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Abstract

Nitric oxide (NO) is a membrane-permeable signaling molecule that is constantly produced,
transferred, and consumed in vivo. NO participates and plays important roles in multiple bio-
logical processes. However, spatiotemporal imaging of NO in living cells is challenging. To
fill the gap in currently used techniques, we exploited the versatility of HaloTag technology
and synthesized a novel organelle-targetable fluorescent probe called HTDAF-2DA. We
demonstrate the utility of the probe by monitoring subcellular NO dynamics. The developed
strategy enables precise determination of local NO function.

Introduction

Nitric oxide (NO), a ubiquitous and uncharged free radical, is an intracellular and intercellular
messenger that governs a myriad of physiological and pathophysiological processes, including
vascular homeostasis, neurotransmission, immune systems, and tumor progression [1-3]. Var-
ious methods can be used to quantify NO, such as colorimetric [4], fluorometric [5, 6], electro-
chemical [7], electron paramagnetic resonance spectroscopy [8], and chemiluminescence

[9] techniques.

Fluorescence labeling and imaging have become the most promising techniques for NO
sensing because of their selectivity, sensitivity, and spatiotemporal resolution. Well-developed,
small-molecule-based fluorescent probes for NO have beenpromoted, including diaminoaro-
matic fluorescent compounds [10-12] and copper—fluorescein complex [6]. These probes re-
spond specifically, rapidly, and directly to NO at low concentrations, as well as allow NO
visualization in single cell. However, none of them can be used to monitor the subcellular dis-
tribution of NO, which depends on membrane permeability and NO reactivity, as well as the
reduction-oxidation states of intracellular compartments. In our previous study, we observed
that protein S-nitrosation derived from endogenous NO production mainly exists in the mito-
chondria and peri-mitochondrial compartment [13].
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To further elucidate the complex biological functions of NO, an ideal NO probe should be
able to report the local and subcellular changes in NO concentration. HaloTag is a specific and
covalent protein-labeling technology that employs alkyl chloride as reactive moiety, which can
covalently bind to a modified bacterial haloalkane dehalogenase (HaloTag) [14, 15]. Various
HaloTag ligands have been developed for targeted protein labeling [15], protein immobiliza-
tion [16], super-resolution imaging [17], and magnetic resonance imaging [18]. Based on this
specific protein-ligand interaction, we synthesized a novel organelle-targetable fluorescent
probe, HTDAF-2DA, which could be used for real-time imaging of NO with fine temporal and
spatial resolutions in living cells.

Materials and Methods
Chemicals and reagents

All solvents were of analytical grade and used after appropriate distillation or purification.
Other reagents were commercial chemicals and used as received. All aqueous solutions were
prepared with Millipore water. 6-Carboxyfluorescein and 2-[2-(6-chloro-hexyloxy)-ethoxy]-
ethylammonium hydrochloride were synthesized in accordance to the literature [15, 19]. DAF-
2DA was prepared in accordance to the literature with minor modifications [10]. Dimethyl
sulfoxide, 4’,6diamidino-2-phenylindole (DAPI), Lipopolysaccharides (LPS), Nw-Nitro-L-
arginine methyl ester hydrochloride (L-NAME), xanthine and xanthine oxidase were obtained
from Sigma. Recombinant Murine interferon-y (IFN-y) was obtained from Peprotech. Mito-
Tracker Red FM was from Invitrogen. DEA NONOate and MAHMA NONOate were pur-
chased from Cayman Chemical Co. Dulbecco’s phosphate-buffered saline (PBS) powder was
from Hyclone. Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS)
were from Gibco.

Synthetic routes and details of HTDAF-2DA

2-Bromo-N-{2-[2-(6-chloro-hexyloxy)-ethoxy]-ethyl}-acetamide (595 mg, 1.73 mmol) was
added to a solution of DAF-2DA (847 mg, 1.90 mmol), anhydrous potassium carbonate (394
mg, 2.85 mmol), and sodium iodide (52 mg, 3.47 mmol) in N,N-dimethylformamide (7 ml).
The mixture was stirred under nitrogen at room temperature for 24 h. The solvent was re-
moved in vacuo at a low temperature. The residue was then purified by column chromatogra-
phy over silica gel and subjected to preparative high-performance liquid chromatography
purification. The solvent was removed in vacuo at a low temperature to yield HTDAF-2DA
(55 mg, 6.1%), with a recovery of DAF-2DA (0.45 g). Hydrogen-1 nuclear magnetic resonance
(NMR) (CDCL,) &: 1.40 (m, 4H, -CH,-), 1.60 (m, 2H, -CH,-), 1.75 (m, 2H, -CH,-), 2.31 (s, 6H,
COCHS;), 3.40-3.70 (m, 14H, CH,-N, CH,-O, CH,-Cl), 6.33 (s, 1H, ArH), 6.80 (dd, 2H, ArH,
J=8.8,2.0 Hz), 6.93 (d, 2H, ArH, ] = 8.8 Hz), 6.98 (s, 1H, NH), 7.03 (d, 2H, ArH, J = 2.0 Hz),
7.26 (s, 1H, ArH) ppm. Carbon-13 NMR (CDCl,) &: 21.2, 25.3, 26.7, 29.1, 29.3, 29.7, 32.5, 45.1,
69.7,69.9, 70.0, 71.3, 110.2, 110.4, 110.6, 117.4, 117.6, 117.8, 118.1, 128.9, 129.2, 151.5, 151.7,
152.0, 152.2, 169.0, 169.1, 169.2. High-resolution mass-spectrometry: m/z calculated for M + H
710.2480, found 710.2482.

