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ABSTRACT: A new synthetic biology engineering strategy 
integrating chemical reactivity sensing and small molecule in-
duced protein dimerization has been developed to generate artifi-
cial Fe2+ signaling circuitry to control tailored cellular events in 
mammalian cells. The dual function probe ABA-FE18 (Fe2+-
sensing and protein dimerization) derived from ABA was devel-
oped and used to control gene activation, signal transduction and 
cytoskeletal remodeling in response to Fe2+. This technology was 
utilized to design signal circuitry incorporating “AND” and “OR” 
biologic gates that enables mammalian cells to translate different 
combinations of Fe2+ and H2O2 signals into pre-defined biological 
outputs. 

KEYWORDS: chemically induced proximity, labile iron, biosen-
sor, biologic gate, abscisic acid, cell signaling 

The aim of synthetic biology research is to rewire biological 
systems in order to understand and control the functions of cellu-
lar systems that ultimately lead to novel therapies.1-6 Cell signal-
ing translates extracellular signals into intracellular processes that 
carry out cellular functions. Introduction of artificial signaling 
networks using synthetic biology methods has facilitated the in-
vestigation of signaling mechanisms and the identification of 
essential components in signaling pathways.7-10 Several synthetic 
biology methods that are based on chemical controls have been 
developed to provide precise temporal regulation.1,11 We recently 
reported a new strategy to engineer custom signaling pathways in 
mammalian cells that integrates the chemically induced proximity 
(CIP) technology12,13 and reactivity-based signal sensing.14 The 
approach enables cells to link H2O2 or light with different cellular 
responses including gene activation, protein translocation and 
cytoskeleton remodeling.15,16 The method uses caged CIP induc-
ers (e.g. abscisic acid (ABA)17) that are inactive until being stimu-
lated by a specific signal (e.g. H2O2) that removes the caging 
group and activates an inducer to promote the heterodimerization 
of selected PYL/ABI fusion proteins. Induced protein dimeriza-
tion then triggers pre-designed biological outputs. Our continuing 
investigations in this are aimed at testing the generality of this 
strategy for creating new signaling pathways for other important 
stimuli and exploring the possibility of constructing cross-talking 
pathways. In the study described below, we have developed a 
method to engineer artificial Fe2+ signaling that responds to ele-
vated Fe2+ levels and to build “AND” and “OR” Boolean logic-

based signaling circuitries that respond to a combination of H2O2 
and Fe2+ in a pre-defined manner.  

 

Figure 1. (A) Fe2+-induced protein proximity to control biological 
processes. (B) Synthesis and the structures of ABA-FEs. 

Iron is the most abundant transition metal in humans and its 
redox chemistry interconverting Fe2+ and Fe3+ plays numerous 
biological roles.18 Although most iron ions exist in complexes 
with proteins, free Fe2+ is present in cellular environments where 
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it is believed to participate in critical physiological functions.19 
An increased level of Fe2+ has been observed in brains of patients 
with neurodegenerative diseases (e.g. Alzheimer’s disease (AD) 
and Parkinson’s diseases (PD)).20 It is proposed that the combina-
tion of elevated levels of Fe2+ and H2O2 (under oxidative stress) 
leads to the production of free radicals which promote neuron 
death in AD and PD.21-23 The availability of an engineered system 
that enables cells to detect elevated levels of H2O2 and Fe2+ in 
local environments and respond with specific therapeutic outputs 
would contribute to the development of novel therapies for AD 
and PD. 

 

Figure 2. (A) 10 µM ABA-FEs were treated with 10 eq and 100 
eq Fe2+ for 1h respectively and then quantified using HPLC anal-
ysis. (B) ABA-FE18 was treated with indicated ions and mole-
cules (10 eq for all unlabeled items) for 1 h and then quantified 
using HPLC analysis. Error bars are SD (N = 3). 

