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Abstract

Conditionally activated, caged morpholino antisense agents (cMOs) are tools that enable the 

temporal and spatial investigation of gene expression, regulation, and function during embryonic 

development. Cyclic MOs are conformationally gated oligonucleotide analogs that do not block 

gene expression until they are linearized through the application of an external trigger, such as 

light or enzyme activity. Here, we describe the first examples of small molecule-responsive cMOs, 

which undergo rapid and efficient decaging via a Staudinger reduction. This is enabled by a highly 

flexible linker design that offers opportunities for the installation of chemically activated, self-

immolative motifs. We synthesized cyclic cMOs against two distinct, developmentally relevant 

genes and demonstrated phosphine-triggered knockdown of gene expression in zebrafish embryos. 

This represents the first report of a small molecule-triggered antisense agent for gene knockdown, 

adding another bioorthogonal entry to the growing arsenal of gene knockdown tools.
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Graphical Abstract

INTRODUCTION

Oligonucleotide-based tools have found extensive application in the elucidation of gene 

function and genetic networks that dictate biological processes such embryogenesis 

and disease progression.1–3 Morpholino oligonucleotides (MOs) are well-established 

reagents that are used to sequence-specifically control gene expression during embryonic 

development by blocking translational start sites, sequestering microRNAs, and inhibiting 

mRNA splice sites.4–7

MOs induce gene (or microRNA) silencing almost immediately after injection into fertilized 

oocytes and persist in the developing embryo for up to 5 days due to their nuclease 

resistance.8 This lack of external control over their basal activity has been addressed through 

the development of caged MOs (cMOs), which render the MO inactive until it is stimulated 

with an external trigger. We and others have devised various MO caging strategies, including 

photolabile inhibitory duplexes,9–12 incorporation of photocaged nucleobases,13,14 and 

macrocyclization with photocleavable15–17 and enzyme-responsive linkers.18 The curvature 

induced by the end-to-end macrocyclization of MOs diminishes target mRNA binding, 

as the MO/mRNA heteroduplex has limited flexibility. Furthermore, cyclic cMOs can be 

generated in a few synthetic steps with virtually any MO and conditionally controlled linkers 

equipped with the proper reactive handles, thereby rendering this approach highly modular. 

Additionally, cyclic cMOs can be activated following a single triggering event, obviating the 

need for modified nucleobases or auxiliary oligonucleotides.

Herein, we report the first chemically activated MO. Small molecules have enormous 

potential as conditional triggers, as they are minimally invasive and can be applied with 

high temporal resolution. Furthermore, they do not require irradiation equipment and they 

can be easily applied to large numbers of embryos in parallel. Various bioorthogonal small 

molecule pairs have been proven to be useful probes, enabling studies into biological 

processes without perturbing the endogenous system.19–21 The Staudinger reduction and its 

variants are among the most bioorthogonal reactions and have consistently shown success in 

various demanding biological environments.21–25 Based on their biorthogonality and history 

of use in vivo,21 we selected the azide/phosphine pair to generate a cMO linker that is 

cleaved through a Staudinger reduction-induced self-immolation.
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RESULTS AND DISCUSSION

The cyclic p-azidobenzyl cMO is reduced following exposure to a phosphine trigger, 

forming a p-aminobenzyl intermediate. This intermediate then collapses, undergoing a 1,6-

elimination and subsequent decarboxylation to cleave the carbamate linkage. The resulting 

iminoquinone methide intermediate is then quenched with water.26–28 Upon cMO cleavage 

the active, linear MO is generated, allowing for hybridization to its target mRNA and 

silencing of gene expression (Figure 1). The mutual reactivity and enhanced orthogonality 

of the azide/triarylphosphine pair can be credited to its generally “soft” chemical nature, 

whereas most competing biological nucleophiles and electrophiles are primarily “hard” in 

character.21 Thus, this chemoselective pair is particularly attractive for achieving small 

molecule-mediated control of antisense function.