Plasmid construction

To construct a vector for HaloTag expression in mammalian cells, the HaloTag gene was am-
plified through polymerase chain reaction and then cloned into pIRESneo2 vector with non-
tagged sequences for cytosolic expression [20-23]. For nuclear targeting, threefold nuclear
localization signal (3xNLS) DPKKKRKVDPKKKRKVDPKKKRKYV was added to the C-
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terminus [24-26]. The molecular mass of Nuc-HaloTag ptrotein was 37.03 kDa. For plasma
membrane targeting, the plasma membrane localization signal MLCCMRRTKQVEKNDE
DQKI was inserted at the N-terminus [27-29], and a linker (SELKLRILQSTVPRARDPPV
ATM) existed between the localization signal and HaloTag; thus, the molecular mass of
Mem-HaloTag protein was 38.56 kDa. The mito-HaloTag expression vector was constructed
by fusing a duplicated mitochondrial targeting signal MSVLTPLLLRGLTGSARRLPVPRA
KIHSLGDLSVLTPLLLRGLTGSARRLPVPRAKIHSLGD at the N-terminus [30-33], and
cloned into pcDNA3.1-Hygro(+) (Invitrogen) vector. The molecular mass of Mit-HaloTag
protein was 40.10 kDa. The mCherry gene was cloned into BamHI/HindIII sites of
pcDNA3.1-Hygro(+)(invitrogen) vector with non-tagged sequences for cytosolic expression.
A duplicated mitochondrial targeting signal was cloned into BamHI/HindIII sites, yielding
pcDNA3.1-Mito-mCherry. The plasma membrane localization signal was cloned into
BamHI/HindIII sites, yielding pcDNA3.1-membrane-mCherry. 3xNLS was cloned into
BamHI/HindIII sites, yielding pcDNA3.1-nuclear-mCherry.

Characterization of HTDAF-2 in vitro

HTDAEF-2 was stored at —20°C in the dark until analysis. The stock solutions of NO donor and
HTDAE-2 were diluted with PBS (pH 7.4). Fluorescence spectra were measured by a Cary
Eclipse spectrofluorometer (Varian). For excitation scans, the emission wavelength was set to
525 nm while scanning the excitation spectra at 1 nm increments from 400 nm to 500 nm. For
emission scans, the excitation wavelength was set to 480 nm while scanning the emission spec-
tra at 1 nm increments from 500 nm to 600 nm. The fluorescence response of HTDAF-2 to
NO donor (or other chemicals) at varied concentrations was measured by a Synergy 2 Multi-
mode Microplate Reader with excitation filter 485 BP 20 nm and emission filter 528 BP 20 nm
(BioTek). Each assay was performed with 25 uL of compounds and 50 uL of HTDAF-2 in a
384-well flat-bottom microplate (Greiner). Fluorescence intensity was measured immediately.

Cell culture

HeLa and MCF-7 cells were grown in DMEM with 10% FBS at 37°C in a humidified atmo-
sphere of 95% air and 5% CO,. Raw 264.7 Macrophage cells were maintained in RPMI-1640
with 10% FBS. Cells were plated in antibiotic-free medium supplemented with 10% FBS 16 h
before transfection. Cells were transfected using FuGene HD transfection reagent (Promega) in
accordance to the methods of the manufacturer.

Fluorescence detection of HaloTag labeled with HTDAF-2 using sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)

The reactions between HaloTag protein and HTDAF-2 were verified by 15% SDS-PAGE. Cells
expressing HaloTag proteins and labeled with HTDAF-2DA were solubilized in SDS gel load-
ing buffer (2% SDS, 10% glycerol, 0.01% bromophenol blue,) and boiled for 5 min. Electropho-
resis was performed in the dark. The gel was imaged by a Carestream In-Vivo Imaging FX
System (Excitation: 490/20 nm, Emission: 535/50 nm).

Live-cell fluorescence measurement using a microplate reader

HeLa and MCEF-7 cells were incubated at 37°C in DMEM containing 5 uM HTDAF-2DA for
loading 36 h after transfection. After 15 min, cells were rinsed four times with PBS and twice
with DMEM, as well as incubated in DMEM for 1 h. During incubation, the medium was re-
placed every 20 min. The medium was then replaced with PBS or PBS with NO donor, and the
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cells were used for detection. Raw 264.7 cells were stimulated for 8 h with LPS (0.5 ug/ml) plus
IFN-y (250 U/ml) with or without L-NAME (2 mM) 24 h after transfection. Cells were labelled
with 5 uM HTDAF-2DA for 30 min and rinsed six times with medium, as well as incubated in
RPMI 1640 medium for 1 h. Fluorescence excitation at 485 nm was measured by a Synergy 2
Multi-mode Microplate Reader with excitation filter 485 BP 20 nm and emission filter 528 BP
20 nm. Fluorescence values were background-corrected by subtracting the intensity of HeLa
cells that did not express HaloTag protein.

Imaging of HaloTag protein labeled with HTDAF-2DA in living cells

HeLa cells were placed on 35 mm glass-bottom culture dishes (NEST Biotechnology Co. Ltd.)
in DMEM supplemented with 10% (v/v) FBS, and observed 36 h post-transfection. HaloTag
proteins were expressed in different subcellular compartments by tagging with organelle-
specific signal peptides. Cells were labeled in accordance to our previously described procedure.
For HTDAF-2DA co-labeling with nuclear dye DAPI, cells were first labeled by 5 uM HTDAF-
2DA as described and then by 75 uM DAPI for 30 min at 37°C. For co-labeling of HTDAF-
2DA, DAPI and MitoTracker Red FM, cells were first labeled by 5 uM HTDAF-2DA as de-
scribed and then by 75 pM DAPI and 300 nM MitoTracker Red FM. Images were acquired
using a high-performance fluorescent microscopy system equipped with a Nikon Eclipse Ti-E
automatic microscope, a cooled monochrome digital camera head DS-Qil Mc-U2, and a highly
stable Shutter Lambda XL light source. A Plan Apo 40x0.95 NA objective was used. For imag-
ing, 482 BP 35 nm band-pass excitation filter and 535/40 emission filter altered by a Lambda
10-XL filter wheel (Shutter Instruments) were used. Images were captured in 640 x 480 format,
12 bit depth, and 60 ms exposure for the channel.

