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A reductive ligation based fluorescent probe (SNOP1) for the 5 

detection of S-nitrosothiols (SNO) was developed. The probe 
showed good selectivity and sensitivity for SNO.  

S-Nitrosation is an important post-translational modification 
that not only transmits nitric oxide (NO) biological activity, 
but also regulates protein functions.1 The levels of S-10 

nitrosation are finely regulated, and dysregulation is 
associated with the etiology of several pathologies. Currently 
the detection of S-nitrosation in biological systems is still a 
challenge due to the labiality of the products of S-nitrosation, 
i.e. S-nitrosothiols (SNO).2  Since SNO are unstable species, 15 

most current methods (such as chemiluminescence based 
assays, colorimetry based assays, and biotin-switch based 
assays) are indirect methods, which are in fact detecting the 
decomposition  products of SNO (either the S part or the NO 
part).3 Careful control experiments are needed if these 20 

methods are used, otherwise false positive results could be 
generated. In this regard, direct methods which target the 
entire SNO moiety would have advantages. In the past several 
years our laboratory has developed a series of phosphine-
based bioorthogonal reactions of SNO.4 These reactions 25 

specifically target SNO groups and can directly convert 
unstable SNO to stable and detectable species. While we are 
continuing to work on these reactions (our goal is to utilize 
these reactions to develop novel reagents for direct enriching 
or labeling protein SNO), we realized that fluorescent probes 30 

may be developed based on these reactions. Fluorescence 
methods are known to have both high sensitivity and high 
spatiotemporal resolution for visualizing biomolecules in vitro 
and in vivo. Experimental operations are easy to perform. 
Therefore fluorescence methods for SNO should be attractive. 35 

However this has not been well studied. In 2009 we reported 
our first generation of fluorescent probes for SNO, which was 
based on a SNO-mediated oxidation of phosphine substrates.5 
Although the probes showed good sensitivity for SNO vs 
other reactive sulfur species (RSS), potential oxidation by 40 

other oxidative species such as H2O2 could be a problem. To 
solve this problem we envisioned that the reductive ligation of 
SNO could be useful in the development of specific SNO 
fluorescent probes. Here we report the design, synthesis, and 
evaluation of a reductive ligation-based probe for SNO.  45 

 
Scheme 1 The design of reductive ligation-based probes for SNO.  

The mechanism of reductive ligation is described in 
Scheme 1.4a SNO can react with triaryl phosphine 1 to form 
the azaylide intermediate 2, which in turn undergoes a rapid 50 

intramolecular acyl transfer and hydrolysis to furnish a 
sulfenamide 3 and R’OH. This reaction provides a unique and 
specific way to remove the acylated group on hydroxyl groups. 
It is known that acylation on many fluorophores can quench 
the fluorescence and de-acylation can reform the fluorescent 55 

species.6 This strategy has been widely used in the design of 
many reaction based fluorescent probes.6 Therefore we 
expected that if –OH sensitive fluorophore is introduced to the 
triarylphosphine acylate, the resultant compound 5 would be a 
specific probe for SNO as it will selectively react with SNO to 60 

release the fluorophore. 
To test this hypothesis, we proposed a SNO probe SNOP1, 

as shown in Scheme 2. Fluorescein (6) was selected as the 
fluorophore as it is known that bis-OH acylation of 
fluorescein quenches its fluoresence.6d-f In addition, according 65 

to our previous experience acylation on both OH groups 
usually leads to a higher level of fluorescence.7 With two 
phosphine moieties in the structure, the probe could react with 
SNO molecules to release either free fluorescein or mono-
acylated fluorescein, both are strong fluorescent species with 70 

the same emission wavelengths. SNOP1 was easily prepared 
in one step from fluorescein and 2-
(diphenylphosphino)benzoic acid (7). The compound was 
fully characterized by 1H, 13C, 31P NMR and MS (see 
Supporting Information).  75 
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Scheme 2 The structure and preparation of SNOP1. 

