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Abstract

Dinitrosyl iron complexes (DNIC) spontaneously form in aqueous solutions of Fe(II), nitric oxide 

(NO), and various anions. They exist as an equilibrium between diamagnetic, dimeric (bi-DNIC) 

and paramagnetic, monomeric (mono-DNIC) forms. Thiolate groups (e.g., on glutathione or 

protein cysteine residues) are the most biologically relevant anions to coordinate to Fe(II). Low 

molecular weight DNIC have previously been suggested to be important mediators of NO biology 

in cells, and emerging literature supports their role in the control of iron-dependent cellular 

processes. Recently, it was shown that DNIC may be one of the most abundant NO-derived 

products in cells and may serve as intermediates in the cellular formation of S-nitrosothiols. In this 

work, we examined the stability of low molecular weight DNIC and investigated issues with their 

detection in the presence of other NO-dependent metabolites such as S-nitrosothiols. By using 

spectrophotometric, Electron Paramagnetic Resonance, ozone-based chemiluminesence, and 

HPLC techniques we established that at neutral pH, bi-DNIC remain stable for hours, whereas 

excess thiol results in decomposition to form nitrite. NO was also detected during the 

decomposition, but no S-nitrosothiol formation was observed. Importantly, mercury chloride 

accelerated the degradation of DNIC; thus, the implications of this finding for the diagnostic use 

of mercury chloride in the detection of S-nitrosothiols were determined in simple and complex 

biological systems. We conclude S-nitrosothiol levels may have been substantially overestimated 

in all methods where mercury chloride has been used.

Graphical Abstract

*Address correspondence to: Neil Hogg, Department of Biophysics, Medical College of Wisconsin, 8701 Watertown Plank Rd, 
Milwaukee, WI, 53226. Phone: 414-955-4012; Fax: 414-955-6512, nhogg@mcw.edu.
1Current address: Berg, LLC, 500 Old Connecticut Path, Framingham, MA 01701.
2Current address: Department of Melanoma Medical Oncology, The University of Texas, MD Anderson Cancer Center. 1515 
Holcombe Blvd, Houston, TX, 77030-4009.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Nitric Oxide. Author manuscript; available in PMC 2018 May 01.

Published in final edited form as:
Nitric Oxide. 2017 May 01; 65: 1–9. doi:10.1016/j.niox.2017.01.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

DNIC; nitric oxide; S-nitrosothiols; NO-dependent chemiluminescence

INTRODUCTION

Dinitrosyl iron complexes (DNIC) are biologically relevant bioinorganic complexes of nitric 

oxide (NO). Such complexes spontaneously form in solutions of NO, ferrous iron and many 

anionic species. In biological systems, thiolate is thought to be the major anion involved in 

DNIC formation. DNIC can be generated from both low molecular weight (lmw) thiolates 

and from protein thiolates and have been shown to be present in inflammatory cells [1, 2], 

tissues expressing inducible nitric oxide synthase (iNOS) [3] and upon exposure to NO-

releasing compounds [4, 5]. In chemical systems, they have been shown to exist as an 

equilibrium between diamagnetic, dimeric (bi-DNIC) and paramagnetic, monomeric (mono-

DNIC) forms (Scheme 1 based on [6]), the position of which depends on the concentration 

of thiolate and pH. Both forms possess potential biological importance [7].

Biological DNIC have been a challenge to study and have been almost exclusively 

characterized by their electron paramagnetic resonance (EPR) spectra which has a diagnostic 

maximum at g = 2.04. However, only mono-DNIC are paramagnetic, while bi-DNIC are 

EPR silent. Recently, Hickock et al [2] carefully quantified the EPR signals in cells exposed 

to NO donor molecules and in cells activated to express iNOS, and reached the surprising 

conclusion that DNIC were present in much greater abundance than the more commonly-

appreciated NO metabolite, S-nitrosothiol. Interestingly, others have suggested that DNIC 

may be precursors of S-nitrosothiol formation [8, 9].

In this study, we attempted to provide alternative methods than EPR for the study of DNIC 

and also to examine the possible interference of DNIC with S-nitrosothiol detection 

methods. We have developed an HPLC method to examine low molecular weight DNIC and 

to study their decomposition mechanism. The major conclusion of these studies is that 

DNIC decay at pH 7.4 does not result in the formation of S-nitrosothiols.

In addition, we have examined the possible interference of DNIC with chemiluminescence 

methods for S-nitrosothiol detection and show that DNIC give a mercury(II)-inhibitable 

signal when using triiodide as a reducing agent, a condition thought to be diagnostic for the 

presence of S-nitrosothiols. This interference can be partially overcome by allowing the 

more transient DNIC to decay before S-nitrosothiol analysis. As an alternative, copper (II) 

and ascorbate can be used in place of triiodide as the reducing mixture, in which case only 

S-nitrosothiols are observed (albeit with a much poorer detection limit). The clear distinction 
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between these different NO adducts is essential to fully appreciate their unique contributions 

to biological processes.

