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Abstract

A new chemical strategy has been developed to generate de novo signaling pathways that link a 

signaling molecule, H2O2, to different downstream cellular events in mammalian cells. This 

approach combines the reactivity-based H2O2 sensing with the chemically induced protein 

proximity technology. By chemically modifying abscisic acid with an H2O2-sensitive boronate 

ester probe, novel H2O2 signaling pathways can be engineered to induce transcription, protein 

translocation and membrane ruffle formation upon exogenous or endogenous H2O2 stimulation. 

This strategy has also been successfully applied to gibberellic acid, which provides the potential to 

build signaling networks based on orthogonal cell stimuli.

Graphical Abstract

Nature evolves sophisticated cell signaling circuits that convert perceived environmental 

signals into proper cellular responses to maintain normal function of cells. Recent efforts 

have been dedicated to engineer predictable and tailored cellular functions in response to 

detected stimuli by rewiring or creating synthetic signal transduction pathways.1–3 These 

efforts contribute to the understanding of how sophisticated cellular functions and behaviors 
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are built and hold great promise for biological computing4,5 and novel therapeutic 

applications.6,7

To create a synthetic signaling pathway, one needs to consider how to create a sensing unit 

that can recognize only the chosen signal, how to transmit and process the detected signal, 

and how to link a processed decision to a desired functional output. Most of the current 

methods to engineer synthetic pathways that respond to cellular signals rely on either 

rewiring nature-evolved pathways or creating de novo synthetic pathways by evolving and 

selecting novel signaling parts.8 The first approach requires extensive knowledge of native 

cell signaling pathways and is limited to existing pathways in nature. The second approach 

can potentially provide unlimited possibility in constructing new signaling pathways. 

However, it requires substantial efforts and may still not obtain functional products as 

desired. The engineering information that is gained is also less likely to be transferable to 

the design of a new signaling component.

The chemically induced proximity (CIP), or chemically induced dimerization (CID), 

technology has been developed to regulate biological processes using exogenous chemical 

inducers.9 Each CIP inducer triggers the association between two unique inducer-binding 

adaptor proteins that are fused individually to two other proteins of interest (POIs). 

Depending on the choice of POIs, it has been shown that different types of downstream 

biological events can be triggered by the stimulation of these exogenous inducers.9–11 This 

technology provides a rapid and modular way to create novel CIP inducer-responsive 

synthetic signaling pathways. Several orthogonal CIP systems using different chemical 

inducers, including rapamycin, abscisic acid (ABA), gibberellic acid (GA), and other 

synthetic ligands,9,12,13 have been developed for broad biological applications.

H2O2 is a member of the reactive oxygen species (ROS) and an important diffusible 

secondary messenger in biological systems.14 It plays critical roles in several biological 

processes (e.g., signal transduction, cell differentiation, and apoptosis) and human diseases 

(e.g., cancer and neurodegenerative diseases).15–19 Here, we report a novel chemical strategy 

to create de novo H2O2 signaling pathways that can be tailored to give desired downstream 

biological outcomes by integrating the CIP methods and the H2O2 sensing technology. We 

showed that new signaling pathways can be engineered to link the H2O2 signal to otherwise 

unrelated cellular processes, including expression of chosen genes, translocation of chosen 

proteins, and remodeling of cytoskeleton through activating endogenous Rac1 signaling.

In the design of an H2O2-signaling inducer, an H2O2 responsive masking group is 

incorporated into a CIP inducer to abolish the protein dimerization ability of the inducer. It 

is expected that the modified inducer remains inactive until being exposed to H2O2. H2O2 

then promotes the chemical cleavage of the masking group to regenerate the original CIP 

inducer that triggers the predesigned biological effects (Figure 1A).

