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Nitric oxide synthase (NOS) catalyzes the synthesis of •NO 
(hereafter denoted NO), an essential precursor for the 
S-nitrosylation of proteins. S-nitrosylation is a posttransla-

tional modification with pivotal roles in cell signaling1. Unlike most 
second messengers, NO cannot be stored and released as it is charge 
neutral, highly diffusible and reactive. Therefore, NO synthase 
activity is stringently controlled both spatially and temporally, the 
dysregulation of which leads to diverse diseases2. In particular, dys-
regulation of NOS3 is strongly implicated in cancer3,4. It affects cell 
proliferation, apoptosis, angiogenesis, metastasis and the immune 
response5–7. NOS3 upregulation correlates with histological tumor 
grade and invasiveness8–10. The amount, duration and location of 
NO generated due to NOS3 activity can lead to different physiologi-
cal outcomes5,11. For example, high NO levels are also antitumori-
genic, inducing tumor cell cytotoxicity and sensitization of tumor 
cells to radiation treatment5. The mechanisms that toggle these 
opposing effects arising from abnormal NO levels are still unknown.

Spatial control over NO production in living systems is gener-
ally achieved by constraining the various NO synthase isoforms 
to specific subcellular locations. NOS3 is localized in two distinct 
regions of the cell, one at the plasma membrane and the other at 
trans-Golgi network (TGN)12,13. The presence and activity of NOS3 
at the plasma membrane and the TGN are critical in physiology and 
disease, yet it has proved challenging to resolve the contribution of 
either population in any context14,15. Thus, a method to subcellularly 
map reactive nitrogen species (RNS) produced due to NOS3 activ-
ity would enable one to pinpoint the aberrant NOS3 subpopulation.

Here, we describe a new DNA-based fluorescent probe technol-
ogy to quantitatively map NOS3 activity in real time with subcel-
lular spatial resolution. DNA-based fluorescent probes combine the 
sensitivity and photophysical advantages of small-molecule probes 
with the stable localization provided by biologics. They have been 
used to quantitatively map analytes such as pH, chloride and cal-
cium with subcellular resolution in  vivo16–21. DNA hybridization 
facilitates the integration of these multiple functions with stoichio-
metric precision onto a single probe. Thus, our DNA-based fluores-
cent probes for NO, denoted NOckout, include (1) an NO-sensitive 
fluorophore with the specificity and sensitivity of small-molecule 

probes, (2) an internal reference dye for ratiometric quantitation 
and (3) a targeting function to stably localize the reporter at either 
the plasma membrane or the Golgi.

We show that NOckout probes can quantitate NOS3 activity  
simultaneously at the two relevant subcellular locations: the plasma 
membrane and the TGN. We achieved this using two spectrally 
different NOckout probes, one localized at the plasma mem-
brane (NOckoutPM, 1) and the other at the TGN (NOckoutTGN, 2).  
We found that when NOS3 is activated, NO production at the 
plasma membrane was roughly sevenfold higher than at the TGN. 
The highly active NOS3 population at the plasma membrane was 
selectively phosphorylated at Ser1177. Hypoactive NOS3 at the 
TGN is critical for Golgi integrity. Despite the low NOS3 activity 
at the TGN, the Golgi is highly enriched in S-nitrosylated proteins. 
Inhibiting NOS3 at the TGN reduces S-nitrosylation there, leading 
to Golgi fragmentation and subsequent cell senescence through a 
Src kinase-mediated pathway. Thus, the Golgi apparatus in breast 
cancer cells is a hotspot for S-nitrosylation, which is critical for the 
structural integrity of this organelle.

Imaging NOS3 activity with subcellular spatial resolution
We describe the working principle and characterization of the two 
NOckout variants NOckoutPM and NOckoutTGN. Both comprise a 
24-base pair DNA duplex comprising two strands (S1 and S2) bear-
ing three functionalities (Fig. 1a, Supplementary Table 1). The first 
module is an NO-sensing dye, based on the diaminorhodamine flu-
orophore DAR (Fig. 1a), attached to the 5′ end of S1 (Fig. 1b)22. DAR 
fluorescence is quenched by intramolecular photoinduced electron 
transfer from the aromatic diamino group (OFF state, Fig. 1a).  
DAR reacts stoichiometrically with NO to form the triazole DAR-T, 
where photoinduced electron transfer is disrupted, thereby increas-
ing fluorescence (ON state, (excitation, ex, and emission, em) 
λex = 550 nm; λem = 575 nm)23. DAR-T is highly photostable, bright 
(ϕ = 0.42, ε = 76,000 M−1 cm−1), pH insensitive from pH 4–10 and 
has an NO detection limit of 7 nM (ref. 22). The second module is 
an internal reference dye, which is different for each NOckout vari-
ant. The reference dye ratiometrically corrects for DAR intensity 
differences due to varying sensor abundances inside the cell that 
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arise from nonuniform probe distribution, probe trafficking and 
cell-to-cell heterogeneity. The NOckout variant targeted to the 
plasma membrane, NOckoutPM, uses Alexa488 as its reference dye, 
whereas NOckoutTGN uses Alexa647 as its reference dye attached to 
the 5′ end of S2 (Fig. 1b). Both Alexa488 and A647 were chosen for 
their high photostability, brightness and their insensitivity to pH, 
reactive oxygen species (ROS) and RNS. Spectrally distinct refer-
ence dyes enable the simultaneous visualization of both NOckoutPM 
and NOckoutTGN in dually labeled cells (Fig. 1b,c). NOckoutPM and 
NOckoutTGN were assembled by annealing equimolar amounts of S1 
and S2 strands to yield duplexes bearing a 1:1 ratio of DAR and the 
reference dye. Their formation and integrity were confirmed using 
gel electrophoresis in >99% yield (Supplementary Fig. 1a). Both 
probes report on NO by sequential excitation of DAR and the refer-
ence dye and monitoring emission intensities at 575 nm (G for DAR) 
and 520 nm (B for NOckoutPM) or 665 nm (R for NOckoutTGN).

The third module comprises a targeting moiety to localize the 
NOckout probe either at the plasma membrane or the TGN. Thus, 
NOckoutPM was covalently conjugated to cholesterol such that the 
cholesterol moiety inserts into the outer leaflet of the plasma mem-
brane, stably anchoring the probe on the cell surface (Fig. 1b)24. Since 
NOS3 localizes in cholesterol-rich domains of the plasma mem-
brane, the cholesterol anchor is expected to position NOckoutPM 

proximal to NOS3 but on the opposite face of the plasma membrane 
(Fig. 1c). For targeting to the TGN, NOckoutTGN uses a high-affinity 
DNA aptamer (5-TRG2, Kd = 18 nM) that binds hypo-glycosylated 
MUC-1 on the plasma membrane of cancer cells25. NOckoutTGN 
incorporates the 5-TRG2 sequence at the 5′ end of S2 (Fig. 1b). 
On addition to the extracellular milieu, NOckoutTGN engages hypo-
glycosylated MUC-1 through the 5-TRG2 domain and labels the 
lumen of the TGN by retrograde endocytosis (Fig. 1b,c)25.

We studied the response characteristics of both NOckout probes 
by monitoring the fluorescence emission as a function of time in 
the presence of the NO donor DEA-NONOate (50 μM, pH 6.0). 
DAR fluorescence (G) of NOckoutPM increased rapidly, with >80% 
response in <1 min, while that of Alexa488 (B) remained constant 
(Supplementary Fig. 1b,c). The NO response characteristics of 
NOckout probes were pH insensitive from pH 6 to 7.4, and the fold 
change in G/B or G/R values before and after reaction with NO was 
~6.5 (Supplementary Fig. 1d).

