear gradient from 0 to 100% of buffer B in buffer A over 30
min at 25 °C; tR = 13.3 min. ES−TOF mass m/z calcd (M−5)
1919.49, found 1919.63.
Synthesis of Oligonucleotide-tris-P4 Conjugate

(ON4-(P4)3). To the solid-supported ON4, containing three
units of the 5′-alkyne linker (15 mg, 0.5 μmol) in an
Eppendorf tube, the P4-aza peptide (7 mg, 7.5 μmol, 15 equiv,
in 133 μL of DMSO-H2O, 4:1 v/v) was added, followed by the
addition of a DIPEA solution (2.4 μL, 30 μmol, 60 equiv in 5
μL of H2O), CuBr ×Me2S (5.2 mg, 6 μmol, 12 equiv, in 15 μL
of DMSO), and 50 μL of DMSO. The reaction was agitated on
a vortex for 24 h at ambient temperature. The resulting solid-
supported ON-peptide conjugate was washed with DMSO (3
times), 50 mM EDTA (3 times), and CH3CN (3 times), and
then air-dried. The solid-supported ON4-(P4)3 conjugate was
then placed in an Eppendorf tube with a screw cap, and 1 mL
of aqueous ammonia (28%) was added to deprotect and cleave
the ON from the solid support at room temperature overnight.
The resulting solution was then removed with a syringe,
evaporated, and subjected to RP-HPLC on a C18 column with
a linear gradient from 0 to 50% of buffer B in buffer A over 30
min at 25 °C; tR = 21.3 min. ES−TOF mass m/z calcd (M−5)
2190.90, found 2191.19.
Synthesis of Oligonucleotide-P4 Internal Conjugate

(ON5-P4). To the solid-supported ON5, containing an
internally incorporated alkyne unit (0.1 μmol) in an Eppendorf
tube, the P4-aza peptide (0.74 mg, 0.8 μmol, 8 equiv, in 68 μL
of DMSO-H2O, 9:1 v/v) was added, followed by the addition
of a DIPEA solution (2.0 μL, 0.5 μmol, from a stock solution
of 957 μL of H2O and 43 μL of DIPEA) and CuI (0.2 μmol,
20 μL from a stock solution of 1.9 mg of CuI in 1 mL of
DMSO). The reaction was agitated on a vortex for 24 h at
ambient temperature. The resulting solid-supported ON-
peptide conjugate was washed with DMSO (3 times), 50
mM EDTA (3 times), and CH3CN (3 times), and then air-
dried. The solid-supported ON5-P4 conjugate was then placed
in an Eppendorf tube with a screw cap, and 1 mL of aqueous
ammonia (32%) was added to deprotect and cleave the ON
from the solid support at ambient temperature for 24 h. The
resulting solution was then removed with a syringe, evaporated,
and subjected to RP-HPLC on a C18 column with a linear
gradient from 0 to 50% of buffer B in buffer A over 45 min at
25 °C; tR = 20.1 min. ES−TOF mass m/z calcd (M−4)
1873.34, found 1873.82.
Synthesis of Oligonucleotide−Palmitic Acid Conju-

gate ON6-(PA). CPG-supported ON6 (0.25 μmol) contain-
ing the 5′-alkyne−(Fmoc)amino−alkyne sequence of linkers
was placed in a 2 mL Eppendorf tube with a screw cap, and the
solution containing 2% DBU and 5% piperazine in DMF (400
μL) was added. The resulting mixture was gently agitated on a
vortex for 2 min at ambient temperature. After that time, the
mixture was centrifuged and the solution above the support
was carefully removed using a syringe with a needle. The CPG-
supported oligonucleotide was then washed sequentially with
DMF (5 × 0.5 mL), CH3CN (3 × 0.5 mL), and
dichloromethane (3 × 0.5 mL), and then air-dried for 20

min. A small part of the resulting Fmoc-deprotected ON6 (1
mg) was cleaved from the solid support and deprotected for
analytical purposes using aqueous ammonia (32%) at 55 °C for
24 h. The crude Fmoc-deprotected ON6 was analyzed using
RP-HPLC on a C18 column with a linear gradient from 0 to
50% of buffer B in buffer A over 45 min at 25 °C; tR = 19.7
min. ES−TOF mass m/z calcd (M−4) 1821.75, found 1821.88.
The main portion of the Fmoc-deprotected CPG-supported
ON (0.22 μmol) was placed in a 2 mL Eppendorf tube with a
screw cap. Palmitic acid (6.4 mg, 0.025 mmol) was
preactivated with HBTU (9.48 mg, 0.025 mmol) and NMM
(27.5 μL 0.025 mol) in 250 μL DMF-dichloromethane (1:1, v/
v) by agitation for 25 min on a vortex, and was added to the
Eppendorf tube with the solid-supported ON. The resulting
mixture was agitated on a vortex for 2 h at ambient
temperature. After that time, the mixture was centrifuged
and the solution above the solid support was removed using a
syringe with a needle. The CPG-supported oligonucleotide
conjugate was washed sequentially with DMF (3 × 0.5 mL),
CH3CN (3 × 0.5 mL), and dichloromethane (3 × 0.5 mL),
and the air-dried. The resulting CPG-supported ON−palmitic
acid conjugate (1 mg) was treated with aqueous ammonia
(32%) for 24 h at 55 °C. The CPG was removed by filtration
using a Millex syringe-driven filter (0.22 μm) into a 50 mL
round-bottomed flask. The residue in the Eppendorf tube and
filter were washed with Milli-Q water (3 × 1 mL). The
combined filtrate was concentrated under reduced pressure at
30 °C, and the residue was dissolved in water, transferred to an
Eppendorf tube, and lyophilized. The crude deprotected ON
conjugate was subjected to RP-HPLC on a C18 column with a
linear gradient from 50 to 100% of buffer B in buffer A over 45
min at 25 °C to obtain ON6-(PA); tR = 42.9 min. ES−TOF
mass m/z calcd (M−4) 1881.35, found 1881.31.