 
With the probe in hand, we first tested its fluorescence 5 

property in aqueous buffers. Tris-HCl buffer system was 
found to give the best results so this system was used in all 
the experiments described here. As expected, the probe itself 
showed low fluorescence intensity. When a model SNO 
substrate, 8 (50 μM), was added into the solution of the probe 10 

(10 μM), significant increase of fluorescence intensity (~90 
fold) was observed (Fig. 1A). The fluorescence turn-on 
response was found to be fast. The maximum intensity was 
reached in about 25 min. We also tested the response of 
SNOP1 to S-nitrosoglutathione (GSNO), which is an 15 

endogenous SNO (Fig. 1B). GSNO also led to very obvious 
fluorescence increase, although in a smaller level (~18 fold) 
and slower rate (reaching the maximum at ~40 min) compared 
to compound 8. GSNO is much more stable than other small 
molecule SNO compounds. This is probably due to its 20 

structural character which somehow protects SNO from 
decomposition. The property may also cause low or slow 
reactivity of GSNO toward reagents like SNOP1, therefore it 
gave lower and slower fluorescence response. It should be 
noted that the model reaction between SNOP1 and SNO 25 

indeed led to both free fluorescein and mono-acylated 
fluorescein as products (Fig. S1, ESI†), confirming the 
reaction mechanism proposed in Scheme 2.  
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Fig. 1 Time-dependent fluorescence enhancement (F/F0) of SNOP1 (10 30 

μM) to 8 (50 μM) (A) and GSNO (50 μM) (B). The reactions were carried 
out at 37 oC in Tris-HCl buffer (50 mM, pH = 7.4) with 1% DMSO (λex/em 
= 490/518 nm). 

 
To demonstrate the efficiency of the probe in determining 35 

SNO concentrations, a series of different concentrations of 
GSNO were treated with SNOP1 (10 μM). For consistency, 
the fluorescence intensity was recorded after 45 min. We 
found that the intensities increased almost linearly in the 
range of and 0 ~ 30 μM for GSNO (Fig. 2). The detection 40 

limits8 were calculated to be 90 nM for GSNO, suggesting the 
probe is reasonably sensitive. We also studied the effects of 
pH values on the reaction. The probe worked nicely in neutral 
pHs (6.5 ~ 7.5) (Fig. S2, ESI†). These results suggest the 
probe may be suitable for detecting SNO in biological 45 

samples. 
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Fig. 2 Fluorescence emission spectra of SNOP1 (10 μM) with varied 
concentrations of GSNO (0, 0.3, 0.5, 1, 3, 5, 7, 10, 15, 20, 30, 40, 50 μM 50 
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for curves 1-13, respectively). The reactions were carried out for 45 min 
at 37 oC in Tris-HCl buffer (50 mM, pH = 7.4) with 1% DMSO (λex/em = 
490/518 nm). 

 

We next examined the selectivity of the probe for other 5 

reactive sulfur species and some common oxidative species 
(Fig. 3). Sulfur containing compounds including glutathione 
(GSH), cysteine (Cys), homocysteine (Hcy), oxidized 
glutathione (GSSG), hydrogen sulfide (H2S),  thiosulfate 
(S2O3

2-), and sulfite (SO3
2-) were tested and did not give any 10 

significant fluorescence enhancement. Oxidants such as 
hydrogen peroxide (H2O2), hypochlorite (ClO-), and nitrite 
(NO2

-) were found to be non-reactive either. In comparison, 
GSNO showed very significant fluorescent signals. To further 
investigate the specificity of the probe for SNO, two tertiary 15 

SNO substrates based on S-nitrosopenicillamine were also 
tested. These un-natural SNO showed excellent fluorescence 
responses to the probe (Fig. S3, ESI†). These results 
demonstrated good selectivity of the probe SNOP1 for SNO. 
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Fig. 3 Fluorescence enhancement (F/F0) of SNOP1 (10 μM) to various 
RSS or common oxides. The reactions were carried out for 45 min in 
Tris-HCl buffer (50 mM, pH = 7.4) with 1% DMSO at 37 oC. (1) 10 μM 
SNOP1  only; (2) 1 mM GSH; (3) 100 μM Cys; (4) 100 μM Hcy; (5) 100 
μM GSSG; (6) 100 μM Na2S; (7) 100 μM Na2S2O3; (8) 100 μM Na2SO3; 25 

(9) 100 μM H2O2; (10) 100 μM NaClO; (11) 100 μM NaNO2; (12) 50 μM 
GSNO. 