Several fluorescent probes have been developed to assess the 
level of Fe2+ in living cells.24-28 Included in this group is the new 
reactivity-based “off-on” fluorescent reporter we recently devel-
oped, which is based on unique Fe2+-mediated cleavage of N-aryl-
O-acylhydroxyalamine.29 We envisioned that the chemistry in-
volved in the Fe2+ sensing of this probe could be employed to 
design novel Fe2+ responsive ABA inducers that specifically con-
trol Fe2+-induced cellular effects through ABA-mediated protein 
dimerization (Figure 1A). Because free Fe2+ also exists in normal 
cellular environment, caged inducers of this type must be stable 
under normal cellular Fe2+ concentrations and only become acti-
vated at abnormally high Fe2+ concentrations. To this end, we 
designed and synthesized a library of ABA derivatives (ABA-
FE1 to 26) that contain differently substituted aniline, benzyl 
amine and oxime derivatives conjugated to the carboxylate group 
of ABA through an O-N linkage (Figure 1B, Scheme S1, S2, S3). 
The aniline, benzylamine and oxime moieties in these substances 
contain a variety of electron donating and withdrawing groups to 
enable tuning of the reactivity of the O-N linkage against Fe2+. 
Bulky substituents (e.g. phenyl or t-butyl groups) were also intro-
duced at the benzylic position of the benzyl amine and oxime 
groups to adjust the lability of the ester linkage caused by cellular 
esterases. 

To identify ABA-FEs that undergo Fe2+ specific bond cleav-
age and that are stable under cellular conditions (i.e. tolerating 
normal cellular level of Fe2+ and other biomolecules), we probed 

the reactivity and selectivity of ABA-FEs using a series of assays. 
To check their chemical stability, ABA-FEs were incubated in the 
HEPES buffer at 37°C for 1 h followed by HPLC analysis. The 
percentage of ABA generated from each ABA-FE (indicating 
cleavage efficiency) was quantified. In the series, ABA-FE2 and 
ABA-FE8 are not stable under these conditions (Figure S1) and 
therefore eliminated from further studies. To examine their rela-
tive Fe2+ promoted reactivity, 10 µM ABA-FEs were incubated 
with 10 and 100 eq of Fe2+ for 1 h followed by HPLC analysis 
(Figure 2A). The results show that ABA-FE5 and ABA-FE25 are 
not reactive even with the high level of Fe2+. Many ABA-FEs 
displayed high reactivity in the presence of the lower level of 
Fe2+. However, ABA-FE16 to 21, and ABA-FE26 have much 
lower reactivity at the low Fe2+ concentrations but reactive at high 
Fe2+ level. Most ABA-FEs have low reactivity towards Fe3+ (Fig-
ure S2). Since ABA-FE18 gave the most desired reactivity pro-
file, we further tested its reactivity against various cellular mole-
cules including metal ions (e.g. Cu2+, Zn2+, Mg2+, Ca2+, Na+), 
oxidizing or reducing species (e.g. H2O2, Na2S, cysteine, ascor-
bate). The results show that ABA-FE18 is selective that under-
goes cleavage reaction to give ABA only in the presence of high 
concentration of Fe2+ but none of the other tested molecules and 
ions (Figure 2B). To further characterize ABA-FE18, the time 
course of ABA-FE18 cleavage was tested by incubating it with 
100 eq of Fe2+ for 5 min to 24 h. The cleavage of ABA-FE18 
occurred rapidly and was near completion at 1 h (Figure S3). In 
addition, the dosage response of ABA-FE18 versus different con-
centration of Fe2+ (1 to 500 eq) was also studied. It required 100 
eq or higher level of Fe2+ to achieve significant ABA-FE18 
cleavage, although less than 50 eq also gave low to moderate level 
of cleavage (Figure S4).  