The linker is based on a p-azidobenzyl motif which, after exposure to a phosphine trigger, 

will undergo a self-immolative cleavage via a Staudinger reduction. We placed the azido 

group in the 6-position rather than the 4-position, as 1,6-eliminations occur nearly twice 

as quickly as 1,4-eliminations,28,29 and we expected reduced steric hindrance for the 

phosphine. In designing the linker, we utilized a carbamate leaving group, as it is stable 

to physiological conditions and well-established for self-immolation.28,30 Furthermore, the 

benzylic position of the linker was substituted, as this has been shown to accelerate self-

immolation by stabilizing the partial positive charge that develops during elimination.28 

These design considerations are supported by recent comparisons of azidobenzyl 

carbamates as phosphine-removable protecting groups in biological settings.25,31 Aside 

from the substituted p-azidobenzyl carbamate core, we functionalized the linker with 

N-hydroxysuccinimide (NHS) ester and chloroacetamide handles for cyclization of MOs 

modified at the termini with the proper amino and thiol handles.

The linker was synthesized in 10 steps from commercially available 4-aminoacetophenone 

(1) (Figure 2A). Diazotization and azide substitution of 1 yielded the aryl azide 2.25 

Bromination of 2 provided the α-bromo ketone 3,32 which was then transformed into the 

corresponding primary amine 4 utilizing hexamine in a Delépine reaction. The primary 

amine was then reacted with methyl adipoyl chloride to form the amide 5.33 Treatment 

with sodium borohydride reduced the ketone, affording alcohol 6, which was conjugated to 

ethylenediamine after activation with 1,1-carbonyldiimidazole (CDI) and was subsequently 

capped with 2-chloroacetyl chloride to form the chloroacetamide 7.15 Saponification of 

the methyl ester 7 with aqueous lithium hydroxide afforded the corresponding carboxylic 

acid 8, which was activated to the NHS-ester using O-(N-succinimidyl)-N,N,N′,N′-
tetramethyluronium tetrafluoroborate (TSTU) to provide the final linker 9.

The linker 9 was then used to prepare a cyclic p-azidobenzyl cMO targeting the T-

box transcription factor Ta (tbxta), also commonly referred to as no tail a (ntla, 5′-
GACTTGAGGCAGACATATTTCCGAT-3′, anti-start codon underlined) (Figure 2B). The 

ntla MO was purchased (GeneTools, LLC) with 5′-amine and 3′-disulfide modifications 

to allow for bioconjugation to the small molecule linker. In previously reported 

macrocyclization protocols, the amine was first reacted with the NHS ester prior to 

thiol reduction and subsequent cyclization via an intramolecular thioether formation.15,16 

Darrah et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2022 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, to avoid premature reduction of the azide linker, the reduction step must 

be performed first. As such, the MO was first incubated with resin-immobilized tris(2-

carboxyethyl)phosphine (TCEP) to reduce the 3′-disulfide, generating the free thiol. The 

reduced MO was then reacted with excess linker 9. Analysis of the reaction progression 

by MALDI-TOF MS revealed that the NHS-ester moiety of 9 first reacted with the 

primary amine on the MO, forming an amide linkage to the 5′-termini (Figure S1 

in the Supporting Information). The conjugated product then underwent a spontaneous, 

intramolecular cyclization through the reaction of the free 3′-thiol on the MO with the 

chloroacetamide moiety on the linker to generate the desired cMO macrocycle. Undesired, 

linear MO reaction species were removed from the reaction mixture using iodoacetyl- 

and NHS-functionalized resins and purification by high-performance liquid chromatography 

(HPLC).