To explore the feasibility of this strategy, we first focused on the ABA CIP system that we 

developed.12 ABA binds selectively to the PYL protein and causes a conformational change 

of PYL to create a surface that can subsequently bind the ABI protein. On the basis of the 

crystal structure, ABA is totally embedded within the PYL pocket where it makes extensive 
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contacts.20 We hypothesize that any chemical modification of ABA will likely disrupt its 

binding to PYL and therefore abolish the induced association between PYL and ABI. By 

modifying ABA with a chemical moiety that can be removed by H2O2, the ABA-based CIP 

activity should then be controlled by H2O2. We have recently shown that modifications at 

the carboxylic acid group on ABA, which engages in critical hydrogen bonding to PYL,20 

disrupted the CIP activity of the caged ABA.21 We expect that a similar strategy can be used 

to install an H2O2-sensing unit onto ABA to mask its CIP activity. Several H2O2-responsive 

fluorescent probes have been developed.22 H2O2-inducible systems that control transcription 

or cellular targeting were also reported.23,24 In these studies, a boronate ester moiety was 

used as the H2O2-sensing unit. We reason that when ABA is equipped with the same 

boronate ester moiety, the ABA-inducible CIP should then be controlled by H2O2.

To examine the feasibility of this strategy, we synthesized an H2O2-responsive boronate-

conjugated ABA, referred to as ABA-HP (Figure 1B), which is expected to convert back to 

ABA upon the exposure to H2O2 (Supplementary Figure S1) based on a reported oxidative 

cleavage mechanism.22 Monitored by HPLC, we observed that, without H2O2, ABA-HP was 

not hydrolyzed to give ABA in HEPES buffer at 37 °C throughout the 24 h observation 

period (Figure 1C). A dimer was observed (based on mass spectrometry analysis, 

Supplementary Figures S2 and S3) during this incubation period, which was likely formed 

through the coordination between the electron deficient boron on ABA-HP with an oxygen 

lone pair on another molecule of ABA-HP. Upon the addition of H2O2, ABA-HP started to 

convert back to ABA within minutes, and the transformation was completed in 4 h (Figure 

1C and Supplementary Figure S2). Following the cleavage process using HPLC, we 

observed that besides the regenerated ABA and the dimeric ABA-HP, another peak 

appeared, which was converted to ABA at later time points and was likely an intermediate of 

the conversion (Supplementary Figure S1). To confirm that the dimeric ABA-HP can be 

converted to ABA, we preincubated ABA-HP in HEPES buffer to form the dimer and then 

treated it with H2O2. We found that ABA can indeed be generated from this dimer 

(Supplementary Figure S4). Next, we tested the selectivity of ABA-HP toward H2O2 over 

other ROS, metal ions, and signaling molecules. ABA-HP was incubated with different 

molecules as indicated in Figure 1D for 4 h, and the products were analyzed using HPLC. 

ABA-HP was found to be unreactive to all molecules tested at 100 μM (Figure 1D, 

Supplementary Figures S5 and S6), except Cu+ and Cu2+, which produced a minimal 

amount of cleavage but were later shown to have no effects at the more physiologically 

relevant concentration of 10 μM (Figure 1D, Supplementary Figure S7).

To test if this strategy works in cells, we first investigated whether the H2O2 signal can be 

linked to activate transcription since most cell signaling events eventually lead to gene 

expression. We used an HEK293T stable cell line, in which enhanced GFP (EGFP) 

expression occurs only in the presence of functional ABA.21 This cell line has both the 

ABA-responsive split transcriptional activator DNA fragment (VP-PYL and GAL4DBD-

ABI linked by IRES)12 and an inducible EGFP DNA fragment (with 5xUAS) inserted into 

the genome (Figure 2Ai). To determine if the ABA generated from the H2O2-induced 

cleavage of ABA-HP is biologically active, we tested its ability to induce EGFP expression 

in this HEK293T reporter cell line. We precleaved ABA-HP with H2O2 and added the 

resulting products to the HEK293T cells. After incubation for 7 h, EGFP production was 
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observed under a fluorescence microscope (Supplementary Figure S8). This result indicates 

that the regenerated ABA is indeed biologically active. On the contrary, uncleaved ABA-HP 

failed to induce EGFP expression, which confirmed that the boronate modification blocked 

the activity of ABA as expected. We next tested whether ABA-HP can respond to H2O2 in 

cell culture conditions and cause the gene expression to be activated by H2O2 in cells. It has 

been reported that the endogenous H2O2 concentrations of tissue samples vary from 10 to 