EXPERIMENTAL SECTION

Materials

ProliNONOate (Proli/NO) and spermineNONOate (Sper/NO) were purchased from Cayman 

Chemical. All other chemicals were purchased from Sigma-Aldrich and used without further 

purification.

Synthesis of DNIC

DNIC were synthesized using a Coy anaerobic chamber from deoxygenated solutions of 

FeSO4 and cysteine or glutathione (GSH). Typically, 2 ml solution of FeSO4 (100 μM) and 

thiol (200 μM or 2 mM for ratios of 1:2 and 1:20) were mixed with 2 μl of Proli/NO (100 

mM dissolved in 0.1 N NaOH). The light yellowish-green color of DNIC appeared 

immediately. While the 1:2 Fe:thiol ratio largely forms bi-DNIC, the higher ratio gives a 

mixture of mono and bi forms with up to 50% of the latter [10]. We achieved 14 % and 50 % 

mono-DNIC at Fe:thiol ratios of 1:20, and 1:1000, respectively. We carried out all the 

experiments in 15 mM Hepes pH 7.4, since we found that unlike phosphate, the sulfonium 

anion of this buffer cannot compete with the thiolate anion for binding sites of the iron (See 

Supplementary Figure 1).

Synthesis of S-nitrosocysteine

S-Nitrosocysteine (CysNO) was freshly synthesized [11] from L-cysteine (200 mM) and 

NaNO2 (210 mM) in HCl. After 10 min incubation at room temperature, protected from 

light, the CysNO solution was neutralized with NaOH and diluted with buffer to the proper 

concentration (extinction coefficient ε334nm=900 M−1cm−1).

Cell culture

MCF7 human mammary adenocarcinoma cells were a generous gift from Dr. B. 

Kalyanaraman and were maintained in MEMα media (Invitrogen; Carlsbad, CA) 

supplemented with 10% fetal bovine serum, 200 U/mL penicillin, 200 μg/mL streptomycin, 

and non-essential amino acids (10 μM). Cultures were incubated at 37°C in a humidified 

atmosphere of 5% carbon dioxide and 95% air. For treatments, cells were exposed to 

Sper/NO (100 μM) or L-CysNO (100 μM) for 2 h in Hank’s Balanced Salt Solution (HBSS), 

and then cells were harvested by scraping into 15 mM Hepes or into 50 mM phosphate/1 

mM diethylene triamine pentaacetic acid (DTPA)/1 mM N-ethylmaleimide (NEM) buffer as 

noted in figure legends (pH 7.4 for both), sonicated and centrifuged at 10,000 x g for 10 

min. The supernatant was used for chemiluminsecence analysis, and values were normalized 

to protein concentration. The protein concentration was determined by using the BCA assay 

(Pierce; Rockford, IL).

Murine RAW 264.7 macrophage-like cells were routinely cultured as previously described 

[12]. Cells were seeded at density of 1 × 106/ml in 100 mm dishes and grown overnight to 

reach 70–80% confluence. Lipopolysaccharide (LPS, 0.5 μg/ml) was added to medium and 
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incubated for 13 h, and then harvested as described above, using 50 mM phosphate/1 mM 

DTPA/1 mM NEM buffer, pH 7.4. In additional experiments, L-NG-Nitroarginine methyl 

ester (L-NAME, 5 mM) was added to inhibit NO production during iNOS induction.

For EPR measurements, cells were scraped into 15 mM Hepes buffer, pH 7.4, and then put 

into quartz EPR tube and immediately snap-froze in liquid nitrogen.

EPR spectroscopy

A Bruker EMX spectrometer at 100K was used with the following parameters: 1 mW 

microwave power, 9.3 GHz microwave frequency, 10 G modulation amplitude, 20.94 ms 

time constant, and 41.94 s conversion time. DNIC were quantified by comparing the double 

integral of spectra with those of known concentrations of nitrosyl hemoglobin.

Griess and Saville assay

These assays were used to test the mercury(II)-stability of DNIC. Assays were performed 

according to Griess [13] and Saville [14]. Briefly, for the Saville assay, 200 μl of sample was 

mixed with 10 μl of mercury chloride (HgCl2) (10 mM in double distilled water), and then 

10 μl of sulfanilamide (30 mM in 2 N HCl) and naphthyl ethylene diamine (10 μl of 30 mM 

in 0.1 N HCl) were added consecutively. The absorbance was read at 540 nm. Griess assay 

was performed the same way, but without HgCl2. Results were quantified based on standard 

curves generated from S-nitrosoglutathione (GSNO) for Saville assay and from sodium 

nitrite for Griess assay. The difference of values obtained with both assays refers for the 

mercury(II)-depletable content.