We first sought to evaluate phosphine-triggered decaging using a model fluorescence-based 

system. We designed and synthesized the dextran-conjugated caged Q-rhodamine sensor 

10. We chose Q-rhodamine as the fluorescent core due to its excellent photostability, 

high extinction coefficient (>80000 M−1 cm−1),34 quantum yield of almost 1,35 and the 

ability to utilize the near total loss of fluorescence upon amino group acylation for our 

caging approach.36 We installed two p-azidobenzyl carbamates, which upon exposure 

to a phosphine undergo a Staudinger reduction-mediated self-immolation as previously 

described, thus generating the free fluorophore 11 (Figure 3A). With the sensor 10a in 

hand, a small panel of phosphines were screened for fluorescence activation of the sensor 

(Figure 3B,C). While inactivation of phosphines by oxidation is well-documented, the 

relatively low solubility of oxygen in water,37 coupled with the slow rate of oxidation 

for triarylphosphines, makes these reagents useful for biological studies on the time 

scale of regulation and perturbation of gene function during development. Based on 

previous reports,23,31,38 2-(diphenylphosphino)benzamide (2DPBM) was selected, as it 

has repeatedly demonstrated superior activation kinetics. Further, it is relatively stable 

to oxidation, soluble up to 100 μM in water, and nontoxic, making it practical for 

use in biological experiments. These properties stem from the ortho-amido group that 

enhances solubility and improves hydrolysis kinetics via a neighboring-group effect.38 

The corresponding carboxylic acid, 2DPBA, has enhanced solubility, in addition to the 

same set of desirable properties, and was evaluated alongside 2DPBM. In an effort to 

enhance the neighboring-group effect by increasing electron density at the amide with 

minimal perturbation to the P(III) center, a methoxy group was installed at the 4-position 

(4-OMe-2DPBM). Finally, 4DPBA and 4DPBM were evaluated as controls that are unable 

to exhibit the neighboring-group effect. Overall, 2DPBM showed the best activation kinetics, 

decaging the sensor rapidly (t1/2 ≈ 11 min) in comparison to other phosphines tested at the 

same concentration (50 μM).

For testing of our chemical decaging strategy in zebrafish embryos, the rhodamine sensor 

was conjugated to an aminemodified dextran polymer via NHS-activation of the carboxylate 

functionality on the pendant aryl ring, generating 10b. Dextran-conjugated fluorophores 

have a long history of use in zebrafish embryos,39–43 as they are nontoxic, hydrophilic,44 

and prevent diffusion out of the blastomeres.41,45
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2DPBM was chosen as the phosphine trigger, as it demonstrated the fastest kinetics in 

our initial screening and has been previously been used for Staudinger reductions in 

mammalian cells.23,25 As discussed above, phosphines are susceptible to oxidation, and 

while the half-life of 2DPBM under aquaculture conditions is ~200 min (Figure S2 in the 

Supporting Information), we anticipate the rate of phosphine oxidation to be accelerated 

within a metabolically active zebrafish embryo. To ensure the integrity and availability 

of the phosphine trigger, treated embryos were soaked in E3 water supplemented with 

2DPBM and the medium was refreshed once after the initial treatment. Previous reports 

demonstrate rapid diffusion of small molecules into zebrafish embryos, suggesting this 

method to be a quick and efficient means of compound delivery.46 Furthermore, pulsed 

phosphine dosing has been demonstrated as a more effective regimen than single dosing 

in the release of azido-modified prodrugs in mammalian cell culture.27 Accordingly, no 

toxicity was observed in zebrafish embryos treated with 2DPBM (100 μM), for varying 

durations of phosphine exposure (Figure S3 in the Supporting Information).

Zebrafish embryos at the 1-cell stage were microinjected in the yolk with the sensor 10b, 

and fluorescence activation was monitored over the first 8 h of embryonic development 

(Figure 4A). Reagents microinjected into the yolk prior to the 8-cell stage are globally 

distributed to the developing embryo via cytoplasmic bridging between the yolk and 

the dividing cells.41 At 2 h post-fertilization (hpf), the injected zebrafish embryos were 

transferred to E3 water supplemented with 2DPBM (100 μM) and were incubated at 29 