Next, we tested the sensitivity of NOckout probes to various 
ROS to determine their specificity for NO26. Nicotinamide adenine 
dinucleotide phosphate oxidase is the main source of ROS in breast 
cancer cells. We also studied sensor response to other metabolites of 
NO such as NO2

− and NO3
− (ref. 27). The G/B ratios of NOckoutPM 

showed high selectivity toward NO and negligible reactivity to other 
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Fig. 1 | NOckout reporters image endogenous NO production at the plasma membrane and golgi. a, Structure and mechanism by which DAR senses 
NO. b, Schematic showing design of two NOckout reporters, NOckoutPM (plasma membrane-targeting) and NOckoutTGN (TGN targeting). Green and 
blue circles in NOckoutPM represent NO-sensing fluorophore (DAR) and normalizing fluorophore (A488), respectively. In the case of NOckoutTGN, 
Alexa647 (red) functions as the normalizing fluorophore. Cholesterol moiety (gray) attached to the NOckoutPM sensor targets it to the cell membrane 
and MUC1 aptamer (gray hairpin) engineered in NOckoutTGN traffics it to the Golgi apparatus. c, Schematic showing simultaneous targeting of NOckout 
reporters to the subcellular compartments of cancer cells. NOckoutPM (blue cylinder) localizes to the plasma membrane using cholesterol as a bilayer 
anchor. NOckoutTGN (red cylinder) is trafficked to the TGN on binding with MUC1 protein (dark green crescent). d, Sensitivity of NOckoutPM toward 
various ROS or toward NO metabolites reported as normalized G/B values. error bars represent standard error of mean (s.e.m.) from three independent 
experiments. e, NOckoutPM and NOckoutTGN detect endogenous NO production and modulations brought about by DeA (300 μM, NO donor), PTIO 
(300 μM, NO scavenger) or in untreated cells (Basal) at the plasma membrane or at the Golgi of T-47D cells. DAR, A488 and A647 channels are shown 
in green (G), blue (B) and red (R) respectively, G/B and G/R ratios are shown in pseudo-color. Representative images are shown from a total of three 
independent experiments. f, Bar graphs showing the quantification of normalized G/B (NOckoutPM) or G/R (NOckoutTGN) ratios across six treatments 
(PTIO, DeA-NONOate, L-NAMe, basal, ATP and e2). PM, plasma membrane. error bars represent standard error of mean (s.e.m.) from three independent 
experiments, n ≥ 35.
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reactive species consistent with the parent small-molecule probe 
DAR (Fig. 1d)22,23. The high selectivity, favorable percentage signal 
change, fast response times and pH insensitivity of NOckout probes 
position them well to map NOS3 activities at the plasma membrane 
(pH 7.4) and the TGN (pH ~6.0).

Despite ample evidence for NOS3 localization at the plasma 
membrane and the TGN, the relative activities at either location is 
still unknown12,13,28,29. We therefore sought to map NOS3 activity at 
both locations by targeting spectrally distinct NOckout probes to 
either location. NOckoutPM robustly labeled the plasma membrane of 
T-47D, MCF-7 and diverse cancer cell lines (Supplementary Fig. 2c).  
There was negligible endocytosis of cell-membrane anchored 
NOckoutPM up to 2 h postlabeling (Supplementary Figs. 3a and 21).  
NOckoutTGN, on the other hand, was effectively internalized by many 
cancer cell lines including T-47D cells (Supplementary Figs. 2d,  
3b and 4). Colocalization with the TGN-marker BODIPY-C5-
ceramide revealed that NOckoutTGN was trafficked to the TGN in 
these cells (Supplementary Figs. 2d, 3b, 4 and 5).

Next, we estimated endogenous, basal NOS3 activity at each 
of these subcellular locations without explicitly activating NOS3. 
We first measured the ratiometric NOckoutPM response, that is the 
G/B ratio, under conditions where cells were depleted of NO using 
the NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 
3-oxide (PTIO) (300 μM)30. We then measured the G/B ratio on sat-
urating the cell with DEA-NONOate (500 μM), which completely 
turns on the NOckout probe. These two extreme cases provide 

the minimum and maximum G/B signals afforded by NOckoutPM 
in the cell (Fig. 1e,f). The G/B values under any subsequent con-
dition are normalized to the maximum G/B signal. Next, basal 
NOS3 activity at the plasma membrane at steady state was obtained 
by labeling cells with NOckoutPM and obtaining G/B values 1 h 
postlabeling (Fig. 1e,f). A similar approach was used to measure 
basal NOS3 activity at the TGN using G/R values of NOckoutTGN  
(Fig. 1e,f). This revealed that the basal NOS3 activity at the plasma 
membrane and the TGN were comparable (Fig. 1e,f). When cells were 
treated with l-NG-nitroarginine methyl ester (l-NAME, 1 mM) that 
inhibits all NO synthases, G/B and G/R values of NOckout probes 
reflected those of PTIO-treated cells (Fig. 1e,f), whereas 1400W 
an iNOS specific inhibitor has no effect (Supplementary Fig. 7). 
This reveals that the change in G/B and G/R signal of the NOckout 
probes is due to the activity of NOS3 and the contribution of NOS2 
is negligible here (Supplementary Video 1 and Supplementary  
Figs. 7, 19 and 20).

Next, we pharmacologically activated NOS3 by two different 
pathways, both of which are associated with cancer etiology and 
probed the steady-state activity of NOS3 at the plasma membrane 
and at the TGN. ATP addition activates Akt kinase through P2Y2 
receptors that phosphorylates NOS3 thereby increasing its activ-
ity14,31. In contrast, 17β-estradiol (E2) increases cytosolic Ca2+ and 
activates NOS3 by recruiting calmodulin (Supplementary Fig. 6)32. 
Activating NOS3 by ATP revealed substantially higher G/B and 
G/R ratios of NOckoutPM and NOckoutTGN, respectively, compared 

0 0.4 0.8 1.2 1.6

0

0.4

0.8

1.2

1.6
PM

Golgi

d
[N

O
]/d

t µ
M

 s
–1

Initial rate × 10–3

a

c

b

10 s 15 min

10 s 6 min 9 min 15 min

6 min 9 min

0 300 600

1.0

1.1

1.2

1.3
0 µM
100 µM 
500 µM 
1 mM
PM
Golgi

N
or

m
al

iz
ed

 r
at

io

Time (s)

A488 (B) A647 (R) DAR (G)

R + GB + RB + G

d e

0 5 10 15 20 25

1.0

1.2

1.4

1.6

TGN

PM

Time (min)

N
or

m
al

iz
ed

 G
/B

1.0

1.2

1.4

1.6

N
orm

alized G
/R

255

170

85

0

255

170

85

0

Fig. 2 | Simultaneous, quantitative NO imaging at two distinct subcellular locations. a, Simultaneous pulsing of NOckoutPM (500 nM) and NOckoutTGN 
(500 nM) on T-47D cells labels both plasma membrane and Golgi apparatus of the same cell. Representative images are shown from total of three 
independent experiments. b, NOckoutPM and NOckoutTGN report subcellular simultaneous NO dynamics on stimulation with thapsigargin (1 μM) in T-47D 
cells. Single confocal plane images were taken every 3 min for 24 min. NO signals are calculated as the ratio of DAR to A488 (in the case of NOckoutPM) 
and DAR to A647 (in the case of NOckoutTGN) to represent as surface plots using Fiji. Representative images are shown from total of three independent 
experiments. c, Kinetic traces of NO production from two distinct subcellular locations in live T-47D cells. Simultaneous NO signals from NOckoutPM and 
NOckoutTGN are monitored as a function of time from single cells, post thapsigargin treatment (filled squares and circles) or on PTIO treatment (empty 
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filled square) and Golgi (red filled square) calculated from (Supplementary Fig. 8c). error bars represent standard error of mean (s.e.m.) from three 
independent experiments.
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to basal levels (Fig. 1f). However, E2 selectively activated NOS3 only 
at the plasma membrane (Fig. 1f).

