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Abstract

When nitrosothiols react with excess hydrogen sulfide, H,S, they form several intermediates
including nitrosopersulfide (SSNO™). The stability and importance of this species has been
debated. While some data suggest SSNO™ can be a relatively stable source of NO activity, others
suggest that the species degrades too quickly. We find the species to be relatively stable in
isolation. Due to the abundance and prominence of iron-containing proteins throughout the human
body, it is important to establish the interaction of ferrous- and ferric-iron containing proteins with
SSNO™. Study of the reactions of SSNO™ with heme proteins can also provide information about
the potential in vivo stability and spontaneous reactivity of this species. We have used time-
resolved electron paramagnetic resonance and UV-Vis absorption spectroscopy to study the
reactions of SSNO™~ with heme proteins. Iron-nitrosyl hemoglobin is formed when SSNO™ is
reacted with deoxyhemoglobin and deoxygenated methemoglobin, suggesting NO formation from
SSNO™. However, the yields of nitrosyl hemoglobin in reactions of SSNO™ with deoxyhemoglobin
are much less than when SSNO™ is reacted with deoxygenated methemoglobin. Very little to no
nitrosyl hemoglobin is formed when SSNOTis reacted carboxyhemoglobin, HbCO, and when
SSNO™ is reacted with oxygenated hemoglobin, minimal methemoglobin is formed Taken
together, these data confirm the release of NO, but indicate a vacant heme is necessary to facilitate
a direct heme-SSNO™ reaction to form substantial NO. These data also suggest that the ferric iron
in methemoglobin potentiates SSNO™ reactivity. These results could potentially impact NO and
sulfide bioavailability and reactivity.
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Introduction

Nitric oxide (NO) produced by nitric oxide synthase (NOS) in the endothelium must diffuse
into the smooth muscle to activate its heme-containing target, soluble guanylate cyclase
(sGC). The reactivity of NO with heme-containing proteins is implicated in the inhibition of
mitochondrial respiration and NO cytoxicity where the targets are cytochrome c oxidase and
catalase, respectively [1-3]. NO bioavailability is diminished by its reaction with
oxyhemoglobin [4]. In the presence of oxygen, NO can form nitrosothiols which have been
thought to be more stable than NO and still carry NO activity [5]. NO reactivity with ferrous
and ferric heme proteins influences its signaling in substantial ways [6-8].

When the ferriheme of methemoglobin (metHb) reacts with NO, it binds to and
subsequently reduces the heme at both acidic and alkaline pH values, but is fastest at higher
pH [9, 10]. Hence, nitrosyl hemoglobin (HbNO) formation from metHb requires two NO,
one to reduce and the other to bind, and the rate of reduction is dependent on [OH™] (Egs.
1-4) [9, 10],

Hb (Fe**) +NO S Hb (Fe* ) NO Eq. 1

b (F*) NO+OH~ Fou, prp (Fe**) +HNO, £q.2

Hb (Fe3+) NO+H,0 kH—Z% Hb (Fe2+) THNOo+HT £q. 3

Hb (Fe**) +NO Fxoy gy (Fe*)NO ¢ 04

where Hb(Fe3*) is methemoglobin, Hb(Fe3*)NO is the ferriheme-nitrosyl adduct, Hb(Fe2*)
is reduced ferrous hemoglobin, and Hb(Fe2*)NO is iron-nitrosyl hemoglobin. The
equilibrium constant, K, at pH 7.4 is 1.3 £ 0.1 x 10* M~1, the rate constant, Kip0, is 1.1 X
108 M~1 s71 and the rate constant, ko, is 3.2 x 108 M~ s71 [9]. In the case of myoglobin,
metmyoglobin binds NO to form the ferric nitrosyl species with an equilibrium constant K=
1.3. £ 0.1 x 10* M~1, but subsequent reduction of the ferric nitrosyl does not occur between
pH 6.0 and 7.2. [9]. Only the hydroxyl ion facilitates the reduction of metmyoglobin, not
water like Hb as in Eq. 3.