°C for the indicated amount of time (30, 60, or 90 min). The fish water was refreshed 

with 2DPBM-supplemented water, and the embryos were soaked for an amount of time 

equivalent to that of the first exposure before being transferred into phosphine-free E3 

water. Fluorescence activation of the sensor was observed within 30 min of 2DPBM 

exposure, suggesting efficient delivery through embryo soaking (Figure 4B and Figure 

S4 in the Supporting Information). Furthermore, no fluorescence increase was detected in 

injected embryos in the absence of 2DPBM. These results indicate that the p-azidobenzyl 

carbamate is stable in the developing zebrafish embryo environment, despite previous 

reports speculating that aromatic azides are susceptible to metabolic reduction in vivo.47 

Together, these results demonstrate that 2DPBM permeates through the chorion into the 

embryo and validates the quick Staudinger reduction-mediated decaging in vivo.

Having validated the chemical activation of the p-azidobenzyl-caged fluorescent sensor, we 

next sought to evaluate small molecule-triggered activation of MO function. ntla encodes the 

zebrafish ortholog of Brachyury, a T-box transcription factor required for axial mesoderm 

development.48–50 We first analyzed phosphine-triggered linearization of our p-azidobenzyl 

ntla cMO in vitro (Figure S5 in the Supporting Information). The cMO was diluted to a 

final concentration of 6 μM (so as to mimic the conditions utilized for zebrafish studies)51 

and incubated in the presence of DMSO or 2DPBM at 29 °C. Cleavage of the cMO was 

assessed by MALDI-TOF mass spectrometry. Gratifyingly, in the presence of 2DPBM full 

linearization of the ntla cMO was observed, as indicated by the detection of the masses 

consistent with the cleaved iminoquinone methide intermediate and the quenched product. 

The detection of these linearized products suggests that the self-immolative mechanism of 

linker cleavage proceeds via the anticipated Staudinger reduction-induced 1,6-elimination 
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discussed previously (Figure 1). Furthermore, no linearized MO products are detected when 

the cMO is treated with vehicle (DMSO) alone, suggesting that the cMO is stable and 

linearization is chemoselectively induced through a phosphine-mediated azide reduction.

We next sought to determine if phosphine-triggered linearization would also rescue the 

MO silencing function. The ability of photocaged cMOs to bind to their target sequences 

following irradiation has previously been exclusively evaluated with biophysical assays, 

including melt temperature measurements, fluorescence activation of molecular beacons, 

and gel shift assays.13,15,17 However, these assays solely measure target hybridization 

and do not directly reflect how a cyclic, and subsequently linearized, MO will function 

within the context of mRNA translation. Thus, we adopted a lysate-based translation 

system to screen phosphine-triggered MO function in vitro.52,53 We generated a luciferase 

reporter construct in which the ntla MO binding sequence (ntlaBS) was cloned directly 

upstream of and in frame with the firefly luciferase coding sequence (ntlaBS-Fluc). In the 

presence of a linear ntla MO, the expression of the corresponding ntlaBS-Fluc mRNA is 

repressed due to sequence-specific hybridization of the MO to the target mRNA, blocking 

the translational machinery from accessing the start codon (Figure 5A). We observed 

a dose-dependent inhibition of luciferase expression with increasing concentrations of 

linear ntla MO and nearly full silencing at 2 μM (Figure 5B). When it was treated 

at the same concentration, the cyclic p-azidobenzyl ntla cMO exhibited no significant 

reduction in luciferase expression, indicating that the target binding and silencing activity 

is impeded by the cMO curvature. Further, the reticulocyte lysate is supplemented with 

thiol-based reducing agents, dithiothreitol and cysteine, further supporting the stability of the 

p-azidobenzyl carbamate to the endogenous reducing environment. It is only after activation 

with 2DPBM that nearly full silencing of luciferase expression, identical with that observed 

with the linear ntla MO, is observed (Figure 5C). These results indicate that the developed 

cMO provides an excellent small molecule ON to OFF switch of gene function, based on a 

Staudinger reduction.