Statistical analysis

Data are presented either as a representative example of a single experiment repeated at least in
triplicate or as three or more experiments. Data obtained are represented as mean values + SD.
All P values were obtained using unpaired two-tailed Student’s t-test. Values of p<0.05 were
considered statistically significant (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001).

Results and Discussions
Design and synthesis of HTDAF-2DA

We designed and synthesized HTDAF-2DA for the selective detection of NO. HTDAF-2DA
was synthesized in three steps (Scheme A in S1 File). The probe was a monoalkylated derivative
of DAF-2DA, a small-molecule fluorescent NO probe widely used for detecting and imaging
NO in living cells [10]. Similar to DAF-2 DA [34], the diacetate groups of HTDAF-2DA can be
hydrolyzed by esterases after they permeate the cells. The produced HTDAF-2 can then be im-
mobilized by the HaloTag protein, which can be targeted into different subcellular compart-
ments [15] and reacted with NO under aerobic conditions to form a triazole product (Fig 1).
This product suppresses the photo-induced electron transfer process and activates the fluores-
cence of the probe. Another compound, HTFAM, was synthesized and used as a control
(Scheme B in S1 File). HTFAM has a structure similar to that of HTDAF-2 but does not react
with NO.

Characterization of HTDAF-2DA

In vitro studies showed that HTDAF-2DA exhibited weak fluorescence. However, when the
diacetate groups were hydrolyzed in the presence of 1 N NaOH, the fluorescence markedly
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Fig 1. Structures and reaction chemistry of HTDAF-2DA.
doi:10.1371/journal.pone.0123986.g001

increased (S1A Fig). HTDAF-2 displayed maximum fluorescence excitation and emission at
490 and 510 nm (Fig 2A), which substantially increased upon the addition of NO donor
(MAHMA NONOate and DEA NONOate) (Fig 2B and 2C). In the control, the fluorescence of
HTFAM did not respond to the NO donor (Fig 2B). The fluorescence intensity of HTDAF-2
did not respond noticeably to other reactive oxygen species and reactive nitrogen species, such
as 0,7, H,0,, NO*", and NO*~ (Fig 2C). These results indicated that HTDAF-2 was a highly
specific fluorescent probe for NO.

The fluorescence of HTDAF-2 and its product after reacting with NO was insignificantly
sensitive to pH 7.0 to 8.0 (Fig 2D and S1B Fig), which allowed the determination of NO levels
in a physiological environment. These data showed that HTDAF-2 was a highly sensitive and
selective fluorescent probe for NO, and it could be used for subsequent experiments in
living cells.

Subcellular detection of NO using HTDAF-2DA

In HeLa (cervical cancer cell line) cells, we targeted HaloTag to various subcellular compart-
ments by tagging the protein with or without organelle-specific signal peptides, including the
plasma membrane [27-29], cytosol [20-23], nucleus [24-26], and mitochondria [30-33]. After
exposing the cells to HTDAF-2DA, washing away the unbound dye, and observing by fluores-
cent microscopy, we found that the HTDAF-2DA-labeled HaloTag protein produced excellent
subcellular localization, which colocalized well with the red fluorescent protein mCherry fused
with the same signal peptides (Fig 3A-3D). The correct localizations of HTDAF-2DA-labeled
HaloTag protein can also be visualized in fluorescent microscopy images of cells co-stained
with the blue fluorescent DNA staining dye DAPI or MitoTracker Red FM (S2A-S2D Fig). By
contrast, DAF-2DA probe showed a low spatial resolution (S2E Fig). These data demonstrated
that HTDAF-2DA was cell-permeable and could be applied to label specific organelles in living
cells. We further analyzed the lysate of organelle HTDAF-2DA-stained cells with or without
targeted HaloTag overexpression, by using denatured PAGE. A highly fluorescent band was
observed only in HaloTag-overexpressed cells (Fig 3E), which indicated that HTDAF-2DA ef-
fectively, specifically, and covalently labeled the HaloTag protein in different subcellular com-
partments. Compared with other affinity-based tags, covalent labeling provides several
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Fig 2. Properties of NO Sensor HTDAF-2. (A) Fluorescence spectra of HTDAF-2. Fluorescence excitation and emission spectra of 10 nM HTDAF-2 in PBS
(pH 7.4) before (dark red lines) and after (orange lines) the addition of 0.5 mM NO donor (DEA NONOate) at 25°C. Excitation spectrum recorded at an
emission wavelength of 525 nm shows a maximum at 488 nm. Emission spectrum recorded at an excitation wavelength of 480 nm shows a maximum at 512
nm. (B) The fluorescence intensities of HTDAF-2 in the presence of different concentrations of NO donor (DEA NONOate) normalized to the initial value. (C)
The fluorescence response of HTDAF-2 after the addition of 2 mM xanthine/20 mU xanthine oxidase, 0.5 mM H,0,, NO?~, NO®~, MAHMA NONOate, and
DEA NONOate for 30 min in PBS solution. (D) The fluorescence response of HTDAF-2 to NO donor (DEA NONOate) at the indicated pH. Error bars

represent the standard deviation (SD).

doi:10.1371/journal.pone.0123986.9002

advantages, including extending the labeling periods without dissociation of the label, imaging
in chemically fixed cells, tolerating stringent wash conditions by immobilizing HaloTag on
solid supports, and allowing multiplexing with immunocytochemical methods, SDS-PAGE,
and western blot analysis [15, 35].