100 μM range and that the pathologic tissues usually have even higher levels of H2O2.25–29 

We therefore tested the response of our system to H2O2 at micromolar concentrations in 

living cells. The HEK293T reporter cells were treated with no drug, 10 μM ABA, ABA-HP, 

or ABA-HP plus 10, 50, or 100 μM H2O2 for 5 to 24 h. The expression of EGFP was 

monitored at indicated time points using a fluorescence microscope. The EGFP expression 

was detected only when ABA, or ABA-HP plus H2O2, were added (Figure 2B, 

Supplementary Figure S9). These results confirm that the H2O2-induced cleavage of ABA-

HP generates functional ABA in situ. Notably, we observed differential levels of EGFP 

production when different amounts of H2O2 were added. The ABA CIP system is known to 

give a wide-range of dosage response.12 These results indicate that this dosage response can 

be reproduced in the ABA-based H2O2-inducible system. This property can be useful for 

converting differential levels of H2O2 signals into different levels of transcription activity.

One concern for the stability of ABA-HP in cells is the existence of an ester linkage in the 

molecule, which may be susceptible to the hydrolysis by cellular esterases. In the above 

experiments, only a minimal level of the EGFP expression was observed within a 10 h 

period following the addition of ABA-HP in the absence of H2O2 (Figure 2B). This result 

suggests that the rate of ABA built up from the esterase cleavage of ABA-HP may be much 

slower than the H2O2-promoted cleavage. We suspect that the bulky benzyl boronate moiety 

may contribute to the enhanced stability when compared to simple ester structures 

commonly used in pro-drugs. With an extended incubation period (24 h), the EGFP 

expression was indeed observed (Supplementary Figure S9). When using a more sensitive 

ABA-inducible luciferase reporter assay,12 ABA-HP alone indeed induced observable 

luciferase expression in a shorter time (within 6 h), although free ABA induced a much 

higher expression of luciferase (Supplementary Figure S10). These results indicate that 

further structural modifications of the boronate probe (e.g., increasing structural bulkiness 

near the ester linkage)30 will be required to increase the cellular stability of ABA-HP for 

applications requiring extended incubation periods.

Many signaling events are regulated through the dynamic subcellular translocation of 

proteins. To test if we can redirect the H2O2 signal to control protein translocation, we used 

a reported ABA-inducible EGFP nuclear export system consisting of NES-ABI and EGFP-

PYL DNA constructs (Figure 2Aii).12 CHO cells were transfected with both plasmids for 24 

h and then incubated without additive, or with 10 μM ABA, ABA-HP, or ABA-HP plus 100 

μM H2O2 for 30 min. The subcellular localization of the EGFP-PYL fusion protein was 

monitored under a fluorescence microscope, and the percentage of cells showing nuclear 

export in each condition was quantified (Figure 2C). EGFP-PYL showed pan-cellular 

distribution in the absence of ABA and was localized outside of the nucleus when ABA was 

added. ABA-HP alone did not change the subcellular location of EGFP-PYL. However, the 

addition of ABA-HP plus H2O2 caused rapid nuclear export of EGFP-PYL similar to the 
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case when ABA was added. When different concentrations of H2O2 were added, dosage-

dependent responses were also observed based on the percentage of cells showing nuclear 

export (Figure 2C). The lowest detection limit for H2O2 was observed to be around 1 μM. To 

characterize and correlate the kinetics of H2O2-promoted ABA-HP cleavage and H2O2-

induced protein translocation, the ABA-HP cleavage and the EGFP-PYL nuclear export 

were monitored immediately after ABA-HP and H2O2 addition (from 5 to 30 min, 

Supplementary Figure S11). Followed by HPLC, we observed that ABA was rapidly 

generated in 5 min, and the amount was increased with longer incubation periods. It 

correlated well with the observation that the EGFP nuclear export occurred at around 5 min, 

and the percentage of cells showing EGFP-PYL translocation also increased with longer 

incubation periods. These results indicate fast kinetics of ABA-induced dimerization 

between PYL and ABI. To determine changes at the single cell level, we performed live-cell 

imaging using a confocal microscope and quantified the fluorescence intensity inside and 

outside the nucleus of a cell at different time points after ABA or ABA-HP plus H2O2 was 

added to the transfected cells (Supplementary Figure S12). Consistent with previous 

observations, cells started to show decreased fluorescence intensity in the nucleus at around 