Quantitative subcellular imaging of enzymatic activity
Since NOckout probes could report on steady-state NOS3 activity, 
we sought to map NOS3 activity in real time. Cytosolic Ca2+ elevation 
activates both pools of NOS3 (ref. 33). NOS3 has been suggested to 
be more active at the plasma membrane based on available NO2

– and 
NO3

–, which are by-products of the NO generated in the extracel-
lular milieu14,33. To be available for measurement in the extracellular 
milieu, any NO produced at the TGN has to cross a ~5 mM barrier of 
cytoplasmic thiols without dismutation. Because of this, the relative 
activity of both pools of NOS3 is still unclear and can be resolved 
only by a direct measurement of NOS3 activity at the organelle.

Therefore, we simultaneously labeled the plasma membrane 
and the TGN of T-47D cells with NOckoutPM and NOckoutTGN  
(Fig. 2a). Dually labeled cells were treated with 1 μM thapsigargin 
that elevates cytosolic Ca2+ by blocking sarco/endoplasmic reticulum 
Ca2+-ATPase, which thereby activates NOS3 (ref. 34). Fluorescence 
images of stimulated, dually labeled cells were acquired in the G, 
B and R channels as a function of time (Fig. 2b). The G/B ratio at 
the plasma membrane showed a sigmoidal increase with time, while 
the G/R ratio at the TGN started to increase slowly only after 3 min 
(Fig. 2b,c and Supplementary Videos 2 and 3). G/B and G/R values 
in PTIO-treated cells stayed fairly constant over the observed times-
cales, indicating that background bleaching and nonspecific probe 
reactivity were negligible (Fig. 2c).

Next, to measure the relative activities of NOS3 at the plasma 
membrane and the TGN, we developed a method to quantify sub-
cellular NO generated due to NOS3 activity. The concentration of 
a reactive species such as NO changes with time, ramping up due 
to enzymatic activity, reaching a maximum value, [NO]max (ref. 35). 
When enzyme activity stops, NO levels fall due to diffusion, chemical 
dismutation, or reaction with other biomolecules (Supplementary 
Fig. 8a,b)36. As the effective concentration of NO at any time, 

[NO]eff, changes with time, NOS3 activity is best quantified by the 
rate of NO production. Therefore, we first measured the decompo-
sition rate constant (k1 s−1) of DEA-NONOate from its ultraviolet 
(UV) absorbance at 250 nm, to obtain [NO]eff over time in solution 
for fixed DEA-NONOate concentrations (Supplementary Fig. 8a 
and Methods)37. Thus, for fixed concentrations of DEA-NONOate 
and known values of [NO]max, we obtained the initial rates of NO 
production (Supplementary Fig. 8a,b).

We then developed an in-cell calibration protocol to measure the 
rate of NO production for various concentrations of DEA-NONOate 
using NOckout probes. We added a fixed concentration of DEA-
NONOate to NOckoutPM labeled cells and acquired G/B maps as a 
function of time. The average G/B value from ~20 cells yielded sig-
moidal curves as a function of time (Supplementary Fig. 8c). From 
this we could obtain the initial rate of G/B increase of NOckoutPM at 
the plasma membrane for each DEA-NONOate concentration. The 
in-cell rates for a range of DEA-NONOate concentrations was plotted 
against its corresponding in vitro rate of NO production (Fig. 2d,e). 
This yields a calibration profile for NOckoutPM response at different 
initial rates of NO production. We then treated NOckoutPM labeled 
cells with 1 μM thapsigargin and measured the rate of NO produc-
tion given by the increasing G/B ratio. Comparing this rate with the 
NOckoutPM calibration curve, we found that NOS3 produces NO at 
the rate of 576 ± 61 nM s−1 at the plasma membrane (Fig. 2e).

At the TGN, NOckoutTGN experiences a pH of 6.5 (ref. 38). 
However, DAR detection of NO is pH independent and as expected, 
the response characteristics of NOckout probes at pH 6 and 7.4 
are identical (Supplementary Fig. 8d–f). Thus, we could directly 
compare the rate of NO production at the Golgi with the in-cell 
calibration curve in NOckoutTGN-labeled cells treated with 1 μM 
thapsigargin. This revealed that NOS3 produces NO with an ini-
tial rate of 74 ± 41 nM s−1 at the TGN. The rate of NO production 
at the plasma membrane was roughly sevenfold faster than at the 
TGN (Fig. 2d,e). We then investigated whether the differences in 
the activities of NOS3 arose due to the relative abundances of NOS3 
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at both locations. Immunostaining for NOS3 as well as the Golgi 
marker Giantin revealed that only ~40% of total cellular NOS3 was 
localized at the plasma membrane while ~60% was localized at the 
Golgi (Fig. 3a and Supplementary Fig. 9a). This indicates that NOS3 
at the plasma membrane is actually around tenfold more active than 
at the Golgi.

We then sought to obtain mechanistic insight into why the 
population at the plasma membrane showed greater activity. 
Akt-mediated phosphorylation of Ser1177 on NOS3 enhances its 
activity, either by recruiting Hsp90 and/or stabilizing the NOS3–
calmodulin complex31,39. However, direct evidence of location-spe-
cific Ser1177 phosphorylation in cells has not yet been observed. 
We therefore probed NOS3 with two different antibodies. One of 
these selectively binds Ser1177-phosphorylated NOS3 (P-NOS3) 
and the other binds NOS3 irrespective of its posttranslational mod-
ifications (Fig. 3b). The normalized ratio of P-NOS3/total NOS3 
shows that plasma membrane is roughly sevenfold higher than at 
the Golgi (Fig. 3b). The preferential phosphorylation of Ser1177 
NOS3 at the plasma membrane could explain its enhanced activity. 

This is consistent with biochemical studies on overexpressed, syn-
thetic NOS3 variants that suggest NOS3 at the plasma membrane is 
highly phosphorylated14.

The golgi is a hotspot for S-nitrosylation
To address the importance of the hypoactive population of NOS3 
at the TGN, we immunostained T-47D cells using an antibody spe-
cific to S-nitrosocysteine. Coimmunostaining with GM130 revealed 
a high abundance of S-nitrosylated proteins at the Golgi in T-47D 
as well as MCF-7 cells (Fig. 4a and Supplementary Figs. 9b and 23). 
However, normal breast epithelial cell lines such as MCF-10A and 
184A1 showed negligible S-nitrosylation at the Golgi (Supplementary 
Fig. 10). Given that basal NOS3 activity at the TGN and the plasma 
membrane in breast cancer cells are comparable at steady state, our 
studies suggest that despite the lower amounts of NO produced 
at the TGN, S-nitrosylation at the TGN is far higher than at the 
plasma membrane. NO depletion by PTIO treatment showed that 
S-nitrosylation at the Golgi was greatly diminished (Supplementary 
Fig. 11). Treating cells with 1400W, a specific inhibitor of NOS2, did 
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blue (MB) leads to Golgi fragmentation. Fragmented Golgi is observed as a highly vesicular structure (green, Giantin) in methylene blue-treated cells 
compared to that of the control (DMSO). Representative images are shown from a total of three independent experiments. c, Quantification of percentage 
of cells with fragmented Golgi on treatment with indicated small molecules. Hoechst was used as nuclear stain (blue). Hb, hemaglobin. Scale bar, 10 µm. 
error bars represent standard error of mean (s.e.m.) from three independent experiments. d, Proposed model depicting the mechanism responsible for 
NO scavenging-mediated Golgi fragmentation. NOS3 activity can S-nitrosylate cSrc, increasing its activity. Active cSrc can reduce polymerization of actin 
filaments, resulting in less tensile force and hence intact Golgi. When NOS3 is blocked, cSrc activity is lower, which promotes actin polymerization, thus 
increasing tensile force and eventual Golgi fragmentation.
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not affect S-nitrosylation at the Golgi, revealing that NOS3 was the 
molecular player involved (Supplementary Fig. 12).