NO and NO synthases are ubiquitous in malignant tumors and are known to exert pro- and
anti-tumor effects [3, 36, 37]. To understand NO responses in cancer biology, we analyzed
HTDAE-2 fluorescence in different subcellular compartments of HeLa and MCEF-7 (breast can-
cer cell lines). The results showed that exogenous NO addition led to the largest fluorescence
changes in the membrane, followed by those in the cytosol, nucleus, and mitochondria (Fig
3F-3H). These results demonstrated that cell-permeable HTDAF-2DA could be used for in
situ imaging of NO in living cells and tracing NO changes in different subcellular organelles.
Moreover, the cell membrane was highly enriched with NO species.

It is well known that NO is produced by induced nitric oxide synthase in stimulated macro-
phages, which was monitored by using the Griess assay or NO fluorescent probes [6, 38-40].
However, these methods did not reveal intracellular NO production with spatial resolution.
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Fig 3. Fluorescence detection of NO in subcellular organelles of HeLa and MCF-7 cells. Targeted localization of HTDAF-2 by conjugation to HaloTag
proteins in living HeLa cells. Images present Hela cells expressing HaloTag in the cytosol/nucleus (A), nucleus (B), membrane (C), and mitochondria (D),
with the red fluorescent protein mCherry fused with the same signal peptides. Scale bar = 10 um. (E) Direct in-gel fluorescence of control (1), nucleus-
HaloTag (2), plasma membrane-HaloTag (3), cytosol-HaloTag (4), and mitochondria-HaloTag (5) in Hela cells labeled with 5 yM HTDAF-2DA. (F) The
fluorescence responses of 5 yM HTDAF-2DA targeted in the plasma membrane to various concentrations of NO donor (DEA NONOate) in Hela cells. (G
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and H) Kinetics of fluorescence response of 5 yM HTDAF-2DA in different subcellular compartments of HeLa (G) and MCF-7 (H) cells upon the addition of
NO donor (DEA NONOate). Error bars represent SD.

doi:10.1371/journal.pone.0123986.9003

HTDAF-2DA, targeted to cytosol/nucleus or nucleus alone, readily detects subcellular NO pro-
duced in Raw 264.7 murine macrophages prestimulated with LPS and IFN-y (Fig 4A and 4B).
Furthermore, L-NAME, a known inhibitor of nitric oxide synthase, significantly decreased the
increase of HTDAF-2DA fluorescence in LPS- and IFN-y-treated macrophages, in agreement
with previous reports [38-40]. Similar results were obtained when the production of NO was
monitored using the widely used NO probe DAF-2DA (Fig 4C).

Direct determination of the spatiotemporal distribution of NO in situ is considerably signif-
icant in the exact function of NO in physiological and pathological conditions. However, con-
vincing methods that provide spatiotemporal information of NO signaling are not yet
available. Srikun et al. reported some organelle-targetable fluorescent probes for imaging hy-
drogen peroxide in living cells via SNAP-Tag protein labelling [41]. In this paper, we report a
new organelle-targetable NO probe via HaloTag protein labeling. The presented methodology
could also be extended to other small-molecule probes with genetically encoded protein scaf-
folds (e.g., HaloTag, SNAP-tag, and CLIP-tag).

In summary, we have described the design, synthesis, spectroscopic properties, NO re-
sponses, and subcellular NO imaging applications of a HaloTag-based fluorescent probe called
HTDAF-2DA. This hybrid small-molecule/protein reporter could be used to label various sub-
cellular compartments, including the plasma membrane, cytosol, nucleus, and mitochondria,
as well as measure changes in local NO fluxes in living cells by microscopy. Several studies
have demonstrated that high levels of NO can trigger cancer cell death via DNA damage, oxi-
dative/nitrosative stress, cytotoxicity, and apoptosis [36, 42]. Various approaches for cancer
treatment have been investigated, including NO-releasing drugs and NO as chemotherapy and
radiotherapy sensitizers. Our results show that exogenous NO mainly accumulated in cancer
cell membrane, which suggests that NO-triggered membrane damage may be the vanguard
event of NO-induced cell death. The capability to image the spatial distribution of subcellular
NO real time could be useful to better understand cellular signaling involving NO, including
guanylyl cyclase activation, vessel homeostasis, neurotransmission, ischemia, inflammation,
and neurodegeneration [43, 44]. HTDAF-2DA may also serve as a valuable tool for high-
throughput screening of NO-donating drugs in cancer therapy. Further studies on expanding
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Fig 4. Measurement of endogenous NO production in activated macrophages by HTDAF-2DA and
DAF-2DA. (A and B) NO detection in Raw 264.7 macrophages expressing HaloTag in the cytosol/nucleus (A)
or nucleus (B) stained by HTDAF-2DA. (C) NO detection in Raw 264.7 macrophages stainedby DAF-2DA.
For A-C, cells were prestimulated for 8 h with LPS (0.5 pg/ml) and IFN-y (250 U/ml) with or without L-NAME (2
mM). Data were measured in pooled cells with microplate reader. Error bars represent SD.

doi:10.1371/journal.pone.0123986.9004
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the color palette of targetable NO probes, optimizing the sensitivities and dynamic range of
NO probes, and creating targetable sensors with ratiometric read-out are currently in progress.