5 min and continuing to decrease thereafter. These results demonstrate that we can link the 

H2O2 signal to the translocation of a protein to a chosen subcellular location. Several 

localization signal peptides have been reported,31 which can be used in our system to 

transport chosen proteins to different subcellular locations upon the stimulation of H2O2.

With this rapidly responsive protein translocation assay at hand, we re-evaluated the stability 

of ABA-HP against esterases in biological environments (both in cells and in the serum). 

CHO cells were transfected with the inducible nuclear export DNA constructs for 24 h and 

then incubated either with ABA-HP for 30 min to 4 h or with ABA-HP that was 

preincubated (for 30 min to 4 h at 37 °C) with nonheat-inactivated fetal bovine serum (FBS) 

for 30 min in cells (Supplementary Figure S13). The nuclear export of EGFP-PYL was used 

as an indication of the ABA-HP hydrolysis. It was found that ABA-HP was relatively stable 

in cells within 30 min as only a minimal percentage of cells showed nuclear export. To rule 

out the possibility that there may be endogenous H2O2 that could also cleave ABA-HP to 

give ABA, control experiments were conducted in which cells were pretreated with catalase, 

an enzyme that has been used to quench H2O2 in cellular experiments,32 for 1 h before 

adding ABA-HP. No difference in the percentages of cells showing nuclear export was 

observed with or without catalase pretreatment. These results suggest that the observed 

ABA-HP hydrolysis is likely caused by esterases. To our surprise, ABA-HP that was 

preincubated with FBS up to 4 h did not lead to obvious nuclear export when incubated in 

cells for 30 min. If any cleavage of ABA-HP caused by FBS occurred before adding to cells, 

a much higher ratio of cells showing nuclear export would be expected. This observation 

suggests that ABA-HP is stable in FBS for at least 4 h. The difference in results between the 

incubation in cells and in FBS may likely be due to the different level of esterases in each 

condition.

To further investigate whether we can integrate the de novo H2O2 signal components into an 

endogenous signaling network, we examined the possibility of routing the H2O2 signal to 

induce membrane ruffling through the activation of the endogenous Rac1 signaling pathway. 

Tiam1 is a guanine exchange factor for Rac1, which is a member of Rho GTPase. The 
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membrane translocation of Tiam1 activates Rac1 signaling and induces ruffle formation.33 

We constructed an ABA-inducible Tiam1 membrane localization system, which consists of 

DNA plasmids encoding the membrane-localized ABI (myr-ABI)12 and the cytoplasmic 

EGFP/PYL-fused Tiam1 (PYL-EGFP-Tiam1) (Figure 2Aiii). CHO cells were transfected 

with these plasmids for 24 h and then incubated for 30 min without additive, or with 10 μM 

ABA, ABA-HP, or ABA-HP plus 100 μM H2O2. The ruffle formation was analyzed by 

counting the number of cells showing morphological changes among all EGFP positive cells 

using a confocal microscope. As expected, only when cells were treated with ABA, or ABA-

HP plus H2O2, did they show increased ruffle formation (Figure 2D). Either ABA-HP or 

H2O2 alone gave background levels of ruffling similar to those without drug addition. These 

results indicate that the ruffling was caused by the presence of free ABA instead of by H2O2 

alone. To further confirm that the observed ruffling was induced through activating the 

endogenous Rac1 signaling, the transfected cells were treated with a Rac1 inhibitor, NSC 

23766 (50 μM), for 1 h before adding ABA or ABA-HP plus H2O2. NSC 23766 is known to 

block the binding between Tiam1 and Rac1 and inhibit the activation of Rac1 signaling.34 

The NSC 23766 treatment lead to decreases in the percentage of cells showing ruffling in 

both cases of ABA and ABA-HP plus H2O2 addition (Figure 2D), which indicated that the 

Tiam1-activated Rac1 signaling was indeed involved in the observed H2O2-induced ruffling. 