 

Figure 3. (A) DNA constructs for ABA-inducible EGFP expres-
sion. (B) Induced EGFP expression by ABA or Fe2+ in different 
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cells. The fold changes are calculated based on “no drug” treat-
ment samples. (C) DNA constructs for ABA-inducible Rac1 sig-
naling/ruffle formation. (D) Ruffle formation of CHO cells. The 
ratio was calculated as described in the “Methods” section. Error 
bars are SD (SD = 4). *P-value < 0.001. 

To determine the cellular stability and reactivity of ABA-
FEs towards Fe2+ in cells, a HEK293T reporter cell line was used. 
This cell line contains ABA-response gene cassettes stably inte-
grated in the genome that encode a split transcriptional activator 
(VP-PYL/GAL4DBD-ABI) and an inducible enhanced green 
fluorescent protein (EGFP) with 5xUAS upstream (Figure 3A).15 
As a result, it produces EGFP in the presence of ABA. The cellu-
lar stability of ABA-FE18 and other ABA-FEs was tested by 
incubating them (20 µM) with the reporter cells for 10 h. ABA 
and no drug treatment were used as positive and negative controls. 
The level of EGFP production, which indicates the degree of 
ABA-FE cleavage, was then determined using a fluorescence 
plate reader (Figure S5). Because the Fe2+ sensing units in ABA-
FEs are linked to ABA through ester linkages, the endogenous 
cellular esterases can potentially affect the stability of ABA-FEs 
in cells. We expected that ABA-FEs containing bulky substituents 
close to the ester linkage (i.e. ABA-FE14-26) should have higher 
stability against esterases. Indeed, we observed several com-
pounds in this group including ABA-FE18 induced lower levels 
of EGFP expression (Figure S5). ABA-EF22 to 24 induced much 
higher level of EGFP expression, which may be due to their high-
er sensitivity towards low level of Fe2+ (Figure 2A) or other mole-
cules in cells. 

Considering its cellular stability, Fe2+-responsive characteris-
tics and selectivity for Fe2+, ABA-FE18 was subjected to further 
characterization. We incubated ABA-FE18 with EGFP reporter 
cells for longer time periods (up to 24 h) and observed that it is 
relatively stable (Figure S6), although some low levels of EGFP 
expression had been observed that indicates further optimization 
will be needed for applications requiring long incubation times. 
To ensure the lack of EGFP expression in the above assay was 
due to the superior stability of ABA-FE18 in cells instead of the 
complete degradation of the compound, we also added 100 eq of 
Fe2+ in a separate experiment under the similar condition and 
showed that EGFP expression can be induced (Figure S6), which 
demonstrated that ABA-FE18 was still functional to respond to 
Fe2+ and to generate ABA. We did not observe obvious cytotoxi-
city that can potentially be caused by the released Fe2+-sensing 
unit. To rule out the possibility that the uncaged byproduct of 
ABA-FE18 can induce observed effects, we synthesized the Fe2+-
sensing unit released from ABA-FE18 after cleavage and incu-
bated it with EGFP reporter cells. We observed no EGFP expres-
sion was induced or obvious toxicity to cells (Figure S7).  

The stability of ABA-FE18 and its ability to connect Fe2+ to 
gene activation in mammalian cells were explored. For this pur-
pose, HEK293T EGFP reporter cells, or cells (including HeLa, 
B35, and CHO cells) transfected with ABA-inducible EGFP re-
porter plasmids (Figure 3A), were treated with 20 µM of ABA-
FE18 in the presence or absence of 100 eq of Fe2+ for 10 h. The 
induced EGFP expression was quantified in each condition using 
fluorescence plate reader and flow cytometer (Figure 3B, S8, S9). 
ABA-FE18 was found to be reasonably stable in all tested cell 
lines and it readily induced EGFP expression in response to the 
added high level of Fe2+. Based on the combined observation 
described above, ABA-FE18 was identified as the optimal ABA-
FE-based Fe2+-responding inducer. 