Supporting Information

S1 Fig. Fluorescent properties of NO sensor HTDAF-2. (A) Comparison of the fluorescence

intensities of HTDAF-2DA, HTDAF-2, HTdiAcFAM, and HTFAM. (B) Relative fluorescence

intensities of HTDAF-2 with excitation at 485 nm and emission at 528 nm at the indicated pH.
Data were normalized to the fluorescence at pH 7.4. Error bars represent SD.

(TTF)

S2 Fig. HTDAF-2DA fluorescence images in HeLa cells expressing HaloTag and DAF-2DA
fluorescence images. (A) The fluorescent microscopy images of HeLa cells expressing HaloTag
in mitochondria co-stained with the blue fluorescent DNA staining dye DAPI or MitoTracker
Red FM. (B-D) Images present HeLa cells expressing HaloTag in the cytosol (B), membrane
(C), and nucleus (D) co-stained with DAPI. Scale bar = 10 pM. (E) DAF-2DA fluorescence im-
ages in HeLa cells. Scale bar = 10 pM.

(TIF)

S1 File. Scheme A. Synthesis of HTDAF-2DA and HTDAF-2; Scheme B. Synthesis of
HTdiAcFAM and HTFAM.
(DOCX)

Acknowledgments

We thank Jing Zheng for Hela cell lines; JieZou, Aoxue Wang, and Zhuo Zhang for technical
assistance and helpful discussion.

Author Contributions

Conceived and designed the experiments: YY AH. Performed the experiments: JW YZ CW QZ
ZD. Analyzed the data: YY AH YZ JW CW QZ ZD. Contributed reagents/materials/analysis
tools: JW YZ CW QZ ZD. Wrote the paper: YY AH YZ JW CW.

References

1. Garthwaite J. Concepts of neural nitric oxide-mediated transmission. The European journal of neurosci-
ence. 2008; 27(11):2783-802. Epub 2008/07/01. doi: 10.1111/j.1460-9568.2008.06285.x PMID:
18588525; PubMed Central PMCID: PMC2610389.

2. Bogdan C. Nitric oxide and the immune response. Nature immunology. 2001; 2(10):907-16. Epub
2001/09/29. doi: 10.1038/ni1001-907 PMID: 11577346.

3. Fukumura D, Kashiwagi S, Jain RK. The role of nitric oxide in tumour progression. Nature reviews Can-
cer. 2006; 6(7):521-34. Epub 2006/06/24. doi: 10.1038/nrc1910 PMID: 16794635.

4. Brown FO, Finnerty NJ, Bolger FB, Millar J, Lowry JP. Calibration of NO sensors for in-vivo voltamme-
try: laboratory synthesis of NO and the use of UV-visible spectroscopy for determining stock concentra-
tions. Anal Bioanal Chem. 2005; 381(4):964—71. Epub 2005/02/24. doi: 10.1007/s00216-004-2964-8
PMID: 15726338.

5. GabeY, UranoY, Kikuchi K, Kojima H, Nagano T. Highly sensitive fluorescence probes for nitric oxide
based on boron dipyrromethene chromophore-rational design of potentially useful bioimaging fluores-
cence probe. J Am Chem Soc. 2004; 126(10):3357—67. Epub 2004/03/12. doi: 10.1021/ja037944j
PMID: 15012166.

6. Lim MH, Xu D, Lippard SJ. Visualization of nitric oxide in living cells by a copper-based fluorescent probe.
Nat Chem Biol. 2006; 2(7):375-80. Epub 2006/05/30. doi: 10.1038/nchembio794 PMID: 16732295.

7. Privett BJ, Shin JH, Schoenfisch MH. Electrochemical nitric oxide sensors for physiological measure-
ments. Chemical Society reviews. 2010; 39(6):1925-35. Epub 2010/05/27. doi: 10.1039/b701906h
PMID: 20502795; PubMed Central PMCID: PMC3569000.

PLOS ONE | DOI:10.1371/journal.pone.0123986  April 29, 2015 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123986.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123986.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123986.s003
http://dx.doi.org/10.1111/j.1460-9568.2008.06285.x
http://www.ncbi.nlm.nih.gov/pubmed/18588525
http://dx.doi.org/10.1038/ni1001-907
http://www.ncbi.nlm.nih.gov/pubmed/11577346
http://dx.doi.org/10.1038/nrc1910
http://www.ncbi.nlm.nih.gov/pubmed/16794635
http://dx.doi.org/10.1007/s00216-004-2964-8
http://www.ncbi.nlm.nih.gov/pubmed/15726338
http://dx.doi.org/10.1021/ja037944j
http://www.ncbi.nlm.nih.gov/pubmed/15012166
http://dx.doi.org/10.1038/nchembio794
http://www.ncbi.nlm.nih.gov/pubmed/16732295
http://dx.doi.org/10.1039/b701906h
http://www.ncbi.nlm.nih.gov/pubmed/20502795

@ PLOS | one

Spatiotemporal Imaging of Nitric Oxide

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Yoshimura T, Yokoyama H, Fuijii S, Takayama F, Oikawa K, Kamada H. In vivo EPR detection and im-
aging of endogenous nitric oxide in lipopolysaccharide-treated mice. Nature biotechnology. 1996; 14
(8):992—4. Epub 1996/08/01. doi: 10.1038/nbt0896-992 PMID: 9631037.