To examine whether the degree of ruffling can be reduced to the background level, we used 

higher concentrations of NSC 23766, which, however, led to severe cell death. Alternatively, 

when we treated cells with lower concentrations of ABA-HP (5 μM) and H2O2 (50 μM), the 

ruffling was indeed reduced to the background level with the NSC 23766 (50 μM) treatment 

(Supplementary Figure S14). Overall, the above results demonstrate that our approach 

enabled an endogenous signaling pathway to become responsive to a new signal (i.e., H2O2), 

which is not normally associated with the pathway in the tested cell type.

We next tested whether the created H2O2 signaling system can respond to endogenously 

generated H2O2 instead of exogenously applied H2O2 as in previous experiments. It has 

been reported that A431 cells can be stimulated by epidermal growth factor (EGF) to 

produce H2O2 in micromolar concentrations.35,36 A431 cells were transfected with the 

inducible EGFP nuclear export DNA constructs for 24 h and then treated with no drug, 

ABA-HP alone, 10 μM ABA-HP plus 100 μM H2O2, or 10 μM ABA-HP plus 500 or 1000 

ng/mL of EGF. The percentage of cells showing EGFP-PYL nuclear export in each 

condition was then quantified using a fluorescence microscope. The EGFP nuclear export 

was readily detected within 30 min after EGF stimulation, which was similar to the case 

when cells were stimulated by exogenous H2O2 (Figure 2E). No obvious EGFP nuclear 

export was observed without EGF stimulation. To confirm that H2O2 was indeed generated 

by the EGF stimulation to give the observed EGFP-PYL translocation, the EGF-stimulated 

cells were treated with catalase for 1 h before adding ABA-HP. The level of EGFP nuclear 

export was found to reduce to a level similar to the case when cells were treated with ABA-

HP only (without H2O2 or EGF) (Figure 2E). These results clearly demonstrate that the 

engineered H2O2 signaling system can respond to the H2O2 generated endogenously in cells.

We expect that the same strategy can be expanded to other CIP inducers, which will allow us 

to build orthogonal signaling pathways in the same cell and potentially to construct 

crosstalking pathways. To test this possibility, we applied this strategy to the GA-based CIP 
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system. GA induces the binding between GAI and GID1 proteins in a similar way as ABA 

does.37 GA has been developed as an orthogonal CIP system that was used to perform 

cellular computing.13 GA is not cell permeable. It was modified as the acetoxymethoxy ester 

(GA-AM) to cross the cell membrane and subsequently be cleaved by esterases to generate 

functional GA.13 It has been shown that the carboxylate group on GA is critical for its 

biological functions. A minor modification that converts the carboxylate into a 

nonhydrolyzable hydroxamate abolishes its CIP activity.13 A recent report also showed that 

photolabile groups can be linked to the carboxylate group on GA to cage its activity.38 We 

expect that modifying this carboxylate group of GA with the H2O2-sensitive boronate probe 

will give an H2O2-responsive GA system. We synthesized GA-HP by coupling the boronate 

group to GA (Figure 3A). We analyzed the chemical stability of GA-HP and its conversion 

back to GA upon H2O2 addition using HPLC. In the presence of H2O2, GA was rapidly 

regenerated from GA-HP within 2 h (Figure 3B, Supplementary Figure S15). It was 

observed that, without H2O2, GA-HP did not release GA when incubated in HEPES buffer 

for 24 h, although the boronate group was partially hydrolyzed as reported in a similar case 

to give an inert but convertible product (Supplementary Figures S16 and S17).39 We also 

tested the selectivity of GA-HP against different ROS and cellular metals and found that 

GA-HP was selective for H2O2 among tested molecules (Supplementary Figures S18 and 

S19).