Synthesis of Oligonucleotide tris-Conjugate ON6-
(MIF)-(PA)-(MIF). The CPG-supported ON6-(PA) (0.1
μmol) containing two alkyne units interspaced by the
palmitoylated amino-modifier at the 5′-terminus was placed
in a 2 mL Eppendorf tube with a screw cap. The azido-
functionalized MIF peptide (0.6 mg, 1.5 μmol, 15 equiv),
dissolved in 76 μL of H2O, was added. To the resulting
mixture, a DIPEA solution (4 μL from a stock solution of 1 mL
of H2O containing 43 μL of DIPEA) was added followed by
the addition of CuI (0.2 μmol, 20 μL from a stock solution of
19 mg of CuI in 5 mL of DMSO). The reaction mixture was
agitated on a vortex for 24 h at ambient temperature. After that
time, the mixture was centrifuged and the solution above the
solid support was removed using a syringe with a needle. The
CPG-supported ON conjugate was then washed sequentially
with DMSO (3 × 0.5 mL), EDTA in tert-butanol-H2O (1:1 v/
v, 4 × 0.5 mL), tert-butanol-H2O (1:1 v/v, 1 × 0.5 mL), and
CH3CN (2 × 0.5 mL), and air-dried. The resulting solid-
supported ON conjugate was treated with aqueous ammonia
(32%) for 48 h at ambient temperature. The CPG was
removed by filtration using Millex syringe-driven filter (0.22
μm) into a 50 mL round-bottomed flask, and the residue in the
Eppendorf tube and filter were washed with Milli-Q water (3 ×
1 mL). The combined filtrate was concentrated under reduced
pressure at 30 °C, the residue was transferred to Eppendorf
tube, and lyophilized. The crude deprotected ON conjugate
was analyzed (an aqueous solution containing EDTA was
added to the solution of crude ON-conjugate) using RP-HPLC
on C18 column with a linear gradient from 50 to 100% of
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buffer B in buffer A over 45 min at 25 °C; tR = 38.6 min. ES−
TOF mass m/z calcd (M−4) 2079.08, found 2079.50.
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Roger Strömberg − Department of Biosciences and Nutrition,
Karolinska Institutet, 14183 Huddinge, Sweden;
orcid.org/0000-0002-7902-2688

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c05075

Author Contributions
§D.H. and K.D. contributed equally to this paper. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully acknowledge funding from the Swedish
Research Council (Grant No. 2016-03283), Duchenne Parent
Project NL (Grant No. 17.013), Muscular Dystrophy
Association (Grant No. MDA602835), and the European
Commission: H2020 Marie Skłodowska-Curie Actions,
“MMBIO” (Grant No. 721613).

■ ABBREVIATIONS
ON, oligonucleotide; PS, phosphorothioate; AON, antisense
oligonucleotide; PAMBA, 4-((2-(prop-2-yn-1-yloxy)-
acetamido)methyl) benzoic acid; TFA, trifluoroacetyl;
MMTrCl, 4-methoxytrityl chloride; HOBt, 1-hydroxybenzo-
triazole; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; DMF, N,N-dimethylformamide; DMTrCl, 4,4′-
dimethoxytrityl chloride; THF, tetrahydrofuran; MeOH,

methanol; Et3N, triethylamine; EtOH, ethanol; HBTU,
N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hex-
afluorophosphate; DIPEA, N,N-diisopropylethylamine; Fmoc,
fluorenylmethoxycarbonyl; Su, succinimide; NMP, N-methyl-
pyrrolidone; BG, benzylguanine; EDTA, ethylenediaminetetra-
acetic acid; P4-N3, P4-aza peptide; Ac-MIF-N3, azido-
functionalized acetylated MIF-1 peptide; PA, palmitic acid;
BG-N3 or SNAP-Tag azide, azido-functionalized benzylgua-
nine; L, linker; DMSO, dimethyl sulfoxide; DBU, 1,8-
diazabicyclo[5.4.0]undec-7-ene; NMM, N-methylmorpholine;
DEA, diethylamine; Tac, 4-tert-butylphenoxyacetyl

■ REFERENCES
(1) Astakhova, K.; Ray, R.; Taskova, M.; Uhd, J.; Carstens, A.;
Morris, K. “Clicking” gene therapeutics: A successful union of
chemistry and biomedicine for new solutions. Mol. Pharmaceutics
2018, 15, 2892−2899.
(2) Taskova, M.; Mantsiou, A.; Astakhova, K. Synthetic nucleic acid
analogues in gene therapy: An update for peptide−oligonucleotide
conjugates. ChemBioChem 2017, 18, 1671−1682.
(3) Benizri, S.; Gissot, A.; Martin, A.; Vialet, B.; Grinstaff, M. W.;
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