Brien JF, McLaughlin BE, Nakatsu K, Marks GS. Chemiluminescence headspace-gas analysis for de-
termination of nitric oxide formation in biological systems. Methods in enzymology. 1996; 268:83-92.
Epub 1996/01/01. PMID: 8782575.

Kojima H, Nakatsubo N, Kikuchi K, Kawahara S, Kirino Y, Nagoshi H, et al. Detection and imaging of ni-
tric oxide with novel fluorescent indicators: diaminofluoresceins. Anal Chem. 1998; 70(13):2446-53.
Epub 1998/07/17. PMID: 9666719.

Kojima H, Hirotani M, Nakatsubo N, Kikuchi K, Urano Y, Higuchi T, et al. Bioimaging of nitric oxide with
fluorescent indicators based on the rhodamine chromophore. Anal Chem. 2001; 73(9):1967-73. Epub
2001/05/17. PMID: 11354477.

von Bohlen und Halbach O, Albrecht D, Heinemann U, Schuchmann S. Spatial nitric oxide imaging
using 1,2-diaminoanthraquinone to investigate the involvement of nitric oxide in long-term potentiation
in rat brain slices. Neuroimage. 2002; 15(3):633—-9. Epub 2002/02/19. doi: 10.1006/nimg.2001.1045
PMID: 11848706.

Yang 'Y, Loscalzo J. S-nitrosoprotein formation and localization in endothelial cells. Proc Natl Acad Sci
U S A. 2005; 102(1):117—22. Epub 2004/12/25. doi: 10.1073/pnas.0405989102 PMID: 15618409;
PubMed Central PMCID: PMC544053.

Zhang Y, So MK, Loening AM, Yao H, Gambhir SS, Rao J. HaloTag protein-mediated site-specific con-
jugation of bioluminescent proteins to quantum dots. Angew Chem Int Ed Engl. 2006; 45(30):4936—40.
Epub 2006/06/30. doi: 10.1002/anie.200601197 PMID: 16807952.

Los GV, Encell LP, McDougall MG, Hartzell DD, Karassina N, Zimprich C, et al. HaloTag: a novel pro-
tein labeling technology for cell imaging and protein analysis. ACS Chem Biol. 2008; 3(6):373—-82.
Epub 2008/06/07. doi: 10.1021/cb800025k PMID: 18533659.

Taniguchi Y, Kawakami M. Application of HaloTag protein to covalentimmobilization of recombinant
proteins for single molecule force spectroscopy. Langmuir. 2010; 26(13):10433—-6. Epub 2010/06/10.
doi: 10.1021/la101658a PMID: 20527958.

Lee HL, Lord SJ, Iwanaga S, Zhan K, Xie H, Williams JC, et al. Superresolution imaging of targeted pro-
teins in fixed and living cells using photoactivatable organic fluorophores. J Am Chem Soc. 2010; 132
(43):15099—-101. Epub 2010/10/13. doi: 10.1021/ja1044192 PMID: 20936809; PubMed Central
PMCID: PMC2972741.

Strauch RC, Mastarone DJ, Sukerkar PA, Song Y, Ipsaro JJ, Meade TJ. Reporter protein-targeted
probes for magnetic resonance imaging. J Am Chem Soc. 2011; 133(41):16346—9. Epub 2011/09/29.
doi: 10.1021/ja206134b PMID: 21942425; PubMed Central PMCID: PMC3203639.

Ueno Y, Jiao G-S, Burgess K. Preparation of 5- and 6-Carboxyfluorescein. Synthesis. 2004; 15:2591—
3.

Dooley CT, Dore TM, Hanson GT, Jackson WC, Remington SJ, Tsien RY. Imaging dynamic redox
changes in mammalian cells with green fluorescent protein indicators. J Biol Chem. 2004; 279
(21):22284-93. Epub 2004/02/27. doi: 10.1074/jbc.M312847200 PMID: 14985369.

Vinkenborg JL, Nicolson TJ, Bellomo EA, Koay MS, Rutter GA, Merkx M. Genetically encoded FRET
sensors to monitor intracellular Zn2+ homeostasis. Nat Methods. 2009; 6(10):737—40. Epub 2009/09/
01. doi: 10.1038/nmeth.1368 PMID: 19718032.

Tantama M, Hung YP, Yellen G. Imaging intracellular pH in live cells with a genetically encoded red
fluorescent protein sensor. J Am Chem Soc. 2011; 133(26):10034—7. Epub 2011/06/03. doi: 10.1021/
ja202902d PMID: 21631110; PubMed Central PMCID: PMC3126897.

Tantama M, Martinez-Francois JR, Mongeon R, Yellen G. Imaging energy status in live cells with a fluo-
rescent biosensor of the intracellular ATP-to-ADP ratio. Nat Commun. 2013; 4:2550. Epub 2013/10/08.
doi: 10.1038/ncomms3550 PMID: 24096541; PubMed Central PMCID: PMC3852917.

Wang Y, LiY, Wang D, Chang A, Chan WK. Suppression of the hypoxia inducible factor-1 function by
redistributing the aryl hydrocarbon receptor nuclear translocator from nucleus to cytoplasm. Cancer
Lett. 2012; 320(1):111-21. Epub 2012/02/07. doi: 10.1016/j.canlet.2012.01.037 PMID: 22306343;
PubMed Central PMCID: PMC3319868.

Jones JM, Morrell JC, Gould SJ. PEX19 is a predominantly cytosolic chaperone and import receptor for
class 1 peroxisomal membrane proteins. J Cell Biol. 2004; 164(1):57—67. Epub 2004/01/08. doi: 10.
1083/jcb.200304111 PMID: 14709540; PubMed Central PMCID: PMC2171958.