In addition to directing an external Fe2+ signal to induce tran-
scriptional activation, we wanted to explore whether artificial Fe2+ 
signaling can be constructed and integrated into an endogenous 
signaling circuit. For this purpose, we determined if Fe2+ promot-

ed release of ABA from ABA-FE can be used to induce cytoskel-
etal remodeling via activation of the Rac1 signaling pathway. 
Membrane translocation of Tiam1, a guanine exchange factor for 
Rac1, is sufficient to activate the Rac1 signaling pathway that 
leads to membrane ruffling.30 CHO cells were transfected with 
DNA constructs (Figure 3C) encoding membrane-localized ABI 
(myr-ABI) and cytoplasmic EGFP-PYL-fused Tiam1 (PYL-
EGFP-Tiam1)15 for 24 h. The cells were then treated either with 
10 µM of ABA, ABA-FE18, or ABA-FE18 plus 100 eq of Fe2+ 
for 30 min. The membrane ruffling in all EGFP positive cells was 
then quantified through statistical analysis that quantified individ-
ual cell perimeters in each treated condition and compared to that 
from cells transfected with EGFP-PYL (see METHODS for de-
tails of analysis) using images taken by the fluorescence micro-
scope. Obvious increases in ruffle formation were found to occur 
only when cells were treated with ABA or ABA-FE18 plus 100 
eq of Fe2+ (Figure 3D, S10). ABA-FE18 alone gave a similar 
background level of ruffling as the condition of no-drug treatment 
or cells transfected only with PYL-EGFP-Tiam1 (Figure 3D, 
S11). To confirm that ruffle formation is induced through activa-
tion of Rac1 signaling, transfected cells were pre-treated for 1 h 
with 50 µM of NSC 23766, which is known to inhibit Rac1 sig-
naling by blocking binding of Tiam1 to Rac1.31 As expected, the 
presence of NSC 23766 led to a decrease in the percentage of 
ruffling in cells treated with ABA and ABA-FE18 plus Fe2+ (Fig-
ure 3D). 

 

Figure 4. (A) DNA constructs of OR logic gate for EGFP nuclear 
translocation. (B) The design of the OR logical gate for EGFP 
nuclear translocation in response to stimuli. (C) Ratio of trans-
fected CHO cells (with plasmids in (A)) showing EGFP nuclear 
localization after treating with different inducing signals for 1 h. 
Error bars are SD (N = 4). *P-value < 0.001. 

To demonstrate that orthogonal signal-responsive caged CIP 
inducers can be incorporated to build artificial signaling networks, 
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ABA-FE18 and GA-HP15 were used to construct two signaling 
networks that process different combinations of H2O2 and Fe2+ via 
“AND” or “OR” Boolean logic to control the nuclear transloca-
tion of EGFP. GA-HP is a H2O2-responsive caged compound 
containing gibberellic acid (GA),15 which promotes the dimeriza-
tion of GAI and GID1 fusion proteins.32 To create an OR logic 
gate for protein translocation, DNA constructs encoding 4xNLS-
ABI-GID1 and PYL-GAI-GFP fusion proteins (Figure 4A) were 
made. In the presence of either ABA or GA, the EGFP fusion 
protein should be coupled to the nuclear localization signal (NLS) 
and lead to nuclear localization of EGFP (Figure 4B). To validate 
the OR logic gate, CHO cells were transfected with both plasmids 
for 24 h and then treated for 30 min with 20 µM ABA, 100 µM 
GA-AM (acetoxymethoxy ester of GA to facilitate cell permea-
bility),32 or both ABA and GA-AM. Nuclear localization of EGFP 
was then quantified through statistical analysis using images taken 
by the fluorescence microscope (Figure 4C, S12). The results 
show that, as designed, either ABA or GA is sufficient to induce 
the EGFP translocation. To test if this logic gate system can be 
used to allow cells to respond to H2O2 and Fe2+, the experiments 
were repeated using ABA-FE18 and GA-HP in the presence or 
absence of 100 µM H2O2 and/or 100 eq Fe2+. As expected, the 
transfected cells responded to either or both H2O2 and Fe2+ to 
induce the translocation of EGFP. The cleavage of ABA-FE18 by 
Fe2+ can occur both outside and inside the cells and the generated 
ABA can freely diffuse across cell membrane to induce effects. 
However, the observed effects induced by H2O2 should be result-
ed from the cleavage of GA-HP in cells because free GA cannot 
pass the cell membrane.32 