It should be noted that the reductive ligation was also used 
by King et al in trapping of nitroxyl (HNO), although the 
phosphine-derived product is slightly different.9 Recently 30 

Nakagawa and coworkers reported a structurally similar probe 
which showed excellent activity for HNO, but with low 
response to SNO.10 To test the activity of SNOP1 toward 
HNO, we treated the probe (10 μM) with a solution of 
Angeli’s salt (10 μM), a well known HNO donor. The 35 

fluorescence signals were recorded in 5 min in Tris-HCl 
buffer (50 mM, pH = 7.4, with 1% DMSO) at 37 oC. Indeed 
the probe showed a dramatic fluorescence increase (about 235 
fold, Fig.4). This reactivity with HNO may be a problem for 
using SNOP1 for selective detection of SNO. However, it is 40 

known that HNO is a highly reactive species which quickly 
undergoes dimerization to hyponitrous acid followed by 
dehydration to give nitrous oxide (N2O) and water.11 We 
suspected that if HNO co-exists with SNO in the solution, 

HNO will decompose quickly and not be detected. Therefore 45 

we studied the time-dependent stability of HNO using SNOP1. 
In this study a solution of Angeli’s salt (10 μM) was prepared. 
At different time intervals (0 ~ 60 min) the probe was used to 
monitor HNO. As shown in Fig. 4, the fluorescence intensities 
decreased quickly. After about 10 min, there was almost no 50 

fluorescence detected, suggesting a complete decomposition 
of HNO. These results suggest that although SNOP1 gives a 
strong fluorescence response to HNO, its signal can be 
observed only when it is continuously formed and present at 
the time of the measurement. Because of this property, we 55 

believe SNOP1 will be useful for selective detection of SNO, 
at least in some situations and might be able to distinguish 
SNO from HNO based on its time-dependent response. In 
biological systems, RSNO exist mainly as GSNO or S-
nitrosated proteins. These RSNOs are relatively stable. In 60 

contrast, HNO decomposes quickly if its generation is 
terminated (the biosynthesis of HNO is still unclear). We did 
some model experiments to prove this hypothesis (Fig. 5). 
Three solutions (Angeli’s salt only, GSNO only, Angeli’s salt 
+GSNO) were prepared separately in Tris-HCl buffer (50 65 

mM, pH=7.4, with 1% DMSO). The solutions were incubated 
for 20 min at 37 oC and then tested with SNOP1. The solution 
with only Angeli’s salt gave negligible fluorescence signals 
while the solutions with only GSNO gave strong fluorescence, 
at same levels of directly treating GSNO with the probe. The 70 

solutions of Angeli’s salt and GSNO together produced 
fluorescence as GSNO only. These results further suggested 
that at the time of measurement HNO was completely gone 
and the fluorescence could be attributed to GSNO. Overall 
under these conditions HNO had no influence on the 75 

fluorescence measurement of SNO.  
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Fig. 4 Time-dependent fluorescence changes of HNO in Tris-HCl 
buffer (50 mM, pH = 7.4) with 1% DMSO.  Angeli’s salt (10 μM) 80 

was used as HNO equivalent. The solutions of Angeli’s salt (10 μM) 
were kept at 37 oC for 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 
min, and then monitored by SNOP1 (10 μM), respectively. 
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Fig. 5 Fluorescence enhancements of SNOP1 (10 μM) to HNO only (10 
μM AS), GSNO (50 μM) only, and HNO (10 μM AS) + GSNO (50 μM), 
respectively.  

To ascertain the practical applicability of SNOP1 for 5 

biological samples, the detection of GSNO in diluted 
deproteinized bovine plasma12 was performed successfully 
(Fig. S4, ESI†). Upon gradual addition of GSNO (1 to 50 μM), 
we observed a remarkable emission increase appeared at 518 
nm in diluted deproteinized bovine plasma. An excellent 10 

linear correlation between the added GSNO concentrations 
and the increased fluorescence emission at 518 nm still can be 
obtained. These results indicated that SNOP1 was suitable for 
sensitive analysis of GSNO in biological samples.  

In summary, we report in this study a new fluorescent 15 

probe for the detection of SNO compounds. The design was 
based on SNO-mediated reductive ligation using triaryl-
phosphine substrates. This probe showed good sensitivity and 
selectivity for some representative SNO substrates, including 
the endogenous GSNO.  20 
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