Chikuda H, Kugimiya F, Hoshi K, Ikeda T, Ogasawara T, Shimoaka T, et al. Cyclic GMP-dependent
protein kinase Il is a molecular switch from proliferation to hypertrophic differentiation of chondrocytes.
Genes Dev. 2004; 18(19):2418—-29. Epub 2004/10/07. doi: 10.1101/gad.1224204 PMID: 15466490;
PubMed Central PMCID: PMC522991.

PLOS ONE | DOI:10.1371/journal.pone.0123986  April 29, 2015 10/11


http://dx.doi.org/10.1038/nbt0896-992
http://www.ncbi.nlm.nih.gov/pubmed/9631037
http://www.ncbi.nlm.nih.gov/pubmed/8782575
http://www.ncbi.nlm.nih.gov/pubmed/9666719
http://www.ncbi.nlm.nih.gov/pubmed/11354477
http://dx.doi.org/10.1006/nimg.2001.1045
http://www.ncbi.nlm.nih.gov/pubmed/11848706
http://dx.doi.org/10.1073/pnas.0405989102
http://www.ncbi.nlm.nih.gov/pubmed/15618409
http://dx.doi.org/10.1002/anie.200601197
http://www.ncbi.nlm.nih.gov/pubmed/16807952
http://dx.doi.org/10.1021/cb800025k
http://www.ncbi.nlm.nih.gov/pubmed/18533659
http://dx.doi.org/10.1021/la101658a
http://www.ncbi.nlm.nih.gov/pubmed/20527958
http://dx.doi.org/10.1021/ja1044192
http://www.ncbi.nlm.nih.gov/pubmed/20936809
http://dx.doi.org/10.1021/ja206134b
http://www.ncbi.nlm.nih.gov/pubmed/21942425
http://dx.doi.org/10.1074/jbc.M312847200
http://www.ncbi.nlm.nih.gov/pubmed/14985369
http://dx.doi.org/10.1038/nmeth.1368
http://www.ncbi.nlm.nih.gov/pubmed/19718032
http://dx.doi.org/10.1021/ja202902d
http://dx.doi.org/10.1021/ja202902d
http://www.ncbi.nlm.nih.gov/pubmed/21631110
http://dx.doi.org/10.1038/ncomms3550
http://www.ncbi.nlm.nih.gov/pubmed/24096541
http://dx.doi.org/10.1016/j.canlet.2012.01.037
http://www.ncbi.nlm.nih.gov/pubmed/22306343
http://dx.doi.org/10.1083/jcb.200304111
http://dx.doi.org/10.1083/jcb.200304111
http://www.ncbi.nlm.nih.gov/pubmed/14709540
http://dx.doi.org/10.1101/gad.1224204
http://www.ncbi.nlm.nih.gov/pubmed/15466490

@ PLOS | one

Spatiotemporal Imaging of Nitric Oxide

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Skene JH, Virag |. Posttranslational membrane attachment and dynamic fatty acylation of a neuronal
growth cone protein, GAP-43. J Cell Biol. 1989; 108(2):613—24. Epub 1989/02/01. PMID: 2918027;
PubMed Central PMCID: PMC2115450.

Sharma M, Celver J, Octeau JC, Kovoor A. Plasma membrane compartmentalization of D2 dopamine
receptors. J Biol Chem. 2013; 288(18):12554—68. Epub 2013/03/16. doi: 10.1074/jbc.M112.443945
PMID: 23493394; PubMed Central PMCID: PMC3642303.

Heim N, Griesbeck O. Genetically encoded indicators of cellular calcium dynamics based on troponin C
and green fluorescent protein. J Biol Chem. 2004; 279(14):14280—-6. Epub 2004/01/27. doi: 10.1074/
jbc.M312751200 PMID: 14742421.

Belousov VV, Fradkov AF, Lukyanov KA, Staroverov DB, Shakhbazov KS, Terskikh AV, et al. Geneti-
cally encoded fluorescent indicator for intracellular hydrogen peroxide. Nat Methods. 2006; 3(4):281-6.
Epub 2006/03/24. doi: 10.1038/nmeth866 PMID: 16554833.

Rizzuto R, Nakase H, Darras B, Francke U, Fabrizi GM, Mengel T, et al. A gene specifying subunit VIII
of human cytochrome c oxidase is localized to chromosome 11 and is expressed in both muscle and
non-muscle tissues. J Biol Chem. 1989; 264(18):10595-600. Epub 1989/06/25. PMID: 2543673.

Rizzuto R, Brini M, Pizzo P, Murgia M, Pozzan T. Chimeric green fluorescent protein as a tool for visual-
izing subcellular organelles in living cells. Curr Biol. 1995; 5(6):635—42. Epub 1995/06/01. PMID:
7552174,

Zhao'Y, Araki S, Wu J, Teramoto T, Chang YF, Nakano M, et al. An expanded palette of genetically en-
coded Ca(2) indicators. Science. 2011; 333(6051):1888—91. Epub 2011/09/10. doi: 10.1126/science.
1208592 PMID: 21903779.

Kojima H, Urano Y, Kikuchi K, Higuchi T, Hirata Y, Nagano T. Fluorescent Indicators for Imaging Nitric
Oxide Production. Angew Chem Int Ed Engl. 1999; 38(21):3209-12. Epub 1999/11/11. PMID:
10556905.

Nowak DE, Tian B, Brasier AR. Two-step cross-linking method for identification of NF-kappaB gene
network by chromatin immunoprecipitation. BioTechniques. 2005; 39(5):715-25. Epub 2005/12/01.
PMID: 16315372.