Ozone-based chemiluminescence

NO-derivatives were analyzed with triiodide-dependent, ozone-based chemiluminescence 

[15] using a Sievers Model 280 NO analyzer. Briefly, the reaction solution was made daily 

from KI and I2 in glacial acetic acid and double distilled water and placed in the purge 

vessel of the analyzer. Sulfanilamide (100 mM in 2 N HCl, added in 10% vol/vol) was added 

to samples to remove nitrite, while HgCl2 (5 mM, added in 10% vol/vol) was added to 

nominally verify the presence of S-nitrosothiols. Quantification was performed based on the 

detector response for known amounts of GSNO.

S-nitrosothiols were also analyzed with Cu2+/ascorbate-dependent, ozone-based 

chemiluminescence [16, 17]. After adding a solution of ascorbate (10 mM or 100 mM in 15 

mM Hepes, pH 7.4) to the purge vessel of the analyzer and purging with argon, Cu(II)SO4 

(final concentration 10 μM or 100 μM) was injected to establish the reducing system.

HPLC analysis

The analysis was performed using an Agilent 1100 chromatograph. Samples (50 μl) were 

injected onto a Kromasil C-18 column (250 × 4.6 mm, 0.5 μM particle size) and eluted with 

mobile phases of methanol and 0.05% tetraflouroaceticacid (TFA) using a gradient method 

[18]. The effluent was monitored with a diode array spectrophotometer detector at 310 nm 

(DNIC) and at 336 nm (GSNO and nitrite). Integration of peaks was done by Agilent 
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ChemStation software. Known amounts of standards were used for quantification. Samples 

were not acidified unless indicated.

Absorption spectroscopy

Spectra were taken on an Agilent 8452 diode array UV-Visible spectrophotometer in a 1 cm 

quartz cuvette.

Statistics

A Student’s two-tailed t-test was used for statistics, and p≤0.05 was considered statistically 

significant. All data are reported as mean ± standard error unless otherwise indicated.

RESULTS

Analysis of DNIC with HPLC

In order to expand the methodology available to study DNIC and also to examine their 

decomposition, we developed an HPLC method to detect these species and their degradation 

products. This method was essentially the same as the reverse phase HPLC method used 

routinely for analysis of GSNO and nitrite [19]. The separated compound had a spectrum 

(Figure 1) identical to that reported [10] for bi-DNIC and the published extinction 

coefficient [10, 20] of bi-GSH-DNIC (ε310nm=4600 M−1cm−1 based on iron) was used for 

quantification. We determined the detector response (slope of calibration curve = 336 ± 27 

peak area/μmol), and estimated a detection limit of ~0.5 nmol. Interestingly, we only 

observed bi-DNIC by HPLC regardless of the initial thiol:iron ratio, strongly suggesting that 

as the compound is separated from excess thiol on the HPLC column, any mono-DNIC 

converts to bi-DNIC (Scheme 1). Figure 1 shows that GSNO, nitrite, and GSH-DNIC can be 

resolved using these chromatographic conditions. We were not successful in detecting the 

DNIC formed from cysteine by this method, so all experiments were performed with GSH 

as the thiolic ligand.

To examine stability, GSH-DNIC was synthesized at pH 7.4 in Hepes buffer, immediately 

transferred into an HPLC vial, and repeat-injected every 80 min. When a 1:2 Fe/GSH ratio 

was used, the observed bi-DNIC remained stable for 17 hours (Figure 2A); however, at the 

higher ratio (1:20) both bi and mono-DNIC decomposed completely within 12 hours. As bi-

DNIC is EPR silent, the decay of mono-DNIC trace of the mixture was followed with EPR, 

see Supplementary Figure 2. The DNIC degradation was accompanied by extensive nitrite 

formation (Figure 2B). The yield of nitrite from DNIC decay (based on Fe content) was 

approximately 1:1, half of the expected 2:1 if nitrite formation was the only fate of the 

nitrosyl groups. In contrast to Borudulin et al [20] we did not observe substantial GSNO 

formation at neutral pH. The GSNO level remained under 2% of the initial DNIC 

concentration.

Mercury(II) chloride is used as a diagnostic for the presence of S-nitrosothiols in 

chemiluminescence methods, as it will rapidly destroy S-nitrosothiols liberating nitrite, 

which can then be removed with sulfanilamide under acidic conditions. We were therefore 

interested to see if mercury(II) could enhance the decay of DNIC. The addition of HgCl2 (5 
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mM) to DNIC (1:2 Fe/GSH) immediately (by the time of first injection at ~10 minutes after 

mixing) resulted in destruction of DNIC with the concomitant formation of nitrite (Figure 

2C). An identical profile was also observed with DNIC (1:20 Fe/GSH) (Supplementary 

Figure 3). Nitrite yields compared to the iron concentration were again approximately 1:1. 