Prolonged inhibition of NOS3 with L-NAME dramatically 
reduced S-nitrosylation at the Golgi. Furthermore, the Golgi frag-
mented as revealed by anti-GM130 immunostaining (Fig. 4b,c). 
This fragmented morphology was observed when the cells were 
treated with chemical scavengers specific for NO such as PTIO, 
methylene blue and hemoglobin (Fig. 4b,c and Supplementary  
Fig. 13, Supplementary Video 4). Similar observations were made in 
MCF-7 cells on NO depletion (Supplementary Fig. 14). Our stud-
ies reveal that the Golgi is a cellular hotspot for S-nitrosylation of 
proteins by NOS3, where it is essential for the maintenance of Golgi 
architecture. This is consistent with other studies indicating that 
S-nitrosylation of Golgi-associated oncogenic proteins such as HRas 
or NRas and GOLPH3 are linked to cancer progression and tumori-
genesis3,40. In addition to Golgi fragmentation, NO scavenging also 
hampered cell growth by inducing cell senescence (Supplementary 
Figs. 15 and 16).

We then screened small-molecule inhibitors to identify the 
molecular pathway by which NOS3 inhibition induces Golgi 
fragmentation. To rule out any contribution from ROS produc-
ing enzymes or from NOS2, we used the specific ROS scavenger 
TEMPOL and iNOS inhibitor 1400W41, and none of these treat-
ments fragmented the Golgi. Treatment with sildenafil citrate, a 
cGMP phosphodiester inhibitor, also did not fragment the Golgi, 
ruling out the participation of cGMP synthase activation due to 
NO (Fig. 4c). Treatment with the Rho A kinase inhibitor Y-27632 
revealed that methylene blue-induced Golgi fragmentation was not 
mediated by apoptosis (Fig. 4c). We then used a range of small-
molecule inhibitors against kinases with previously ascribed roles 
in Golgi fragmentation. We ruled out DNA-PK with NU7441  
(ref. 40). Compounds containing an indirubin core have broad 
specificity for cyclin-dependent kinases (CDKs) and Src kinases. 
We found that both indirubin-e804 (I-E804) and indirubin-3′-
monoxime (I-3′M) completely blocked methylene blue-induced 
Golgi fragmentation (Fig. 4c). We ruled out CDK1, CDK2 and 
CDK5, using (R)-Roscovitine (Rosco). The Src kinase inhibitor 
SU6656 reduced methylene blue-induced Golgi fragmentation by 
~50% (ref. 42). Treatment with Latrunculin B (LatB), an inhibitor 
of actin polymerization43, completely blocked methylene blue-
induced Golgi fragmentation, revealing that Golgi fragmentation 
due to NOS3 inhibition is actin-mediated (Fig. 4c,d).

Discussion
The most widely used approach to detect NOS activity relies on 
NO-sensitive small-molecule probes23,44,45. However the reacted 
probe molecules diffuse rapidly, blurring out spatial information 
(Supplementary Fig. 17 and Supplementary Table 2). Recently 
described protein-based reporters offer the necessary spatial resolu-
tion and are quasi-reversible but are pH and ROS sensitive, require 
millimolar Fe2+ supplementation, show limited sensitivity com-
pared to small molecules and are not quantitative46 (Supplementary 
Fig. 18 and Supplementary Table 2). NOckout probes combine the 
selective and photostable chemistry of small molecules while offer-
ing the stable spatial localization available to proteins. These probes 
are ratiometric, modular, subcellularly targetable and hence well-
suited to measure NOS3 activity with subcellular resolution.

By simultaneously mapping NOS3 activity at two different loca-
tions in the same cell using NOckout probes, we found that cytosolic 
Ca2+ elevation selectively activated NOS3 at the plasma membrane. 
This is consistent with studies in endothelial cells expressing syn-
thetic NOS3 variants targeted either to the plasma membrane or the 
TGN13,14. Using NOckout to directly compare the activities of both 
pools we found that NOS3 was tenfold more active at the plasma 
membrane than at the TGN, suggesting that these two popula-
tions might be chemically different. Indeed, the plasma membrane  

population had a specific posttranslational modification; that is, 
phosphorylated Ser1177.

Specifically in cancer, plasma membrane-associated NOS3 has 
been posited to mediate processes such as angiogenesis, metasta-
sis and epithelial mesenchymal transition through players such as 
E-cadherin, EGFR and matrix metalloproteinases47. Ca2+ elevation 
in epithelial cancer cells occurs near the plasma membrane, which 
could potentially selectively activate plasma membrane-associated 
NOS3 (ref. 48). NOckout probes provide direct evidence that treat-
ment with E2, a ligand that binds the estrogen receptor in ER+ breast 
cancers, selectively activates plasma membrane-associated NOS3.

Despite the low activity of NOS3 at the TGN, we observe abun-
dant S-nitrosylation at the Golgi in breast cancer cells. This indicates 
a role for the hypoactive population of NOS3 at the TGN in terms 
of a slow, yet sustained release of NO. S-nitrosylation at the Golgi 
in these cells is essential for the maintenance of Golgi architecture 
through Src kinase-mediated mechanism, the disruption of which 
leads to cell senescence. S-nitrosylation of Golgi-associated proteins 
such as HRas, NRas and GOLPH3 regulate cell cycle progression 
in cancer3,40. In fact, impeding cell cycle progression by disrupt-
ing Golgi morphology also promotes cell survival40. We find that 
impeding S-nitrosylation could promote such a scenario, suggesting 
a possible mechanism the cell could invoke to bypass apoptosis until 
environmental conditions favor growth.

Despite the clear importance of both subcellular pools of NOS3, 
it has proved challenging thus far to deconvolute the contribution 
of either pool to the modulation of cardiac function, wound heal-
ing or cancer progression4,15,49. NOckout probes can potentially be 
applied to identify selective modulators of the distinct subcellular 
NOS3 pools for basic as well as clinical applications. This technol-
ogy could also be expanded to quantitatively map NOS activities in 
endothelial cells, neuronal cells or immune cells by using appropri-
ate targeting modules and tuning the sensing fluorophore50.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author 
contributions and competing interests; and statements of data and 
code availability are available at https://doi.org/10.1038/s41589-
020-0491-3.

Received: 21 March 2019; Accepted: 4 February 2020;  
Published online: 9 March 2020

references
 1. Hess, D. T., Matsumoto, A., Kim, S.-O., Marshall, H. E. & Stamler, J. S. 

Protein S-nitrosylation: purview and parameters. Nat. Rev. Mol. Cell Biol. 6, 
150–166 (2005).

 2. Bredt, D. S. & Snyder, S. H. Nitric oxide: a physiologic messenger molecule. 
Annu. Rev. Biochem. 63, 175–195 (1994).

 3. Lim, K.-H., Ancrile, B. B., Kashatus, D. F. & Counter, C. M. Tumour 
maintenance is mediated by eNOS. Nature 452, 646–649 (2008).

 4. Xu, W., Liu, L. Z., Loizidou, M., Ahmed, M. & Charles, I. G. The role of nitric 
oxide in cancer. Cell Res. 12, 311–320 (2002).

 5. Fukumura, D., Kashiwagi, S. & Jain, R. K. The role of nitric oxide in tumour 
progression. Nat. Rev. Cancer 6, 521–534 (2006).

 6. Lahdenranta, J. et al. Endothelial nitric oxide synthase mediates 
lymphangiogenesis and lymphatic metastasis. Cancer Res. 69, 2801–2808 (2009).

 7. Ying, L. & Hofseth, L. J. An emerging role for endothelial nitric oxide synthase 
in chronic inflammation and cancer. Cancer Res. 67, 1407–1410 (2007).

 8. Thomsen, L. L. et al. Nitric oxide synthase activity in human breast cancer. 
Br. J. Cancer 72, 41–44 (1995).

 9. Tschugguel, W. et al. Expression of inducible nitric oxide synthase in  
human breast cancer depends on tumor grade. Breast Cancer Res. Treat. 56, 
145–151 (1999).

 10. Martin, J. H., Begum, S., Alalami, O., Harrison, A. & Scott, K. W. Endothelial 
nitric oxide synthase: correlation with histologic grade, lymph node status 
and estrogen receptor expression in human breast cancer. Tumour Biol. 21, 
90–97 (2000).