Frederiksen LJ, Sullivan R, Maxwell LR, Macdonald-Goodfellow SK, Adams MA, Bennett BM, et al.
Chemosensitization of cancer in vitro and in vivo by nitric oxide signaling. Clinical cancer research: an
official journal of the American Association for Cancer Research. 2007; 13(7):2199—206. Epub 2007/
04/04. doi: 10.1158/1078-0432.CCR-06-1807 PMID: 17404104.

Ridnour LA, Thomas DD, Donzelli S, Espey MG, Roberts DD, Wink DA, et al. The biphasic nature of ni-
tric oxide responses in tumor biology. Antioxidants & redox signaling. 2006; 8(7—8):1329-37. Epub
2006/08/17. doi: 10.1089/ars.2006.8.1329 PMID: 16910780.

Kim YM, Talanian RV, Li J, Billiar TR. Nitric oxide prevents IL-1beta and IFN-gamma-inducing factor
(IL-18) release from macrophages by inhibiting caspase-1 (IL-1beta-converting enzyme). J Immunol.
1998; 161(8):4122-8. Epub 1998/10/21. PMID: 9780184.

Ibrahim Abdelwahab S, Syaed Koko W, Mohamed Elhassan Taha M, Mohan S, Achoui M, Ameen
Abdulla M, et al. In vitro and in vivo anti-inflammatory activities of columbin through the inhibition of
cycloxygenase-2 and nitric oxide but not the suppression of NF-kappaB translocation. European jour-
nal of pharmacology. 2012; 678(1-3):61-70. Epub 2012/01/10. doi: 10.1016/j.ejphar.2011.12.024
PMID: 22227329.

Lee KS, Lee DK, Jeoung D, Lee H, Choe J, Ha KS, et al. Differential effects of substrate-analogue inhib-
itors on nitric oxide synthase dimerization. Biochem Biophys Res Commun. 2012; 418(1):49-55. Epub
2012/01/14. doi: 10.1016/j.bbrc.2011.12.123 PMID: 22240022.

Srikun D, Albers AE, Nam ClI, lavarone AT, Chang CJ. Organelle-targetable fluorescent probes for im-
aging hydrogen peroxide in living cells via SNAP-Tag protein labeling. J Am Chem Soc. 2010; 132
(12):4455-65. Epub 2010/03/06. doi: 10.1021/ja100117u PMID: 20201528; PubMed Central PMCID:
PMC2850560.

Burke AJ, Sullivan FJ, Giles FJ, Glynn SA. The yin and yang of nitric oxide in cancer progression. Carci-
nogenesis. 2013; 34(3):503—-12. Epub 2013/01/29. doi: 10.1093/carcin/bgt034 PMID: 23354310.

Lowe G, Buerk DG, Ma J, Gelperin A. Tonic and stimulus-evoked nitric oxide production in the mouse
olfactory bulb. Neuroscience. 2008; 153(3):842-50. Epub 2008/04/15. doi: 10.1016/j.neuroscience.
2008.03.003 PMID: 18407420; PubMed Central PMCID: PMC2475540.

McQuade LE, Ma J, Lowe G, Ghatpande A, Gelperin A, Lippard SJ. Visualization of nitric oxide produc-
tion in the mouse main olfactory bulb by a cell-trappable copper(ll) fluorescent probe. Proc Natl Acad
SciU S A. 2010; 107(19):8525-30. Epub 2010/04/24. doi: 10.1073/pnas.0914794107 PMID:
20413724; PubMed Central PMCID: PMC2889334.

PLOS ONE | DOI:10.1371/journal.pone.0123986  April 29, 2015 11/11


http://www.ncbi.nlm.nih.gov/pubmed/2918027
http://dx.doi.org/10.1074/jbc.M112.443945
http://www.ncbi.nlm.nih.gov/pubmed/23493394
http://dx.doi.org/10.1074/jbc.M312751200
http://dx.doi.org/10.1074/jbc.M312751200
http://www.ncbi.nlm.nih.gov/pubmed/14742421
http://dx.doi.org/10.1038/nmeth866
http://www.ncbi.nlm.nih.gov/pubmed/16554833
http://www.ncbi.nlm.nih.gov/pubmed/2543673
http://www.ncbi.nlm.nih.gov/pubmed/7552174
http://dx.doi.org/10.1126/science.1208592
http://dx.doi.org/10.1126/science.1208592
http://www.ncbi.nlm.nih.gov/pubmed/21903779
http://www.ncbi.nlm.nih.gov/pubmed/10556905
http://www.ncbi.nlm.nih.gov/pubmed/16315372
http://dx.doi.org/10.1158/1078-0432.CCR-06-1807
http://www.ncbi.nlm.nih.gov/pubmed/17404104
http://dx.doi.org/10.1089/ars.2006.8.1329
http://www.ncbi.nlm.nih.gov/pubmed/16910780
http://www.ncbi.nlm.nih.gov/pubmed/9780184
http://dx.doi.org/10.1016/j.ejphar.2011.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22227329
http://dx.doi.org/10.1016/j.bbrc.2011.12.123
http://www.ncbi.nlm.nih.gov/pubmed/22240022
http://dx.doi.org/10.1021/ja100117u
http://www.ncbi.nlm.nih.gov/pubmed/20201528
http://dx.doi.org/10.1093/carcin/bgt034
http://www.ncbi.nlm.nih.gov/pubmed/23354310
http://dx.doi.org/10.1016/j.neuroscience.2008.03.003
http://dx.doi.org/10.1016/j.neuroscience.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18407420
http://dx.doi.org/10.1073/pnas.0914794107
http://www.ncbi.nlm.nih.gov/pubmed/20413724