At the initial time point, the nitrite yield was much lower, and we detected an HPLC peak 

(Figure 2D), suggestive of an intermediate in the decay. We also monitored the mercury(II)-

dependent decomposition of mono-GSH-DNIC with EPR, and the DNIC spectrum was 

quickly replaced by a fast decaying symmetrical EPR signal of an intermediate species at 

g=2.01, line width 190 G. (Supplementary Figure 4). This suggests the presence of a 

transient NO-containing intermediate in the mercury(II)-dependent decomposition of DNIC 

to nitrite. A possible identity of this species could be a one-electron reduced dimeric DNIC 

that has a similar EPR spectrum [21].

The decomposition of DNIC was also monitored under acidic conditions (2 N HCl) to 

approximate conditions used in the triiodide based chemiluminescence assays (see below). 

In this case, both DNIC (1:2) and DNIC (1:20) decayed, with DNIC (1:20) decaying more 

slowly than DNIC (1:2). In both cases GSNO was formed with a yield of approximately 1:1 

with respect to iron (Figure 2 E, F).

In total, these data suggest that at physiological pH, bi-DNIC are stable for many hours but 

the presence of excess thiol results in slow generation of nitrite as the major NO-derived 

product from one of the bound NO molecules. Under acidic conditions, DNIC decay yields 

S-nitrosothiols. It is possible that GSNO is formed directly and/or from the reaction between 

nitrite/nitrous acid and glutathione at acid pH. Importantly, HgCl2 rapidly decomposes 

DNIC generating nitrite.

We next sought to examine if this observation had implications for the detection of S-

nitrosothiols by chemiluminesence.

Detection of DNIC in the Saville Assay

The Saville assay for S-nitrosothiols involves the mercury(II)-dependent formation of nitrite, 

followed by acidic diazotization with sulfanilamide and naphthyl ethylene diamine to form 

an intensely-colored purple product. To examine if DNIC report as positive in this assay, we 

tested DNIC at both Fe/GSH ratios in the Griess/Saville assay, and observed the 

mercury(II)-sensitive formation of purple azo-compound (30.1±2.5 μM for DNIC (1:2) and 

39.8±2.4 μM for DNIC (1:20), n=3 from solutions 100 μM in Fe). This finding suggested 

that accurate detection and quantification of S-nitrosothiols might be compromised if DNIC 

are also present.

Detection of DNIC with ozone-based chemiluminescence

Chemiluminescence methods for the detection of NO and its metabolites work by selectively 

converting metabolites back to NO and detecting the nascent NO by its reaction with ozone, 

which generates the chemiluminescence. The method is both sensitive and specific for NO; 

however, metabolite identification depends on the selectivity of the conversion process. 

Triiodide/acetic acid can convert S-nitrosothiols, nitrite, and iron nitrosyl species, as well as 

C-, O- and N- nitroso species, to NO with varying efficiency [22]. Nitrite is removed with 
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sulfanilamide at low pH, and the heme nitrosyls and C, O, and N- nitroso species are 

mercury(II)-resistant. Thus, in the presence of sulfanilamide, the mercury-sensitive signals 

are attributed to the presence of S-nitrosothiols. DNIC have been largely ignored as a 

potential interference in this method; however, the HPLC data above suggest that DNIC 

could also contribute to the mercury(II)-sensitive signal.

Using triiodide/acetic acid-based chemiluminescence, we observed that GSH-DNIC are 

readily detected, and the signal intensity, either at pH 7.4 or acidified, was stable during 2 

hours of repeat injection. The presence of acid/sulfanilamide resulted in a loss of signal, that 

was enhanced by the presence of mercury(II) (Figure 3A). The results are consistent with the 

instability of DNIC in acid and in the presence of mercury(II). Similar decay kinetics were 

observed with Cysteine-DNIC (Supplementary Figure 5), although the chemiluminescence 

peaks of Cysteine-DNIC were narrower than those of GSH-DNIC, demonstrating that the 

former is more facile in triiodide (Supplementary Figure 5, lower panel). The raw data from 

chemiluminescence analysis consists of a photomultiplier voltage trace, and quantification is 

achieved by obtaining the area under the peaks, by integration. The width of the peak is an 

indication of how easily the specific metabolite is converted to NO by the reducing media. 