NATure CheMICAl BIOlOgY | VOL 16 | JUNe 2020 | 660–666 | www.nature.com/naturechemicalbiology 665

https://doi.org/10.1038/s41589-020-0491-3
https://doi.org/10.1038/s41589-020-0491-3
http://www.nature.com/naturechemicalbiology


Articles NATurE CHEmICAl BIOlOGy

 11. Choudhari, S. K., Chaudhary, M., Bagde, S., Gadbail, A. R. & Joshi, V. Nitric 
oxide and cancer: a review. World J. Surg. Oncol. 11, 118 (2013).

 12. Sowa, G. et al. Trafficking of endothelial nitric-oxide synthase in living cells. 
Quantitative evidence supporting the role of palmitoylation as a kinetic 
trapping mechanism limiting membrane diffusion. J. Biol. Chem. 274, 
22524–22531 (1999).

 13. Sessa, W. C. et al. The Golgi association of endothelial nitric oxide synthase is 
necessary for the efficient synthesis of nitric oxide. J. Biol. Chem. 270, 
17641–17644 (1995).

 14. Zhang, Q. et al. Functional relevance of Golgi- and plasma membrane-
localized endothelial NO synthase in reconstituted endothelial cells. 
Arterioscler. Thromb. Vasc. Biol. 26, 1015–1021 (2006).

 15. Jin, Z.-G. Where is endothelial nitric oxide synthase more critical: plasma 
membrane or Golgi? Arterioscler. Thromb. Vasc. Biol. 26, 959–961 (2006).

 16. Modi, S. et al. A DNA nanomachine that maps spatial and temporal pH 
changes inside living cells. Nat. Nanotechnol. 4, 325–330 (2009).

 17. Surana, S., Bhat, J. M., Koushika, S. P. & Krishnan, Y. An autonomous DNA 
nanomachine maps spatiotemporal pH changes in a multicellular living 
organism. Nat. Commun. 2, 340 (2011).

 18. Chakraborty, K., Leung, K. & Krishnan, Y. High lumenal chloride in the 
lysosome is critical for lysosome function. eLife 6, e28862 (2017).

 19. Narayanaswamy, N. et al. A pH-correctable, DNA-based fluorescent reporter 
for organellar calcium. Nat. Methods 16, 95–102 (2019).

 20. Leung, K., Chakraborty, K., Saminathan, A. & Krishnan, Y. A. DNA 
nanomachine chemically resolves lysosomes in live cells. Nat. Nanotechnol. 
14, 176–183 (2019).

 21. Thekkan, S. et al. A DNA-based fluorescent reporter maps HOCl production 
in the maturing phagosome. Nat. Chem. Biol. 15, 1165–1172 (2019).

 22. Kojima, H. et al. Bioimaging of nitric oxide with fluorescent indicators based 
on the rhodamine chromophore. Anal. Chem. 73, 1967–1973 (2001).

 23. Kojima, H. et al. Detection and imaging of nitric oxide with novel fluorescent 
indicators: diaminofluoresceins. Anal. Chem. 70, 2446–2453 (1998).

 24. You, M. et al. DNA probes for monitoring dynamic and transient molecular 
encounters on live cell membranes. Nat. Nanotechnol. 12, 453–459 (2017).

 25. Ferreira, C. S. M., Cheung, M. C., Missailidis, S., Bisland, S. & Gariépy, J. 
Phototoxic aptamers selectively enter and kill epithelial cancer cells. Nucleic 
Acids Res. 37, 866–876 (2009).

 26. Yang, Y.-M., Huang, A., Kaley, G. & Sun, D. eNOS uncoupling and 
endothelial dysfunction in aged vessels. Am. J. Physiol. Heart Circ. Physiol. 
297, H1829–H1836 (2009).

 27. Lundberg, J. O., Weitzberg, E. & Gladwin, M. T. The nitrate-nitrite-nitric 
oxide pathway in physiology and therapeutics. Nat. Rev. Drug Discov. 7, 
156–167 (2008).

 28. Fulton, D., Gratton, J. P. & Sessa, W. C. Post-translational control of 
endothelial nitric oxide synthase: why isn’t calcium/calmodulin enough?  
J. Pharmacol. Exp. Ther. 299, 818–824 (2001).

 29. Fulton, D. et al. Localization of endothelial nitric-oxide synthase 
phosphorylated on serine 1179 and nitric oxide in Golgi and plasma 
membrane defines the existence of two pools of active enzyme. J. Biol. Chem. 
277, 4277–4284 (2002).

 30. Goldstein, S., Russo, A. & Samuni, A. Reactions of PTIO and carboxy-PTIO 
with *NO, *NO2, and O2-*. J. Biol. Chem. 278, 50949–50955 (2003).

 31. Fulton, D. et al. Regulation of endothelium-derived nitric oxide production 
by the protein kinase Akt. Nature 399, 597–601 (1999).

 32. Veetil, A. T., Jani, M. S. & Krishnan, Y. Chemical control over membrane-
initiated steroid signaling with a DNA nanocapsule. Proc. Natl Acad. Sci. USA 
115, 9432–9437 (2018).

 33. Fulton, D. et al. Targeting of endothelial nitric-oxide synthase to the cytoplasmic  
face of the Golgi complex or plasma membrane regulates Akt- versus 
calcium-dependent mechanisms for nitric oxide release. J. Biol. Chem. 279, 
30349–30357 (2004).

 34. Lytton, J., Westlin, M. & Hanley, M. R. Thapsigargin inhibits the sarcoplasmic 
or endoplasmic reticulum Ca-ATPase family of calcium pumps. J. Biol. Chem. 
266, 17067–17071 (1991).

 35. Namin, S. M., Nofallah, S., Joshi, M. S., Kavallieratos, K. & Tsoukias, N. M. 
Kinetic analysis of DAF-FM activation by NO: toward calibration of a 
NO-sensitive fluorescent dye. Nitric Oxide 28, 39–46 (2013).

 36. Jiang, S. et al. Real-time electrical detection of nitric oxide in biological 
systems with sub-nanomolar sensitivity. Nat. Commun. 4, 2225 (2013).

 37. Ramamurthi, A. & Lewis, R. S. Measurement and modeling of nitric oxide 
release rates for nitric oxide donors. Chem. Res. Toxicol. 10, 408–413 (1997).

 38. Modi, S., Halder, S., Nizak, C. & Krishnan, Y. Recombinant antibody mediated  
delivery of organelle-specific DNA pH sensors along endocytic pathways. 
Nanoscale 6, 1144–1152 (2014).

 39. García-Cardeña, G. et al. Dynamic activation of endothelial nitric oxide 
synthase by Hsp90. Nature 392, 821–824 (1998).

 40. Farber-Katz, S. E. et al. DNA damage triggers Golgi dispersal via DNA-PK 
and GOLPH3. Cell 156, 413–427 (2014).

 41. Lee, J. E. et al. Dependence of Golgi apparatus integrity on nitric oxide in 
vascular cells: implications in pulmonary arterial hypertension. Am. J. Physiol. 
Heart Circ. Physiol. 300, H1141–H1158 (2011).

 42. Blake, R. A. et al. SU6656, a selective src family kinase inhibitor, used to 
probe growth factor signaling. Mol. Cell. Biol. 20, 9018–9027 (2000).

 43. Skupien, A. et al. CD44 regulates dendrite morphogenesis through Src 
tyrosine kinase-dependent positioning of the Golgi. J. Cell Sci. 127, 
5038–5051 (2014).

 44. Ye, X., Rubakhin, S. S. & Sweedler, J. V. Detection of nitric oxide in single 
cells. Analyst 133, 423–433 (2008).

 45. Lim, M. H., Xu, D. & Lippard, S. J. Visualization of nitric oxide in  
living cells by a copper-based fluorescent probe. Nat. Chem. Biol. 2,  
375–380 (2006).