Nitroxyl (HNO) also reduces ferriheme containing globins to yield nitrosyl species, as
shown in Eq. 5,
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Hb (Fe3+) +HNO — Hb (Fe2+) NO+H* Eq.5,

where Hb (Fe3*) is metHb, HNO is nitroxyl, and Hb(FeZ*)NO is HbNO. The reduction of
ferriheme depicted in Eq. 5 is expected to occur with a rate constant similar to that for
metmyoglobin which has been reported to be 8 x 10° M1 s71 [11]. The reaction of HNO
with oxyhemoglobin (oxyHDb) yields metHb and NO, which leads to NO dioxygenation by
excess oxyHb (Egs. 6, 7) [12, 13]. NO dioxygenation occurs when the O,-ligated ferrous
heme of oxyHb reacts with NO, yielding metHb and nitrate (Eq. 7) [13-15],

Hb (Fe**) 05+ HNO — Hb (Fe** ) +NO+HO3 Eq. 6

Hb (Fe?*) 0o+ NO — Hb (Fe**) +NO3 Eq.7

where oxyhemoglobin, Hb(Fe2+)O, reacts with HNO or NO on the order of 10’ M~1s71
[13].

H,S, like NO, is a gasotransmitter that has many biological effects, including the
potentiation of NO signaling [16, 17]. Endogenously produced H,S is stored in sulfane
sulfur, such as, polysulfides, persulfides, thiosulfate, etc. [18]. At neutral pH, unstored H,S
is predominantly HS™ due to a pKa of 6.8 [19]. Although NO and HS™ are likely
nonreactive, HS™ and NO*, which occurs in S-nitrosothiol (RSNO), or sulfide radical (HS®)
and NO are reactive [19-21].

As a product of the chemical reaction of RSNO with HS™ and a long-term activator of sGC,
nitrosopersulfide (SSNO™) has gained interest for its physiological potential [21]. As shown
inEgs 8and 9,

HS™+RSNO 2 HSNO+RS™ Eq.8

HS +HSNO 2 HNO+HSS™ Eq.9

nucleophilic attack of HS™ on the sulfur of RSNO may result in thionitrous acid (HSNO)
formation and HNO formation upon a subsequent nucleophilic attack of HS™ on HSNO
(Egs. 8, 9) [20] [21]. Although HSNO is likely a product of this reaction, its labile nature
excludes it as a candidate for the prolonged sGC activation observed by Cortese-Krott and
colleagues[20]. The prevalence of persulfide (HSS-) at high concentrations of sulfide leads
to formation SSNO™,
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HSS™+RSNO 2 SSNO™+RSH Eq. 10

where nucleophilic attack of HSS™ on the RSNO results in the formation of SSNO™ (Eq. 10)
[20]. For this reason, SSNO™ formation is prevalent at 1:1 or higher HS™ to RSNO
concentration ratios [20]. When concentration ratios of 1:1 and 2:1 (HS™:RSNO) are used,
SSNO™ is formed within 10 minutes and there is substantial NO released when compared to
RSNO alone [20]. Cortese-Krott et al. show sustained sGC activation and cGMP
accumulation upon SSNO™ decomposition along with a gradual increase in absorbance at
290-300 nm, indicating polysulfide formation [20]. These data support homolytic cleavage
of SSNO™ as a mechanism to obtain NO from SSNO™. SSNO™ decomposition by homolytic
cleavage as shown by Eq. 11,

“SSNO — SS*”"+NO®  Eq. 11,

results in NO and the disulfide radical (SS®), which form polysulfides [20]. In this way, the
once oxidized redox congener of NO, RSNO, can behave as a reservoir for NO bioactivity.

Precontracted aortic rings that were preincubated with a sGC inhibitor showed diminished
relaxation in response to GSNO and SSNO™[21], confirming a role for sGC in GSNO and
SSNO™-induced relaxation. Although application of an NO scavenger effectively mitigated
GSNO-induced relaxation, it had no effect on SSNO™-induced relaxation [21]. These data
suggest a mechanism for SSNO™-induced relaxation in which NO is not “released” from
SSNO™, but sGC activation is obtained. A possible explanation may be HNO formation or
direct SSNO™ and sGC interaction. sGC is a heme containing protein and direct interaction
between SSNO~and sGC cannot be ruled out. Although some believe SSNO™ is
physiologically relevant, still others suggest that SSNO™ is too unstable to be physiologically
relevant [20, 22]. In this study, we sought to determine the stability and spontaneous
reactivity of SSNO™ in the presence of heme-containing proteins.