When mercury(II) was added to DNIC at pH 7.4, the chemiluminescence peak sharpened 

(Figure 3B), suggestive of conversion of the DNIC to nitrite. This was confirmed by the 

addition of acid/sulfanilamide which largely removed this signal. The peak for GSH-DNIC 

was much broader than that observed for nitrite or GSNO, indicating slower NO formation 

in the triiodide medium (Figure 3B). These results are in good agreement with our HPLC 

data (Figure 2A, C, E) showing the mercury(II)-dependent liberation of nitrite from DNIC.

We next compared our results using triiodide/acetic acid chemiluminescence to a similar 

method utilizing copper and ascorbate [23] at pH 7.4 as the reducing medium. Ascorbate 

reduces Cu(II) to Cu(I) which subsequently reduces S-nitrosothiol to thiol and NO. Unlike 

triiodide, this mixture does not detect nitrite, so nitrite removal by acid/sulfanilamide is 

unnecessary. We were able to detect GSNO when CuSO4 (10 μM)/ascorbate (10 mM) was 

used as the reductant (Figure 3C). The chemiluminescence signal peaks were broader than 

observed with triiodide/acetic acid, but the detector response (area under the curve) was 

similar with either reducing solution. Also, as expected, HgCl2 abolished the 

chemiluminescence signal from GSNO. In contrast, DNIC gave no signal in Cu2+/ascorbate 

unless the samples were treated with HgCl2. Similar signals were observed when 

mercury(II)-treated DNIC samples were injected into Hepes buffer (15 mM, pH 7.4) in the 

purge vessel (i.e. in the absence of any reducing agent, Supplementary Figure 6), indicating 

direct NO formation from the mercury(II)-dependent DNIC degradation at neutral pH. If the 

copper and ascorbate concentrations were increased to 100 μM and 100 mM, respectively, to 

accelerate the GSNO reduction in the purge vessel, the GSNO peaks sharpened, but a slight 

signal from DNIC was now observed (Figure 3D).

Together, these data indicate that DNIC could give a mercury(II)-inhibitable signal in 

triiodide-based chemiluminescence methods that is indiscriminative from the S-nitrosothiol 

signal. The Cu2+/ascorbate method is unambiguous for S-nitrosothiol detection, but due to 

peak broadness, has a much higher limit of detection than triiodide. This is particularly 

problematic with biological samples as discussed below.
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Analysis of S-nitrosothiols and DNIC in cells with ozone-based chemiluminescence

In order to test whether the two chemiluminescence methods are able to discriminate 

between S-nitrosothiols and DNIC in a cellular system, we treated MCF7 human breast 

adenocarcinoma cells with Sper/NO (100 μM for 2 h). The cells were then washed and lysed 

in Hepes buffer (15 mM, pH 7.4). Lysate was analyzed by both triiodide- and copper/

ascorbate-dependent chemiluminescence simultaneously. Sulfanilamide-supplemented 

samples gave a robust signal using the triiodide method, which was abolished after addition 

of HgCl2 (Figure 4A). In contrast, much smaller signals were observed with the copper/

ascorbate system (Figure 4B). The quantification of the traces (Figure 4C) revealed the 

formation of 60 ± 2.4 pmol/mg protein S-nitrosothiol equivalents (with triiodide method), 

and 6.8 ± 2.2 pmol/mg protein of S-nitrosothiol equivalents (with copper/ascorbate). The 

presence of DNIC in these samples was confirmed with EPR (Figure 4D). As mentioned 

above, Cu2+/ascorbate-dependent signals are broader and more challenging to integrate. In 

addition, injection of protein-containing samples to Cu2+/ascorbate results in more extensive 

bubbling than with triiodide/acetic acid. This makes the Cu2+/ascorbate method far from 

ideal for the detection of S-nitrosothiols. Despite these limitations, the magnitude of the 

difference between the two methods strongly suggests that DNIC are being detected by the 

triiodide method.

As a positive control, we treated the cells with CysNO (100 μM for 2 h), a condition in 

which a fairly high level of S-nitrosothiol was anticipated, due to CysNO transport into the 

cells and NO-independent formation of protein S-nitrosothiols [24], with a much smaller 

DNIC component [5, 25]. Indeed, 470 ± 58 pmol/mg protein S-nitrosothiol was detected 

using the copper/ascorbate method (Figure 4E, F). The integration of triiodide-dependent 

signal revealed liberation of 790 ± 68 pmol/mg protein NO, a major part of which was 

mercury sensitive (Figure 4F and supplementary Figure 7). We hesitate to suggest the 

difference between the two methods corresponds to DNIC as this would be much higher 

than previously published EPR quantification [5, 25] of DNIC and accurate quantification of 

Cu/Asc is problematic. However, EPR may underestimate DNIC levels as it only reports on 

paramagnetic complexes.