To demonstrate that a different processing algorism in re-
sponse to detected signals can be engineered, we also created an 
AND logic gate for EGFP nuclear translocation using constructs 
encoding 4xNLS-GID1, GAI-ABI, and EGFP-PYL (Figure 5A, 
5B). Nuclear localization of EGFP was observed to take place in 
transfected CHO cells only when they were treated with both 
ABA and GA-AM (Figure 5C). Similarly, nuclear localization of 
EGFP in transfected cells that are treated with ABA-FE18 and 
GA-HP occurred only when both Fe2+ and H2O2 were present. 
These observations demonstrate that the cells can be re-
programmed to respond to Fe2+ and/or H2O2 and produce different 
biological outputs following pre-defined signal processing rules. 

 

Figure 5. (A) DNA constructs of AND logic gate for EGFP nu-
clear translocation. (B) The design of the AND logical gate for 
EGFP nuclear translocation in response to stimuli. (C) Percentage 
of transfected CHO cells (with plasmids in (A)) showing EGFP 
nuclear localization after treating with different inducing signals 
for 1 h. Error bars are SD (N = 4). *P-value < 0.001. 

In conclusion, in the investigation described above, we have 
developed Fe2+-responsive ABA derivatives and identified ABA-
FE18 as an optimal Fe2+-responsive inducer. We discovered that 
in general the oxime-based sensor units increased the stability of 
ABA-FEs against Fe2+ (e.g. ABA-FE19 - 21 vs 22 - 24) and elec-
tron-withdrawing substituents decreased the reactivity towards 
Fe2+ within this group (e.g. ABA-FE17, 20, 21). We also demon-
strated that adding bulky substituents near ester linkage can in-
crease its stability in cells. Particularly, we identified oxime as a 
new, stable and Fe2+ specific linkage (e.g., ABA-FE18). We be-
lieve that these observations can provide useful information for 
further optimization and future design of similar molecules. Our 
works present a unique strategy that specific sensor units can be 
integrated into orthogonal CIP inducers to build custom signaling 
pathways and logic gates responding to physiologically relevant 
signal cues. This new strategy should provide alternative ap-
proaches to engineer cellular signaling and responses in mamma-
lian cells. 

METHODS 

Reverse-phase HPLC analysis. HPLC chromatograms were 
acquired using Dionex-UltiMate 3000 LC System with Acclaim 
120 Å, C18, 3 µm analytical (4.6 × 100 mm) column. Chromato-
graphic conditions: eluent A: 0.1% v/v TFA in water; eluent B: 
0.1% v/v TFA in acetonitrile. ABA or ABA-HP in DMSO was 
eluted at a flow rate of 0.750 mL/min monitored at a wavelength 
of 260 nm. 0-12 min (linear): 95% A, 5% B to 5% A, 95% B; 12-
15 min: 5% A, 95% B; 15-17 min (linear): 5% A, 95% B to 95% 
A, 5% B. Generation of ABA was quantified by the peak area of 
ABA out of the total peak area.  