Experimental Procedures

Chemicals

MAHMANONOate and Angeli’s salt were purchased from Cayman Chemical Company.
Equine skeletal muscle myoglobin, lyophilized bovine liver catalase, TRIZMA
hydrochloride (Tris HCI), phosphate buffered saline (PBS) pH 7.4, monosodium phosphate,
disodium phosphate, diethylenetriaminepentaacetic acid (DTPA) and potassium
hexacyanoferrate (111) (KsFe(CN)g) were purchased from Sigma. Sodium hydroxide (NaOH)
solution, 1 N, was purchased from Fisher Scientific. Na,S 9H,0 was obtained form Acros
Organics. S-nitrosoglutathione (GSNO) was formed from the protocol by T.W. Hart [23]
with adaptations.
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Reagent Preparation

Methemoglobin and metmyoglobin were prepared by mixing oxyhemoglobin or equine
skeletal muscle myoglobin, respectively, with KgFe(CN)g in 10-fold excess in PBS, pH 7.4.
A stock of K3Fe(CN)g was prepared in PBS pH 7.4 and the globin/KsFe(CN)g mixtures
were gently agitated for 20 minutes to ensure thorough mixing. Then, the mixtures were
filtered through a sephadex G-25 M column containing 0.15% Kathon. Concentration was
determined by UV-visible spectroscopy. Lyophilized bovine liver ferricatalase stocks were
prepared in 100 mM Phosphate Buffer, pH 7.4 and centrifuged at 13,000 x g to remove any
debris. Concentration was determined spectrally, e4gs = 1.49 x 10° M~1 cm™1 [24].Stocks of
10 mM NaOH with and without 0.1 mM DTPA were made in deionized (DI) water and
degassed with N, or Ar gas. Stocks of PBS pH 7.4 with and without 0.1 mM DTPA were
made and degassed with N, or Ar. DI water and 20 mM TRIS HCI pH7.4 were also
degassed.

In a5 mL polypropylene tube capped with a rubber stopper, Na,S crystals were rinsed with
DI water and immediately degassed with N5 or Ar until dried. The addition of 3-4 mL of
degassed 10 mM NaOH with 0.1 mM DTPA to the degassed Na,S crystals yielded stock
concentrations that ranged between 10-25 mM. Na,S stock concentrations were ascertained
using UV-visible spectroscopy by diluting the stock into 2 mL of degassed DI water in a
degassed 1 cm quartz cuvette, e3p = 7700 M~1 cm™1[21], Stocks were freshly made and used
within 6 hours.

GSNO stocks were prepared in glass, amber-tinted vials, capped with a rubber septum by
adding 400-500 pL of degassed PBS with 0.1 mM DTPA to fully degassed GSNO.
Concentration of the GSNO stocks were ascertained by UV-visible spectroscopy by diluting
the stock into 2 mL of degassed PBS in a degassed 1 cm quartz cuvette, e33g = 980 M1
cm~123]. GSNO stock concentration ranged between 20-40 mM.