Although these result indicate that Cu2+/ascorbate is able to more specifically detect cellular 

S-nitrosothiols, the broad peaks and sample bubbling give less confidence in the use of this 

method for absolute quantification of low endogenous levels. It is of course possible that 

part of the difference in Figure 4F is due to CysNO-dependent formation of DNIC 

(detectable with triiodide) in the cells as has been previously demonstrated [26].

Additional experiments were performed in the lysis buffer that we conventionally use when 

measuring cellular S-nitrosothiols. This consists of 50 mM phosphate/1 mM DTPA/50 mM 

NEM. In this study, samples were analyzed immediately and also after 20 hours incubation 

at 4 °C, a time we estimated to be long enough to allow the substantial decay of any DNIC 

present. In the case of Sper/NO treatment, the results did not show meaningful differences 

between cells lysed in Hepes or in phosphate/DTPA/NEM (Figure 4C vs. 4G), and 88% of 

the chemiluminescence signal decayed after 20 h (Figure 4G). On the other hand, when the 

cells were treated with CysNO, about 7 times more product was detected when phosphate/

DTPA/NEM lysis buffer was used (Figure 4F vs. 4H), a condition expected to protect S-
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nitrosothiols from degradation. Importantly, there was no significant decay of signal after 20 

hours (Figure 4H). These results support previous findings that CysNO-treatment results in 

mostly S-nitrosothiol formation. In contrast, Sper/NO-treatment appeared to almost 

exclusively form DNIC in cells, with little S-nitrosothiol formed [2].

Effect of endogenous NO production on DNIC and S-nitrosothiol formation

To extend these findings to a system in which NO is produced endogenously, we exposed 

RAW 264.7 macrophages to LPS for 13 hours to induce iNOS-derived NO production. 

Figure 5 shows that after treatment, the cells were harvested in phosphate/DTPA/NEM, and 

the lysate was analyzed with chemiluminescence using both triiodide and copper/ascorbate 

reducing solutions. Very small signals were found with copper/ascorbate, while a sizable 

triiodide-based signal was detected. The latter were completely eliminated after addition of 

HgCl2 and decayed over time. The lack of copper/ascorbate-based detection and the time-

dependent decay of the triiodide-sensitive product suggest that LPS treatment led mainly to 

DNIC formation in agreement with EPR data [2]. We confirmed the formation of DNIC by 

EPR in LPS-treated cells (Supplementary Figure 8). These data demonstrate that rapid 

processing of samples from LPS-treated RAW cells reveals a signal using triiodide reduction 

that decays to a level of about 20 pmol/mg protein after 20 h, which is similar to the level we 

previously attributed to S-nitrosothiols under these conditions [12, 27]. This implies that 

DNIC are present at > 4 times higher levels than S-nitrosothiols at the time of cell lysate 

preparation, in qualitative but not quantitative agreement with Hickok et al [2] who reported 

much greater DNIC levels, and the DNIC signal is lost over time to reveal only the more 

stable S-nitrosothiol signal. It should be noted that Hickok et all observed a much faster 

decay of intracellular RSNO compared to DNIC after the exposure of RAW cells to 

exogenous NO [2], however once lysed and ‘stabilized’ with DTPA and NEM, the RSNO 

are stable and the DNIC decay.

DISCUSSION

Thiolate-based dinitrosyl iron complexes, both low molecular weight and protein-based, 

have been reported to be important in diverse biological functions such as vasorelaxation, 

platelet aggregation, and wound healing [1]. Their formation may also play role in NO-

dependent regulation of DNA methylation [28]. They have also been proposed to be efficient 

mediators of S-nitrosothiol synthesis [8, 26]. Detection of DNIC is mainly based on their 

characteristic EPR spectrum at g=2.04, although this technique is limited to determination of 

only paramagnetic species (e. g. mono-DNIC), and is insensitive to non-paramagnetic DNIC 

(including bi-DNIC) may exist. DNIC can be identified by optical spectra [10], but prior 

separation is required for proper assignment of these species.

In this study, we investigated the detectability and stability of cysteine- and GSH-based 

DNIC with spectrophotometric, EPR, chemiluminescence, and HPLC methods. Based on 

our HPLC measurements under neutral conditions, bi-GSH-DNIC is fairly stable, while the 

presence of excess thiol induces a decay resulting in nitrite as a major product. We did not 

detect quantitative conversion of DNIC to nitrite which implies that additional nitrogen 

species are also produced. Indeed, extensive nitric oxide formation was observed when 
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partially decomposed DNIC was injected into the purge vessel of the NO analyzer 

containing only buffer. GSNO was not found among the degradation products by either 

HPLC or chemiluminescence methods. These results are inconsistent with the mechanism 

suggested by Vanin [1] in which hydrolysis of DNIC leads to nitrite and NO, but excess thiol 

prevents hydrolysis by coordinating to the NO moiety. As an alternative, it has also been 

proposed that DNIC are in equilibrium with Fe(II), NO, thiolate, and S-nitrosothiol [1, 10]. 