 46. Eroglu, E. et al. Development of novel FP-based probes for live-cell imaging 
of nitric oxide dynamics. Nat. Commun. 7, 10623 (2016).

 47. Vahora, H., Khan, M. A., Alalami, U. & Hussain, A. The potential role of 
nitric oxide in halting cancer progression through chemoprevention. J. Cancer 
Prev. 21, 1–12 (2016).

 48. Ellefsen, K. L. & Parker, I. Dynamic Ca2+ imaging with a simplified lattice 
light-sheet microscope: A sideways view of subcellular Ca2+ puffs. Cell 
Calcium 71, 34–44 (2018).

 49. Lee, P. C. et al. Impaired wound healing and angiogenesis in eNOS-deficient 
mice. Am. J. Physiol. 277, H1600–H1608 (1999).

 50. Jani, M. S., Veetil, A. T. & Krishnan, Y. Precision immunomodulation with 
synthetic nucleic acid technologies. Nat. Rev. Mater. 4, 451–458 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature America, Inc. 2020

NATure CheMICAl BIOlOgY | VOL 16 | JUNe 2020 | 660–666 | www.nature.com/naturechemicalbiology666

http://www.nature.com/naturechemicalbiology


ArticlesNATurE CHEmICAl BIOlOGy ArticlesNATurE CHEmICAl BIOlOGy

Methods
Reagents. All oligonucleotides (Supplementary Table 1) were purchased from 
Integrated DNA Technology. High-performance liquid chromatography purified 
DNA oligonucleotides were used without further purification, whereas fluorescently 
modified oligonucleotides were precipitated from ethanol before further use. 
DAR was functionalized to S1 as shown in the Supplementary Note. Oligos were 
quantified using UV-visible spectrophotometry (Shimadzu UV-2700), dissolved in 
Milli-Q water to prepare a 200 µM stock, aliquoted and stored at −20 °C.

The 1400W, PTIO, E2, L-NAME and DEA-NONOate were purchased from 
Cayman chemicals. All other chemicals were purchased from Sigma Aldrich. 
Stock solutions of methylene blue and PTIO were prepared in DMSO (50 mM). 
Stock solution of E2 was prepared in ethanol (10 mM), DEA-NONOate stocks 
were prepared in NaOH (10 mM, pH 9), and were all used within a week. For 
incubations lasting longer than 24 h, the aforementioned agonists or antagonists 
were replenished to the same concentration in new medium every 24 h.

DsiRNA to knockdown NOS3 were purchased from Integrated DNA 
Technology (hs.Ri.NOS3.13.1 and hs.Ri.NOS3.13.2), NOS3 forward primer: AGC 
GGC TCC CAG GCC CAC GA, reverse primer: CAG ACC TGC AGT CCC GGG 
CA and β-actin forward primer: CCT CGC CTT TGC CGA TCC, reverse primer: 
GAG TCC ATC ACG ATC CCA GT.

NOckout sensor assembly (Supplementary Note). 

 1. Appending of the dibenzocyclooctyne (DBCO group): Mono-protected 
amine functionalized 10 kDa polyethyleneglycol (3 mg, Boc-NH-PEG-NH2, 
Creative PEG works) was dissolved in 150 μl of dry DMSO. To achieve basic pH, 
2 μl of triethylamine was added. DBCO-NHS ester (Sigma-Aldrich) was added 
to a final concentration of 20 mM. Reaction was stirred for 3 h at room tempera-
ture. The reaction mixture was diluted by a factor of 100 with Milli-Q water to 
make DMSO content less than 1%. Extra DBCO-NHS ester was excluded by 
centrifugation on Amicon 3 kDa filters. The reaction mixture was continually  
diluted with Milli-Q water and tested for DBCO-NHS ester by taking UV 
spectra of each Amicon flow through. This purification step was performed until 
there was no detectable absorbance at 309 nm in the flow through. Purified DB-
CO-PEG product was lyophilized and can be stored at −80 °C up to 3 months.

 2. Deprotection of tert-butyl carbamate (Boc): 5 mg of DBCO-PEG was dis-
solved in 200 µl trifluoroacetic acid/dichloromethane (5:95 v/v). The reaction 
mixture was stirred overnight at room temperature. The solvent was evaporated 
using a gentle nitrogen flow until most of the liquid evaporated. Then 100 µl 
Milli-Q water was added, and the solution was neutralized with triethylamine. 
The product concentration was determined by UV (λex = 309 nm). The depro-
tected PEG product was lyophilized and can be stored at −80 °C up to 3 months.

 3. DNA-PEG conjugation: a 24-mer ssDNA with a 5′-azido group (strand S1, 
see Supplementary Table 1 for sequence) was dissolved in 50 mM potassium 
phosphate buffer, pH 7.4, to a final concentration of 50 µM. Deprotected PEG 
product was added to a final concentration of 75 µM. The reaction was stirred 
overnight. Reaction completion was checked by 15% native PAGE gel shift 
assay. The conjugated DNA-PEG product will migrate much slower than 
24-mer DNA. Amicon purification was applied as described using 10 kDa 
molecular weight Amicon tubes and pH 7.4, 100 mM phosphate buffer as 
exchange buffer. DBCO group was added to terminal primary amine as 
described above with solvent changed to phosphate buffer.

 4. PEG-DAR conjugation: DAR-N3 was dissolved in DMSO to make 
3 mM stock. Exact concentration was determined by UV (λex = 571 nm, 
ε = 7.8 × 104 M cm−1). DAR-N3 was added to a final concentration of 1.5 
equivalence of PEG-S1. Reaction was stirred overnight at room temperature 
and purified with 3 kDa molecular weight Amicon tube and pH 7.4, 100 mM 
phosphate buffer as exchange buffer. Filtrate from Amicon was tested by UV 
until no absorbance from DAR-N3 was observed.

 5. Annealing: the previously mentioned DAR-S1 and S2PM or S2TGN (Supple-
mentary Table 1) were mixed in equimolar ratios to a final concentration 
of 10 μM in 20 mM potassium phosphate buffer, pH 7.4 containing 100 mM 
KCl. Annealing was performed by heating to 90 °C for 5 min, cooling to room 
temperature over 3 h at 5 °C per 15 min and equilibrating at 4 °C overnight.

Formation of NOckout was confirmed by a gel mobility shift assay using 
15% native PAGE (ran in 1× TBE buffer, constant 100 V at room temperature 
for 120 min). The gel was imaged using Bio-Rad ChemiDoc MP imaging system 
(Supplementary Fig. 1). Alexa488 (referred to as ‘B’) channel gel images were 
acquired using Epi-blue filters (excitation 460–490 nm and emission 518–446 nm). 
DAR channel gel images (referred to as ‘G’) were acquired using Epi-green filters 
(520–545 nm excitation and 577–613 nm emission). Alexa647 channel gel images 
(referred to as ‘R’) were acquired using Epi-red filters (625–650 nm excitation 
and 675–725 nm emission). The gel was further stained with EtBr solution for 
5 min and imaged in EtBr channel. Due to broad excitation and emission filters in 
ChemiDoc MP gel imager, there is a bleedthrough of Alexa488 in the Epi-green 
filter set (asterisk, DAR channel), as observed in the gel (Supplementary Fig. 1a).  
Note that these filer sets are used only while imaging the gel for integrity; 
microscope imaging was done using specific narrow filter sets as mentioned in the 
Image acquisition section.