Experimental Methods

SSNO™ mixture stocks were prepared by reacting Na,S and GSNO at a 2:1 molar ratio in
degassed PBS pH 7.4 without DTPA in a degassed, rubber stoppered, polypropylene tube
covered in aluminum foil. After allowing the Na,S and GSNO to react for 10 or 30 minutes,
SSNO™ stocks were then degassed with N, or Ar for 30 minutes. SSNO™ mixture stocks
were used immediately after being degassed. Throughout this work, “SSNO™ at 10 (or 30)
minutes” or “SSNO™ preincubated for 10 (or 30) minutes” refers to Na,S and GSNO
coincubated for 10 (or 30) minutes prior to using for any reactions with proteins. Since we
were unable to spectrally detect any other nitroso or nitrogen oxide species in the reaction
product, the concentration of SSNO™ was based on the concentration of GSNO measured
before adding sulfide. It is possible that there are other NO-based products that we did not
detect spectrally, so the concentrations of SSNO™ referred to are potentially higher than
actual concentrations. SSNO™ reactions with proteins were carried out in anaerobic or
aerobic 1 cm quartz cuvettes. UV-vis spectroscopy was obtained for 10 minutes at one scan
every 30 seconds using a Cary 50 or Cary 100 spectrophotometer.
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OxyHb was prepared from red cell lysates. Concentration and purity was determined by
spectral deconvolution of a UV/vis absorption spectrum. MAHAMANOnoate stocks were
prepared in anaerobic 10 mM NaOH and the concentration was determined by absorbance,
€50=7,250 M~1 cm~1 [26]. HbNO yield from reacting deoxyHb with MAHMANOnoate
was used to determine NO yield. MAHMANOnoate final concentrations were corrected
according to the NO yield. OxyHb, 0.1 mM, was reacted with an equimolar SSNO™ mixture
or equimolar NO and followed with UV/visible spectroscopy for 10 minutes prior to
freezing 400 pL of each sample and scanning for metHb formation using EPR.

HbNO yield from SSNO™ and metHb under anaerobic and aerobic conditions was obtained
by electron paramagnetic resonance (EPR). After reacting H»S and GSNO for 10 or 30
minutes, observing SSNO™ formation spectroscopically, and degassing SSNO™ for 30
minutes, degassed 0.1 mM metHb was reacted with the SSNO™ mixture at equimolar
concentrations in anaerobic or aerobic 20 mM TRIS HCI, pH 7.4. Reactions were followed
for 10 minutes using UV-visible spectroscopy. EPR spectra of HbNO were taken using a
Bruker EMX 10/12 spectrometer operated at 110K using a modulation amplitude of 5.0
Gauss, 9.38 GHz microwave frequency, and a microwave power of 13.0 decibels. EPR of
metHb was collected similarly except that the temperature was 5K and we used a
modulation amplitude of 15.0 G.

DeoxyHb was prepared with gentle agitation during degassing to obtain a stock that was
>95% deoxygenated. Concentration and purity was determined by spectral deconvolution of
a UV/vis spectroscopic scan. MAHAMANORNoate stocks were prepared in anaerobic 10 mM
NaOH and concentrations determined by absorbance, e250=7,250 M~1 cm~1[26]. HbNO
yield from reacting deoxyHb with MAHMANOnNoate was used to determine NO yield from
the NOnoate. MAHMANOnoate final concentrations were corrected according to the NO
yield. Reactions of equimolar SSNO™ mixture with equimolar 0.1 mM deoxyHb or 0.1 mM
metMb and equimolar NO from MAHMANOnoate with 0.1 mM deoxyHb or 0.1 mM
metMb were followed by absorption spectroscopy for 10 minutes in anaerobic 20 mM TRIS
HCI pH 7.4. After allowing the protein and SSNO™ to react for 10 minutes, 400 pL of each
sample was frozen and scanned for nitrosyl formation using EPR.

A Dbasis spectrum of ferrous nitrosyl catalase was created by reacting 50-fold excess, 0.1
mM, HNO donor with 2 uM ferricatalase. A nitrosyl ferricatalase basis spectrum was
created by reacting 50-fold excess NO donor with 2 pM ferricatalase. Stocks of Angeli’s
Salt were prepared in anaerobic 10 mM NaOH and were used within 4-6 hours of
preparation. HbNO yield from reacting metHb with Angeli’s Salt was used to determine
HNO yield. Angeli’s Salt final concentrations were corrected according to HNO yield.
Spectral features of ferricatalase, nitrosyl ferricatalase, and ferrous nitrosyl catalase
correspond to those demonstrated by Huang et al [27]. Excess SSNO™ at 10 minutes was
reacted with 2 uM ferricatalase and the spectrum of the final product was deconvoluted by
fitting to the basis spectra. All reactions were carried out in anaerobic 100 mM Phosphate
Buffer pH 7.4 in Argon or Nitrogen purged 1 cm quartz cuvettes.