Our observations do not support either hypothesis, but at least partially support the work of 

Tsou and Liaw [29] who showed that one, but not two, thiol-containing DNIC can produce 

S-nitrosothiol, but only under acidic conditions. These authors did not consider that this 

could occur through the intermediacy of nitrite/nitrous acid. On the other hand, we observed 

that under strongly acidic conditions, extensive GSNO was produced which was 

accompanied the GSH-DNIC deterioration. This is consistent with reaction between nascent 

thiol and nitrous acid [30] during DNIC decay. We can conclude that although S-

nitrosothiols may play a role in the formation of DNIC [31] they are not primary 

decomposition products.

A major method for quantification of S-nitrosothiols is based on the sulfanilamide/mercury-

depletable signal of triiodide-dependent chemiluminescence, and DNIC being a nitrosyl 

compound potentially might interfere with this analysis. We previously found that 

cytochrome c heme nitrosyl gives a decaying mercury-resistant chemiluminescence signal 

making it imperative that the mercury-treated and non-treated samples are analyzed in close 

temporal proximity to avoid artifacts caused by instability of iron-nitrosyl compounds [32]. 

In the current study we show that unlike heme nitrosyls, DNIC are mercury sensitive and so 

cannot be distinguished from S-nitrosothiols in assays that rely on mercury-dependence of 

the observable for specificity. As DNIC will decay over time, while S-nitrosothiols can be 

stabilized by careful buffer selection (e. g. the presence of NEM and DTPA), it suggests a 

potential way to distinguish the two species to avoid DNIC contamination in S-nitrosothiol 

measurements. Unfortunately, care taken to inject samples rapidly after preparation, is more 

likely to lead to a greater degree of contamination with DNIC, whereas samples stored 

overnight likely gives more time for the DNIC to decay. What is abundantly clear is that, if 

anything, the triiodide method will overestimate, but not underestimate, the level of S-

nitrosothiol in the sample. As the levels of DNIC may be much higher than S-nitrosothiols, 

detection of a small percentage of DNIC could have large effects on the putative S-

nitrosothiol signal. Simply utilizing this difference in decomposition rate can provide a 

reasonable way to distinguish between these two species, although this is somewhat 

unsatisfactory as it assumes that all S-nitrosothiols are stabilized by NEM/DTPA containing 

buffer. Although we have no evidence to suggest that they are not, this is nevertheless an 

assumption. Copper/ascorbate-dependent chemiluminescence could be a promising 

alternative to discriminating between S-nitrosothiol and DNIC, however, the broad peaks 

and extensive bubbling make this unworkable for the low levels of S-nitrosothiols found in 

biological systems.

From a biological perspective the observations made here have some profound consequences 

that are generally in agreement with a recent study by Hickock et al [2]. On a quantitative 

basis, DNIC appear to be a more robust NO-dependent thiol modification than S-

nitrosothiols with in some cases a greater than 4:1 ratio of DNIC to S-nitrosothiol in the 
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systems studied here. This is likely an underestimate because of the instability of DNIC and 

significant decay will have occurred before analysis. In an LPS-activated macrophage 

generating high levels of NO from iNOS, the S-nitrosothiol content is about 20 pmol/mg 

protein in agreement with our previous studies. However, the DNIC content is about 80 

pmol/mg protein. Of course, quantity does not imply importance, and whereas a wealth of 

pathways has been implicated to be modulated by S-nitrosation there is little direct evidence 

for the involvement of DNIC in cellular signaling processes. This may be, however, because 

this NO-dependent protein adduct has been largely overlooked. In addition to analytical 

methods, S-nitrosothiols have also been detected through switch methods which involve the 

selective reduction of S-nitrosothiols followed by labeling of the nascent thiol. How or if the 

presence of DNIC affects these methods is currently unknown.

In conclusion, DNIC are abundant cellular products of NO that can be misidentified as S-

nitrosothiols using some current methodology. Consequently, S-nitrosothiol content may 

have been overestimated in the past. The difference in stability of DNIC and S-nitrosothiols 

can be used to separate these two metabolites although this procedure has limitations and is 

based on some assumptions. Better methods are needed to clearly distinguish these two 

important NO-dependent protein modifications.
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• Low molecular weight dinitrosyl iron complexes decay to nitric oxide and 

nitrite and not S-nitrosothiol at neutral pH

• Detection of dinitrosyl iron complexes by tri-iodide-depndent ozone-based 

chemiluminescence gives a mercury-inhibitable signal, suggesting possible 

mis-identification as S-nitrosothiols.