Having established efficient, conditional control of ntlaBS-driven reporter gene expression 

in vitro, we next investigated the ability of our cyclic p-azidobenzyl ntla cMO to 

regulate endogenous ntla expression in zebrafish embryos using small molecule control. 

Silencing of ntla expression during the early stages of embryo development induces distinct 

morphological defects, including a loss of notochord cells, posterior truncation, and U-

shaped somites, which are evident at 24 hpf (Figure 6A).48,49 Zebrafish embryos were 

microinjected with 100 pg of a negative control MO, a linear ntla MO, or our cyclic 

ntla cMO. At ~2–3 hpf, embryos were transferred to E3 water supplemented with either 

DMSO (0.2%) or 2DPBM (100 μM) and soaked following the 2 × 90 min treatment 

regimen that we identified as highly efficient in Figure 4A. Following treatment, the 

embryos were transferred to E3 water and incubated until 24 hpf, at which point they 

were analyzed for the ntla loss-of-function phenotype (Figure 6A). Since the hallmark 

indicator of the ntla morphant phenotype includes loss of posterior tissue, the phenotypic 

strength was scored based on the quantification of shortened embryo body length (Figure 

S6 in the Supporting Information). Embryos injected with the cyclic p-azidobenzyl ntla 
cMO and exposed to DMSO exhibited minimal phenotypic changes. These results are 

consistent with our luciferase reporter assay (Figure 5C), indicating that the curvature 
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induced through macrocyclization with our p-azidobenzyl linker is sufficient to block MO 

activity in vivo. The cMO remains functionally inert until treatment with 2DPBM, as 

evidenced by 82% of cMO-injected embryos exhibiting a strong ntla morphant phenotype 

after treatment with the small molecule phosphine trigger. Furthermore, wild-type zebrafish 

embryos treated with 2DPBM at the same concentration and duration exhibit no obvious 

toxicity or developmental defects (Figure S3 in the Supporting Information), supporting 

that the phenotypic result can be specifically attributed to MO-induced gene silencing and 

establishing the Staudinger reduction as a potentially broadly applicable conditional control 

mechanism for biological processes in the zebrafish model.

To demonstrate the robustness of our approach, we synthesized a second cyclic p-

azidobenzyl cMO targeting tbx16. tbx16, also commonly known as spadetail (spt), is a 

T-box transcription factor in zebrafish that works in tandem with ntla to regulate the fates of 

paraxial mesoderm progenitor cells during trunk development.50,54–56 Embryos lacking spt 
function fail to form trunk somites, and the progenitor cells that would normally contribute 

to those mesodermal derivatives are mislocalized to the tail. The resulting tail morphology 

serves as the predominant indicator of the spt phenotype (Figure 6B).57,58

Zebrafish embryos were injected with the cyclic spt cMO and soaked in E3 water 

supplemented with DMSO (negative control) or 2DPBM (100 μM), following the same 

treatment regimen established for conditional ntla silencing. At 24 hpf, embryos were 

scored for a loss-of-function spt phenotype (Figure 6B). Zebrafish embryos injected with 

the cMO and soaked with vehicle (0.2% DMSO) demonstrate minimal phenotypic response 

(16%), consistent with that observed following injection of the cyclic ntla cMO. Following 

soaking with the phosphine trigger, MO-mediated spt silencing is efficiently rescued, as 

evidenced by the majority of embryos exhibiting a strong spt morphant phenotype (84%), 

comparable to that observed in embryos injected with the linear spt MO. Taken together, 

these results validate that bioorthogonal small molecules, such as azides and phosphines, 

can be effectively engineered into molecular switches to regulate gene expression in live 

animals.