To examine if we can produce biologically active GA from GA-HP in the presence of H2O2 

in cells, we made DNA constructs to encode a nuclear exported GID1 (NES-GID1) and a 

pan-cellular distributed EGFP-tagged GAI (EGFP-GAI) (Figure 3C). CHO cells were 

transfected with these plasmids for 24 h and then incubated without additive or with 100 μM 

GA-AM, GA-HP, or GA-HP plus 100 μM H2O2 for 30 min. The percentage of cells showing 

EGFP-GAI nuclear export was quantified in each condition using a fluorescence microscope 

(Figure 3D). Only cells treated with GA-AM or GA-HP plus H2O2 showed nuclear export, 

which indicated that functional GA was generated from GA-HP upon H2O2 addition. Given 

that GA cannot cross the cell membrane, the observed intracellular effects suggested that the 

H2O2-induced cleavage of GA-HP occurred inside the cells. The successful implementation 

of this strategy using GA demonstrates the potential generality of our strategy.

In conclusion, we have developed a novel strategy integrating CIP methods and H2O2-

sensing to construct de novo cell signaling pathways that redirected H2O2 to control 

different cellular processes (i.e., transcription and protein translocation) or to interface with 

an existing endogenous signaling circuit (i.e., the Rac1 signaling). We have showed that 

ABA can be converted to become responsive to exogenous or endogenous H2O2 stimulation 

rapidly and specifically at physiologically relevant concentrations. Moreover, this strategy 

can be generally applied to different CIP inducers (i.e., ABA and GA). It provides the 

potential to expand this strategy in building signaling networks when each orthogonal CIP 

inducer is designed to become activated by a unique signal. We expect that sensing units for 

different cell signals can be used to replace the H2O2 sensing unit used in this study to 

switch the responding specificity.40,41 We believe that our novel strategy to engineer de novo 
cell signaling circuits will have wide applications in the fields of cell signaling research, 

biocomputing, and synthetic biology and contribute to the future development of gene and 

cell therapies for human diseases.
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METHODS

Methods and any associated references are available in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) General process for H2O2-induced proximity to control biological processes. (B) 

Synthesis of ABA-HP and its conversion to ABA in the presence of H2O2. (C) ABA-HP (1 

mM) was treated with or without 5 mM H2O2 for indicated time periods. (D) ABA-HP (100 

μM) was incubated with 100 μM of indicated molecules for 4 h at 37 °C. Error bars are SD 

(N = 3).
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Figure 2. 
(A) DNA constructs for (i) EGFP expression, (ii) EGFP nuclear export, and (iii) Rac1 

signaling/ruffle formation. (B) EGFP expression in HEK293T cells under different treating 

conditions (10 h). (C) Nuclear export of EGFP in CHO cells under different treating 

conditions (30 min). (D) Ruffle formation of CHO cells under different treating conditions 

(30 min). (E) Nuclear export of EGFP in A431 cells under different treating conditions. The 

statistical data was obtained by counting cells to give the percentage of cells showing 

nuclear export or ruffling over the total EGFP positive cells. Cells were counted from three 

separate experiments each with five different areas chosen randomly, and over 700 cells 
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were counted for each sample. Scale bar is 100 μm (B) and 20 μm (C–E). Error bars are SD 

(N = 3). *P-value < 0.001.

Zeng et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2016 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A) Synthesis of GA-HP and its conversion to GA in the presence of H2O2. (B) GA-HP (5 

mM) was treated with or without 50 mM of H2O2 for indicated time periods. (C) DNA 

constructs for EGFP nuclear export and (D) the nuclear export of EGFP in CHO cells under 

different treating conditions (30 min). The statistical data was obtained by counting cells to 

give the percentage of cells showing nuclear export over the total EGFP positive cells. Cells 

were counted from three separate experiments each with five different areas chosen 

randomly, and over 700 cells were counted for each sample. Scale bar is 20 μm (D). Error 

bars are SD (N = 3). *P-value < 0.001.
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