• Differentiation between S-nitrosothiols and dinitrosyl iron complexes can be 

made on the basis of differential stability once cells are lyzed.
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Figure 1. Detection of DNIC and its degradation products with HPLC
A representative chromatogram of DNIC (Fe:GSH=1:20) after 15 h incubation in closed 

vials at room temperature. Spectra of GSNO (tret=7.4 min), nitrite (tret=9.4 min), and DNIC 

(tret=11.7 min) are marked with arrows. Table shows the detector response to monitored 

species.
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Figure 2. Decomposition of DNIC at neutral and at acidic pH
DNIC was synthesized from 100 μM of FeSO4, and 100 μm of Proli/NO with GSH in 15 

mM Hepes pH 7.4, and analyzed with reverse phase HPLC/UV-Vis detector. Fe:thiol=1:2 

(A, C, E), and 1:20 (B, F). (A, B): DNIC decay, and accumulation of nitrite at pH 7.4. (C): 

Nitrite accumulation in the presence of HgCl2. (D): HPLC traces of the first sample of (C). 

Spectrum of intermediate species is indicated with arrow at tret=7.7 min. (E, F): DNIC 

decay, and accumulation of GSNO in the presence of 10% 2N HCl. Diamonds: DNIC, 

triangles: nitrite, circles: GSNO. Closed triangles: DNIC was supplemented with HgCl2. 

Data are reported as mean±standard error, N=3.
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Figure 3. Detection of DNIC with ozone-based chemiluminescence
DNIC was synthesized from 100 μM of FeSO4, and 100 μM of Proli/NO with GSH 

(Fe:thiol=1:2 or 1:20) in 15 mM Hepes pH 7.4, and analyzed with ozone-based 

chemiluminescence. (A): Time dependence of detected NO as GSNO equivalent, 

Fe:thiol=1:2. The experiment was completed with triiodide reducing medium. Diamonds: no 

additive, neutral pH, squares: addition of 10 % 2 N HCl, triangles: addition of 10 % 

sulfanilamide, circles: addition of 10 % HgCl2 solution and 10 % sulfanilamide

(B): Chemiluminescence traces detected in triiodide reducing medium, HgCl2 was added 

under neutral pH, SA (dissolved in 2 N HCl) was added to the samples 20 min after HgCl2 

addition.

(C, D): Chemiluminescence traces of GSNO (0.05, 0.1, and 0.15, 0.2 nmol, respectively) 

and DNIC (Fe:GSH=1:2, and 1:20, respectively, 0.20 nmol NO in both), sodium nitrite (0.1 

nmol). Reducing medium: (C) 10 mM ascorbate/10 μM in CuSO4 15mM Hepes pH 7.4 (D): 

100 mM ascorbate/100 μM CuSO4 in 15 mM Hepes pH 7.4.

Inset: Peak area as a function of injected GSNO amount.

Data are reported as mean±standard error, N=3.
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Figure 4. Detection of S-nitrosothiols and DNIC with triiodide-based and copper/ascorbate-
based chemiluminescence methods
MCF7 cells were treated with 100 μM Sper/NO (A–D, G) or 100 μM CysNO (E, F, H) for 2 

h. Lysates were simultaneously analyzed in both reducing media. (A, B): 

Chemiluminescence traces of control and Sper/NO-treated cells after lysed in 15 mM Hepes. 

(C): Quantification of (A) and (B). (D): EPR signal detected in cells after Sper/NO 

treatment. (E): Chemiluminescence traces of control and CysNO-treated cells detected in 

copper/ascorbate system. Cells were lysed in 15 mM Hepes. (F): Quantification of (E) and 

the chemiluminescence signal of the same samples detected with tri-iodide method (raw data 

in Supplementary Figure 4). (G) Quantification of chemiluminescence signal of control and 
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Sper/NO-treated cells after lysed in 50 mM phosphate/1 mM DTPA/1 mM NEM. (H): 

Quantification of chemiluminescence signal of control and CysNO-treated cells after lysed 

in 50 mM phosphate/1 mM DTPA/1 mM NEM.

Quantified data are reported as mean±standard error, N=3. *p≤0.01, **p≤0.005.

ND means not detectable.
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Figure 5. DNIC formation in LPS-treated RAW 264.7 macrophages
Cells were treated with LPS (final concentration 0.5 μg/ml) and incubated for 13 h, then 

washes and lysed 50 mM phosphate/1 mM DTPA/1 mM NEM pH 7.4. (A): Lysates were 

simultaneously analyzed with triiodide-based, and copper/ascorbate-based NO-dependent 

chemiluminescence methods. (B): The nitrite concentration in the medium was determined 

with Griess assay.

Quantified data are reported as mean±standard error, N=3. *p≤0.005.
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Scheme 1. 
Structure of mono- and bi DNIC.
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