The rate of HONO formation from metHb and SSNO™ was obtained by reacting metHb with
4-, 8-, 12-, and 16-fold excess SSNO™ in 20 mM TRIS HCI pH 7.4. Reaction Kinetics were
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recorded by absorption spectroscopy using 1 scan every 6 seconds for 8 minutes. The
observed rate constant was obtained by fitting to a single exponential function and plotted v.
[SSNOT]. The biomolecular rate constant for SSNO™ formation was obtained by reacting
Na,S and GSNO at fixed 2:1 ratios in PBS pH 7.4. Reaction kinetics were recorded by
absorption spectroscopy at 1 scan every 6 seconds for 10 minutes. The initial rate of the
decomposition of GSNO, e33g = 980 M~1 cm™1, assumed to be concomitant with SSNO~
formation, was found from the slope of the absorbance decay. From this, the bimolecular
rate constant for SSNO™ formation was obtained by dividing by the initial concentrations of
GSNO and Na,S. The stability of 200 uM SSNO™ was determined by absorption
spectroscopy, Amax = 412 nm, using 1 scan every 5 minutes for 3 hours in N, saturated, 5%
oxygenated, and ambient air equilibrated PBS pH 7.4. The absorbance at 5 minutes was used
as the maximal absorbance in order to plot the change in absorbance at 412 nm as a percent
of maximal absorbance.

As it pertains to the generation of NO or its congeners, current data consisting of
chemiluminescent NO detection, sGC activity, and cGMP formation indicate SSNO™ to be a
potent NO generator [28]. There is an inverse correlation between SSNO™ decomposition
and NO formation [20]. However, our data show that, in the presence of heme containing
proteins under aerobic conditions, SSNO™ appears to release only small amounts of NO
(Fig. 1A). NO reacts with oxyHb in a 1:1 ratio to yield 1 metHb (Eq. 5) [13]. The intensity
of the EPR signal of metHb yield from the reaction of 100 uM SSNO™ mixture and 100 uM
oxyHb is small (Fig. 1A). Fig. 1B shows metHb yields from reactions of SSNO™ and oxyHb.
In reactions of oxyHb with SSNO~, SSNO™ mixtures were preincubated for 10 or 30
minutes and degassed for 30 minutes, prior to reacting with oxyHb. In reactions using
SSNO™ preincubated for 10 minutes, metHb yields were 1.3 + 1.3 uM, after subtracting
basal metHb in oxyHb. In reactions using SSNO™ preincubated for 30 minutes, metHb
yields were 0.5 £ 0.5 M, after subtracting basal metHb in oxyHb (Fig. 1B). The decrease in
metHb yield is not significant, p=0.41. A 100 uM metHb standard is also shown (Fig. 1B).
As shown in Fig. 1C, reacting a SSNO™ mixture with carboxyhemoglobin (HbCO) forms no
HbNO although the use of MAHMANOnoate produces HbNO (Fig. 1C) with an average
yield of 53.3 + 4.8 uM (Fig. 1D). In cases where heme is ligated, here shown with oxygen or
carbon monoxide, the absence of nitrosyl formation from a HbCO and SSNO™ mixture and
the minimal metHb yield from oxyHb and SSNO™ suggests little-to-no NO is spontaneously
released from SSNO™ during the time periods studied.