CONCLUSION

In summary, we have successfully demonstrated the first example of a chemically 

controlled oligonucleotide-based tool to regulate gene function in vitro and in vivo. By 

exploiting the biorthogonality of the Staudinger reduction, we designed and synthesized a 

p-azidobenzyl linker that can undergo self-cleavage following exposure to a small molecule 

phosphine trigger. The use of a Staudinger reduction as an effective and rapid chemical 

decaging strategy was established through the successful, phosphine-triggered activation of 

a rhodamine-based fluorescent sensor. Furthermore, the caged fluorophore demonstrated the 

stability of aryl azide-based caging groups in an aquatic embryo. Based on these results, we 

then demonstrated the efficient rescue of MO-mediated silencing function following small 

molecule exposure, as evidenced by the silencing of reporter gene expression in a lysate 

translation system. Finally, the functionality and robustness of our modular approach for 

controlling endogenous gene expression with p-azidobenzyl cMOs were validated through 
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small molecule-triggered silencing of two separate, developmentally relevant genes in 

zebrafish embryos.

The strategy disclosed herein complements the current suite of optically and enzymatically 

triggered antisense agents and introduces, for the first time, small molecule control of 

nucleic acid function. The phosphine trigger induces rapid cMO activation with precise 

temporal resolution and enables user-controlled gene silencing in deep and opaque 

tissues, overcoming some of the limitations of optochemical and optogenetic approaches. 

Additionally, the modularity of our azidobenzyl linker allows applications to other antisense 

reagents and small molecule control of oligonucleotide function in general. The approach 

presented herein should be amenable for regulating gene expression in cultured cells and 

non-aquatic animal models.59 We anticipate that small molecule-activated cMOs will nicely 

complement current cyclic cMO strategies and can be used in combination with other 

methods to independently control the expression of a single gene within synchronous multi-

gene networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Following exposure to a phosphine trigger, the p-azidobenzyl linker undergoes a Staudinger 

reduction, forming a p-aminobenzyl intermediate. The linker then rapidly self-cleaves via a 

1,6-elimination and subsequent decarboxylation to generate the active, linearized MO, which 

can then hybridize to target mRNAs and silence gene expression.
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Figure 2. 
(A) Synthesis of p-azidobenzyl MO linker 9. (B) Application of the linker in the synthesis of 

the cMO targeting ntla.
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Figure 3. 
(A) The Q-rhodamine fluorophore is caged with p-azidobenzyl carbamates. Following 
treatment with phosphine, fluorescence is activated via Staudinger reduction-induced 

decaging. (B) Structures of phosphines. (C) The fluorescence activation of the sensor (5 μM) 

was monitored over time following incubation with various phosphines (50 μM) at 29 °C. 

Error bars represent standard deviations from the average of three independent experiments.
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Figure 4. 
(A) Representative images of zebrafish embryos injected with 10b and soaked in E3 

water supplemented with 2DPBM (100 μM) for various durations. (B) Quantification of 

rhodamine fluorescence (n = 5 embryos/condition) demonstrates efficient activation of 10b 
following phosphine treatment and supports the micrograph findings. Error bars represent 

standard deviations from the average of 5 embryos.

Darrah et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2022 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) In the presence of the cyclic p-azidobenzyl ntla cMO, luciferase is expressed, as 

cyclization impedes target binding and masks antisense activity. Treatment with phosphine 

induces cMO cleavage, generating the active, linearized MO which represses luciferase 

expression. (B) Titration of linear ntla MO induces dose-dependent silencing of Fluc 

expression. (C) Nearly complete silencing of Fluc expression is observed following 

2DPBM-mediated activation of the cyclic p-azidobenzyl ntla cMO, while no effect on 

reporter expression is observed with cMO alone. Data represent the means ± standard 

deviation from at least three independent experiments.
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Figure 6. 
(A) Representative images of ntla morphant phenotypes in zebrafish embryos at 24 hpf and 

phenotypic scoring of embryos injected with the indicated morpholino reagent and soaked 

in E3 water supplemented with DMSO (0.2%) or 2DPBM (100 μM). (B) Representative 

images of spt morphant phenotypes in zebrafish embryos at 24 hpf and phenotypic scoring 

of zebrafish embryos injected with the indicated morpholino reagents and soaked in E3 

water supplemented with DMSO (0.2%) or 2DPBM (100 μM). The scale bar equals 1 mm.
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