In vitro fluorescence measurement. All fluorescence studies were carried out 
on a Fluoromax-4 (Horiba Scientific) spectrophotometer. A 10 µM stock of 
NOckout sensors was diluted to 100 nM final concentration with 100 mM sodium 
phosphate buffer, pH 6.0, unless mentioned otherwise. The emission spectra of 
DAR, A488 and A647 were acquired by exciting the sample at 550, 488 and 650 nm, 
respectively (Supplementary Fig. 1b). Emission spectra collection range of DAR, 
A488 and A647 were 560–620, 495–540 and 655–700 nm, respectively. DEA-
NONOate (Cayman) was added to a final concentration of 50 μM. The sample 
was immediately put back to spectrometer and emission spectra of DAR was 
acquired every 30 s. A488 or A647 spectra were acquired before and 3.5 min after 
the addition of DEA-NONOate. Emission intensity of DAR at either 571 nm before 
NO· addition or 578 nm after NO addition (G) was normalized to the emission 
intensity of either A488 at 520 nm (B) or that of A647 at 660 nm (R). Fold change 
in G/B or G/R ratio was calculated from the ratio of steady-state G/B or G/R values 
after to before NO· addition. For pH sensitivity, stocks of NOckout sensors were 
diluted in 100 mM, pH 6.0 sodium phosphate buffer or 100 mM, pH 7.4 sodium 
phosphate buffer before the experiment (Supplementary Fig. 1c). Fluorescence 
spectra were recorded before and 15 min after the addition of DEA-NONOate as 
described above.

Cell culture. T-47D cells and MCF-7 cells were kind gifts from G. Greene (The 
Ben May Department for Cancer Research, The University of Chicago). Normal 
breast epithelial cells MCF-10A and 184A1 were a kind gift from M. Rosner (The 
Ben May Department for Cancer Research, The University of Chicago). Cells were 
grown according to the manufacturer’s protocol. Briefly, T-47D cells were grown in 
RPMI-1640 medium (Gibco, Life technologies) supplemented with 100 U ml−1 of 
penicillin, 100 µg ml−1 of streptomycin (Life Technologies), 10% final concentration 
of heat inactivated fetal bovine serum (Gibco, Life Technologies) and 0.2 U ml−1 
human recombinant insulin. MCF-7 cells were grown in DMEM supplemented 
with 100 U ml−1 of penicillin, 100 µg ml−1 of streptomycin (Life Technologies), 
10% final concentration of heat inactivated fetal bovine serum (Gibco, Life 
Technologies) and 0.01 mg ml−1 human recombinant insulin. MCF-10A and 184A1 
cells were grown in MEBM + MEGM medium containing 0.005 mg ml−1 transferrin 
and 1 ng ml−1 cholera toxin. Cells were maintained at 37 °C in a humidified 
chamber at 5% CO2 concentration. All the experiments were performed at early 
passage number (after receiving, n < 17) and at 60% confluency.

Immunofluorescence staining. Cells were cultured on a glass bottom 3.5 cm 
imaging dish to reach 60% confluency. Cells were treated with NO scavengers 
(100 μΜ PTIO, 20 μΜ methylene blue, 20 μΜ hemoglobin), iNOS blocker 1400W 
(10 μM) or ROS scavenger TEMPOL (2 mM). Treated cells were then washed 
three times with 1× PBS (pH 7.4) and fixed using 4% paraformaldehyde at room 
temperature (15 min). Subsequently, cells were permeabilized using 0.25% triton 
X-100 followed by blocking using 3% BSA in 1× PBS. Cells were then incubated 
with indicated primary antibodies: mouse monoclonal anti-eNOS antibody 
(SantaCruz Catalog no. sc-376751), Polyclonal Anti-S-nitrosocysteine antibody 
(Abcam Catalog no. ab94930 or Abcam Catalog no. ab50185), Rabbit polyclonal 
Anti-Giantin antibody (Abcam Catalog no. ab24586) or Mouse monoclonal Anti-
GM130 antibody (BD Biosciences Catalog no. 610822) in blocking buffer (3% BSA 
in 1× 4 PBS) for 1 h at room temperature. Cells were then washed for 5 min with 
1× PBS (3×). Respective secondary antibodies conjugated with either Alexafluor 
488 or Alexafluor 647 were added to the cells and incubated for 1 h at room 
temperature. Cells were washed again to remove excess secondary antibody using 
1× PBS for 5 min (3×). Hoechst 33342 (5 μM) was added 10 min before imaging 
to stain nuclear DNA. Cells were then imaged on a Leica SP8 laser scanning 
confocal microscope using excitation wavelengths of 405 nm (Hoechst), 488 nm 
(AlexaFluor 488) and 647 nm (AlexaFluor 647). Images were processed using Fiji 
and maximum z-projection of 2–3 z-planes are used in representative images.

Image acquisition. T-47D cells were maintained as mentioned above in the 
cell culture section. Cells were washed twice with Hank’s balanced salt solution 
(HBSS) before incubating them with 500 nM NOckoutTGN for 30 min or 500 nM 
NOckoutPM for 10 min at 37 °C followed by three washes with HBSS solution to 
remove any unloaded sensors. For steady-state imaging (Fig. 1), cells were treated 
with indicated agonists or antagonists for 1 h in complete RPMI-1640 medium. 
Care was taken not to exceed the final concentration of DMSO > 1% at any time 
of the experiment. Additionally, 1% DMSO was used as a negative control in 
untreated (Basal) cells. Since DEA-NONOate is a cell impermeable NO donor, 
it was straightforward to add it to the cells and fully turn on NOckoutPM at the 
plasma membrane. For the TGN, we incubated NOckoutTGN beforehand with DEA-
NONOate in solution, fully turned it on and then pulsed cells with the turned-on 
NOckoutTGN (500 μM). Then the cells were washed and imaged (Fig. 1f).

For simultaneous imaging, cells were treated with 500 nM NOckoutTGN for 
30 min and in the last 10 min cells were coincubated with 500 nM NOckoutPM. To 
achieve the lowest signal (PTIO, Fig. 1e,f) or to achieve a bleaching profile (PTIO, 
Fig. 3e) cells were pretreated with 500 μM PTIO for 15 min. Images were captured 
on a laser scanning confocal Leica SP8 microscope using a ×63, 1.4 UV numerical 
aperture objective. We achieved desired excitation and emission wavelengths using 
a white light laser along with notch filters and acousto-optical tunable filters. A488, 
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DAR and A647 were imaged using the following settings: Alexa488 (λex = 488 nm, 
λem = 500–540 nm), DAR (λex = 554 nm, λem = 565–610 nm) and Alexa647 
(λex = 647 nm, λem = 665–710 nm).

Image analysis. Image analysis was carried out using Fiji51. Auto-fluorescence was 
subtracted from images for ratiometric analysis. For representation, images were 
further processed by smooth and despeckle functions. To present G/B or G/R 
images, a mask for each image was constructed using Otsu thresholding method, 
and mask-multiplied images were used for division. The ROI plugin in Fiji was 
used to select either TGN (Alexa647 channel) or plasma membrane (Alexa488 
channel), and these regions of interest were recalled in DAR channel to measure 
intensity in all three channels. These raw values were used to plot G/B or G/R 
values in Figs. 1 and 2.

Surface plots shown in Fig. 2a were plotted using the Fiji plugin Surface plotter. 
Two-dimensional images of the same cells in G/B and G/R format were processed 
using the following command: Analyze>Surface plot. Indicated time point images 
were acquired from Fiji and are shown in Fig. 2a.

Golgi fragmentation was quantified with immunofluorescence images of the 
Golgi structural protein Giantin. Merged images of Hoechst and Giantin allowed 
identification of cell numbers and enumeration of Golgi fragments per cell  
(≤3 Golgi fragments per cell was considered intact Golgi)41.

Subcellular nitric oxide quantification. DEA-NONOate is a pH dependent 
small-molecule NO donor with a half-life of about 9 min at pH 7.4 at 25 °C 
(Supplementary Fig. 8a). The mode of NO release from DEA-NONOate is 
described by the following equation.