ABA-EFs stability test. 10 µM ABA-FE1 - 26 were incu-
bated in 50% HEPES/DMSO (10 mM HEPES, pH7.4) for 1 h for 
24 h at 37 ºC followed by HPLC assays. Reactivity test of ABA-
FEs towards Fe2+: 10 µM ABA-FE1 - 26 was incubated with 
indicated amounts of Fe2+ in 50% HEPES/DMSO (10 mM 
HEPES, pH7.4) at 37 ºC for 1 h followed by HPLC assays. Reac-
tivity test of ABA-FEs towards Fe3+: 10 µM ABA-FE 1 - 23 was 
incubated with indicated amounts of Fe3+ in 50% HEPES/DMSO 
(10 mM HEPES, pH 7.4) at 37 ºC for 1 h. HPLC results were 
detected right after that. Reaction selectivity of ABA-FE18. 10 
µM ABA-FE18 was incubated with 100 µM (10 eq) of different 
molecules as indicated in 50% HEPES/DMSO (pH 7.4) at 37 ºC 
for 1 h and the cleavage products were detected by HPLC. 

Cloning and plasmid construction. All DNA fragments 
were amplified by PCR from other intermediate constructs with 
the enzyme of Phusion DNA Polymerase (NEB) under S1000 
thermal cycler with Dual 48/48 Fast Reaction Module (Bio-Rad). 
All the restriction enzymes used below are purchased from New 
England Biolabs. Actin-4xNLS-GID1 construct was derived from 
Actin-NES-ABI17 by inserting 4xNLS-GID1 (gBlocks gene frag-
ments from IDT) using SalI and NotI. Actin-GAI-ABI construct 
was generated from Actin-NES-ABI17 by inserting fragment GAI-
SG-linker using SalI and MluI sites. Actin-4xNLS-ABI-GID1 was 
generated from Actin-4xNLS-GID1 by inserting ABA using MluI 
site. GFP-GAI-PYL was generated from GFP-PYL17 by inserting 
SG-linker-GAI-SG-linker fragment through AscI site. 

Cell culture and transfection. All cells were cultured in 
DMEM medium (Gibco) supplemented with 10% FBS, 2 mM 
Gluta MAX (life technologies), 100U/mL penicillin (life technol-
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ogies) and 100 µg/ml streptomycin (life technologies) at 37 ºC in 
a humidified atmosphere containing 5% CO2. EGFP expression 
in HEK293T EGFP cells. HEK293T EGFP reporter cells were 
seeded 24 h prior to treatment in 24-well plates at 100,000/well. 
For stability test, cells were treated without addictive, 20 µM 
ABA, or ABA-FE1 - 26 for 10 h (or also 18 and 24 h for ABA-
FE18). Cells were then harvested and washed with PBS twice. 
Resulting cells were re-suspended in 100 µL of PBS and fluoresce 
was quantified by fluorescent plate reader. For reactivity test, cells 
were treated without addictive, with 20 µM ABA, 20 µM ABA-
FE18 only or plus 100 eq of Fe2+ for 10 h. Cells were then har-
vested, washed and quantified as above. EGFP expression in 
Hela/B35/CHO cells. Cells were seeded in 24-well plates 
(100,000/well for Hela and B35, 50,000/well for CHO) for 24 h. 
0.3 µg SV40-VP16-PYL-ires-Gal-ABI and 0.3 µg 5xGal4-UAS-
EGFP plasmids were mixed with 30 µL of Opti-MEM (life tech-
nologies) and 1.8 µL of PEI (Polysciences). After incubation at 
RT for 15 min, the mixture was added to the cells and cultured for 
24 h. Then, cells were treated without addition, with 20 µM ABA, 
20 µM ABA-FE18 only or plus 100 eq of Fe2+ for 10 h. Then 
cells were harvested, washed and quantified by fluorescent plate 
reader as above. Induced ruffling. CHO were seeded over glass 
coverslips in 24-well plates at 50,000/well for 24 h. Then cells 
were transfected with 0.3 µg PYL-EGFP-Tiam1 and 0.3 µg myr-
ABI DNA. After 24 h, cells were treated without addition, with 10 
µM ABA, 10 µM ABA-FE18 only or plus 100 eq of Fe2+. For the 
cells treated with rac1 inhibitor NSC 23766, 50 µM NSC 23766 
was added to the medium 1 h prior to drug addition. Slides were 
prepared 30 min after adding compounds and images were then 
taken using a Zeiss fluorescence microscopy for statistical analy-
sis. Logic gates to control EGFP translocation. CHO were 
seeded over glass coverslips in 24-well plates at 50,000/well for 
24 h. Cells were transfected for 24 h with 0.5 µg 4xNLS-ABI-
GID1 and 0.3 µg GFP-GAI-PYL DNA for OR logic gate, or 0.3 
µg 4xNLS-GID, 0.3 µg GAI-ABI and 0.2 µg GFP-PYL DNA for 
AND logic gate. Cells were then treated without addition, with 20 
µM ABA, 100 µM GA-AM, 20 µM ABA & 100 µM GA-AM, 20 
µM ABA-FE18 & 100 µM GA-HP, 20 µM ABA-FE18 & 100 
µM GA-HP plus 2 mM Fe2+, or 20 µM ABA-FE18 & 100 µM 
GA-HP plus 100 µM H2O2 (GA-AM, GA-HP and H2O2 were 
added 30 min before the addition of ABA, ABA-FE18 and Fe2+). 
30 min after adding compounds, coverslips were washed with 
PBS and fixed with 300 µL of 4% paraformaldehyde in PBS at 
room temperature for 20 min. Cells were then washed twice with 
PBS and incubated with 1x DAPI in the dark at the room tempera-
ture for 5 min.  After a final wash with PBS, the coverslips were 
mounted on a glass slide with Vectashield (VWR) mounting me-
dia and images of cells were then taken using a fluorescence mi-
croscope. All cellular experiments were conducted 3 to 4 inde-
pendent times and each time with triplicate or quadruplicate. 