DEANONOate!2NO þ DEA ðReaction 1Þ

Each DEA-NONOate molecule releases 1.5 molecules of NO effectively52.  
On the other hand, lifetime of NO radical in aerobic solution depends on its 
reaction with O2, which is the first and rate limiting step of various  
RNS generation.35

2NOþ O2!2NO2 ðReaction 2Þ

From equations (1) and (2), we can calculate rate = concentration of NO 
generated as a function of time t (d[NO]/dt) in DEA-NONOate solution.

d NO½ 
dt

¼ 1:5k1 NONOate½  � 4k2 NO½ 2 O2½  ð1Þ

Here k1 = 1.31 × 10−3 s−1 (calculated from Supplementary Fig. 7a) and 
k2 = 2.1 × 106 M−2 s−1 are forward rate constants for equations (1) and (2), 
respectively53. Additionally, DEA-NONOate concentration follows first-order 
decay and can be described with initial DEA-NONOate concentration (indicated 
by [NONOate]0).

d NO½ 
dt

¼ 1:5k1e
�k1 t NONOate½ 0�4k2 NO½ 2 O2½  ð2Þ

By solving the differential equation (2) numerically we can obtain predicted 
time dependent traces of NO concentration given an initial NONOate 
concentration (Supplementary Fig. 8b)37.

After characterizing NO releasing profile of DEA-NONOate, we compared 
cellular NO production to NO released from DEA-NONOate. To obtain a 
calibration curve, we treated NOckoutPM labeled T-47D cells with a range of 
DEA-NONOate concentrations in 100 mM pH 7.4 phosphate buffer at room 
temperature. As expected, G/B intensity increases over time and the rate  
of increase is proportional to DEA-NONOate concentration. Then we added  
1 μM thapsigargin to get the initial rate of NO production at the  
plasma membrane.

We now make following assumptions to directly relate the rate of increase 
from Supplementary Fig. 8b,c. First, G/B is proportional to concentration of 
turned-on triazole form of DAR, [DAR-T]. Second, it is considered that DAR 
reacts with a reactive intermediate of NO oxidation. (N2O3 or NO2)22,35. Although 
the exact reaction mechanism of DAR-T formation is still debatable, this reactive 
intermediate NOx will have much lower concentration than NO in solution and 
pseudo-steady-state approximation can be applied to this reactive intermediate54. 
This steady-state concentration [NOx]s will be proportional to [NO] such that we 
have the following.

d DAR � T½ 
dt

/ d NO½ 
dt

ð3Þ

Note this only applies to the initial phase of DAR activation where [DAR] can 
be considered as constant. From the predicted [NO] from DEA-NONOate we 
know that for the tested concentration of NONOate, the first 30 s [NO] increases 
with t. We take the average slope for the first 30 s of the predicted [NO] curve as 
the initial d[NO]/dt. In the in cellulo experiment, we take an image every minute 
and we take the slope of the first minute after NONOate addition as the initial rate 

of G/B increase. As Supplementary Fig. 8d shows, the slope of the first minute is 
almost equal to the slope of the first 30 s. For every [NONOate]0 we plotted the 
initial rate of d[NO]/dt from the predicted [NO] curve against the initial rate 
of G/B from the in vitro cell experiment, generating a linear fit with R2 = 0.97, 
confirming the approximation of equation (3). This is the calibration curve that 
allows us to measure NO produced by NOS3.

Using the calibration curve, we plugged in the initial G/B rates from 
thapsigargin treated cells and measured the plasma membrane NO production 
as 576 ± 61 nM s−1 (Fig. 2e). To measure NO production at the Golgi and to 
compare it to the plasma membrane we did two important control experiments. 
First, to confirm that the DAR reaction kinetics to form fluorescent DAR-T is 
pH independent, we checked the kinetics of DAR reactivity using pH insensitive 
NO donor S-nitroso-N-acetyl-dl-penicillamine (SNAP, 1 mM) (Supplementary 
Fig. 8e). We found the DAR shows same reaction kinetics in the pH range 
tested (NOckoutPM and NOckoutTGN, pH of 7.4 and 6, respectively). Second, 
to verify that photophysical properties of the normalizing dye (A647 for 
NOckourPM and A488 NOckoutTGN) do not alter ratiometric signal of NOckout 
devices, we created NOckoutPM with either A488 or A647 as the normalizing 
dye and measured their kinetics on the plasma membrane of T-47D cells on 
treatment with 500 μM of DEA-NONOate. We found that the signal increase for 
NOckoutPM−A488 or NOckoutPM-A647 was the same and did not change on changing 
the normalizing fluorophore (Supplementary Fig. 8f). After ruling out these 
two factors, we plugged in the initial rate from Golgi (NOckoutTGN containing 
T-47D cells treated with 1 μM thapsigargin) and found the NO production to be 
74 ± 41 nM s−1.

In vitro specificity of NOckout. Fluorescence measurements in vitro were 
performed as mentioned in the In vitro fluorescence measurement section. 
Aqueous solution of DEA-NONOate (Cayman) was added to a final concentration 
of 50 μM. Aqueous H2O2 solution was used as H2O2 donor and concentration of 
H2O2 was quantified using ε = 43.6 M−1 cm−1 at 240 nm. Xanthine/xanthine oxidase 
was used for superoxide generation, which was quantified using Cytochrome C 
reduction as described55. Fenton chemistry was used for the generation of hydroxyl 
radical (.OH)56. Aqueous solutions of NO2

− and NO3
− were prepared from their 

respective sodium salts.
ROS/RNS generators were added to 100 nM of NOckout in pH 6.0 100 mM 

sodium phosphate buffer, to a final concentration of 100 μM each of H2O2,.OH, 
O2

.−, NO2
− and NO3

−. Then, 10 μM NaOCl was added to generate 10 μM HOCl. 
Samples were incubated for 15 min at 37 °C and fluorescence spectra were recorded 
in A488 and DAR channels. Fold change of G/B in each case was normalized to 
that of NOckout with DEA-NONOate.

Intracellular calcium imaging. T-47D cells were maintained as described in 
Subcellular nitric oxide quantification. Fluo-4, AM was purchased from Invitrogen 
(ThermoFisher, no. F-14201) and 1 mM stock solutions were made in dry DMSO. 
For efficient intracellular loading of the probe, cells were washed three times 
with HBSS (pH 7.4), followed by incubation with 10 µM Fluo-4, AM in HBSS 
for 40 min. Subsequently, cells were washed with HBSS three times and treated 
with thapsigargin (100 nM) or 17-β-Estradiol (300 nM) (Supplementary Fig. 5) in 
HBSS. Time-lapse fluorescence imaging was done on Olympus IX81 wide-field 
microscope using 40x oil objective. A FITC/GFP filter cube with 450–490 nm 
excitation filter and 515–586 nm emission filter was used for acquiring images. 
Images were recorded for 300 s with 5 s of time delay between frames. Kinetic 
analysis was conducted on SlideBook software.

Apoptosis detection assay. Cells were treated with either DMSO or NO scavenger 
PTIO for 48 h before staining for apoptotic cells with Annexin V-Cy5 (Biovision 
1013–200) as per the manufacturer’s protocol. Briefly, T-47D cells cultured under 
indicated treatments were washed twice with HBSS before incubating them with 
1× Annexin V binding buffer for 5 min. Then, 1 μl of Annexin V-Cy5 was added 
on to the cells and imaging dishes were incubated for 5 min in the dark. Cells were 
washed three times with HBSS before image acquisition.

Cell senescence assay. Cells were treated with either DMSO or NO scavenger 
PTIO (200 μM) for 48 h were stained for senescence associated β-galactosidase 
(SA-b-Gal) activity57. Briefly, subconfluent cells were washed twice with HBSS for 
30 s per wash. Cells were fixed in 4% paraformaldehyde solution for 4 min and 
washed twice with HBSS. Cells were incubated with staining solution (40 mM 
citric acid/Na phosphate buffer, 5 mM K4 [Fe (CN)6] 3H2O, 5 mM K3 [Fe (CN)6], 
150 mM sodium chloride, 2 mM magnesium chloride and 1 mg ml−1 X-gal in 
distilled water) for 16 h at 37 °C. Cells were washed three times with HBSS before 
image acquisition.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other finding of this study are 
available from the corresponding author upon reasonable request.
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