Flow cytometry analysis. Cell samples were trypsinized and 
washed with PBS twice. EGFP levels were analyzed by flow cy-
tometry and 10K cells were counted for each condition. Mean 
fluorescence intensity for all counted cells in each condition was 
obtained by BD Accuri C6 Plus Flow Cytometer, which were all 
normalized to ABA only condition. Experiments were conducted 
in triplicate or quadruplicate. 

Fluorescence microscopy and statistical analysis. Zeiss 
Axio Observer. D1 outfitted with HBO 100 microscopy illumina-
tion system (GFP: excitation 470/40 and emission 525/50) was 
used to take fluorescence images in the described experiments for 
the following statistical analysis. Cell images were collected from 
5 different areas (4 quarters and center) in each of the 3 independ-
ent experiments. For each image, 100 (for membrane ruffling) to 
300 (for EGFP translocation) cells were analyzed along the diag-
onal lines. Cells were categorized as displaying EGFP nuclear 

translocation when the ratio in fluorescence intensity of the cyto-
plasm over that of nucleus was less than one. To define ruffled 
cells, the range of the regular cell perimeter was first obtained by 
transfecting cells with the EGFP-PYL construct and then meas-
ured the perimeters of EGFP expressing cells chosen for analysis 
as described above using Image J. Cells were categorized as ruf-
fled when their cell perimeter were large than the upper range of 
regular cell perimeters. P values were obtained by using EXCEL 
with the function “CHISQ.TEST”. 

Chemical synthesis: All reactions were carried out in dried 
flasks. The reactions were monitored by TLC for completion. 
Commercially available reagents were used as received without 
further purification unless otherwise specified. Merck 60 silica gel 
was used for column chromatography, and Whatman silica gel 
plates with fluorescence F254 were used for thin-layer chroma-
tography (TLC) analysis. 1H and 13C NMR spectra were recorded 
on Bruker Avance 300. Detailed synthesis procedures are listed in 
the supporting information. 
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A probe, ABA-FE18, was developed that translates Fe(II) signal into tailored cellular events and used to build Fe(II)/H2O2 responding 
signal circuits. 
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