On the contrary, nitrosyl ferrous heme is obtained from the reaction of SSNO™ and vacant
ferrineme containing proteins under anaerobic conditions (Fig. 2). Representative EPR
spectra demonstrate enhanced HbNO yield from reactions of deoxygenated metHb and
SSNO™ when compared to reactions of deoxyHb and SSNO™ (Fig. 2A). Deoxygenated
metMb and SSNO™ also produces nitrosyl myoglobin (MbNQ) with no significant changes
when SSNO™ is preincubated for 10 or 30 minutes prior to use, as shown by representative
EPR spectra (Fig. 2B). Fig. 2C shows substantial average HbNO yields from reactions of
deoxygentated hemoglobin and methemoglobin reacted with SSNO™ preincubated for 10
and 30 minutes. The change in average HbNO yield from deoxygenated metHb reacted with
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SSNO™ at 10 and 30 minutes is significantly different, p= 0.04. The HbNO yield from
deoxygenated metHb and SSNO~ is significantly different from deoxyHb and SSNO™ at
identical SSNO™ preincubation times, p=0.026 at 10 minutes and p=0.005 at 30 minutes.
The fact that so little or no NO formation is evident in reactions of SSNO™ mixtures with
oxygenated or carboxyHb (Fig. 1), yet substantial HbNO is made from deoxyHb and metHb
(Fig. 2A,C), suggests that a vacant heme facilitates or is necessary for substantial NO
liberation. Differences in HONO yield, when SSNO™ mixtures are combined with deoxyHb
compared to when they are combined with metHb (Fig. 2A, 2C) suggests a mechanism that
is due to either nitroxyl formation or enhanced reactivity of ferrihneme with SSNO™. The
reduction of metMb by NO is fairly slow, as the rate constant, koy (see Eq 2), for Mb2*
formation is 8.8 £ 0.2 x 107 M1 s™1 at pH 8.3 [9]. This rate constant,koy, increases as pH
increases; hence, at neutral pH, MbNO yield from reacting NO and MetMb should be very
small (Fig. 2B, 2D). Indeed, at pH 6.5 Hoshino et al find that there is no reductive
nitrosylation of metMb by NO, just reversible binding of NO to the ferriheme[9]. Average
MbNO vyields from metMb and SSNO™, shown in Fig. 2D, along with NO donor controls,
are 13.8 £ 2.07 uM and 13.9 £ 2.08 uM at 10 and 30 minutes, respectively, and 0.3 £ 0.6 pM
for the NO donor. The absence of MbNO formation from metMb and an NO donor (Fig. 2B,
2D) supports this notion that reductive nitrosylation of metMb does not occur to a
measurable extent at pH 7.4. On the other hand, the formation MbNO when metMb is
reacted with SSNO™, as shown in Fig. 2B and 2D, suggests that there is a direct reaction of
metMb and SSNO™. The NO donor does, however, form substantial HoNO when reacted
with metHb (Fig. 2D) and this is expected as ferric nitrosyl Hb reacts with hydroxyl ion and
water (Eq. 3) so it is much more efficient in recductive nitrosylation at neutral pH than ferric
nitrsoyl Mb which only reacts with the hydroxyl ion [9].

The reaction of SSNO™ with O, may be an alternate explanation for the diminished metHb
yields observed in Fig. 1. However, analysis of representative HoNO EPR spectra from
SSNO™ and metHb under aerobic conditions (Fig. 2E) suggests it is an unlikely explanation.
Although Fig. 2E shows a smaller yield under aerobic conditions, this diminished yield is
not likely due to a reaction of SSNO™ with O,. Fig. 2F shows the HbNO formation from a
mixture of metHb (100 uM) and NO donor MAHMANOnoate (NO yield of 100 uM) under
aerobic and anaerobic conditions. The lower nitrosyl yield under aerobic conditions is likely
due to NO dissociation followed by dioxygenation with an oxygenated heme to form metHb
and nitrate. As summarized in Fig. 2G, the effect of oxygen on HbNO yield is as great when
NO is administered through a donor or via SSNO™. Thus, the low metHb yield in Fig. 1A is
unlikely to be due to an oxygen/SSNO™ reaction.

In order to further characterize spontaneous NO yield from SSNO™, we observed NO
liberation using a nitric oxide analyzer. A 5 uL injection of a 1.0 mM SSNO™ stock solution,
prepared and injected anaerobically, gave a broad peak that returned to baseline over the
course of 1 hour (Fig. 2H). Calculating the area under the curve using a nitrite standard, the
NO yield was 59.2 UM at 10 minutes. Assuming linearity, this NO yields suggest about 6
UM NO liberation at 10 minutes for 100 pM SSNO™, much less than the amount of nitrosyl
species formed when SSNO™ is reacted with vacant heme proteins. The data in Fig. 2H
supports the notion that spontaneous NO release from SSNO™ is much less than that
produced from a reaction of SSNO™ with a vacant heme.
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One alternative explanation for the increased yield using the ferric heme is that SSNO~
produces HNO, which reacts with the ferric heme to form HbNO [12]. To explore this
possibility, we studied the ferrous nitrosyl yield when SSNO™ is reacted with ferricatalase.
The formation of ferrous nitrosyl catalase from the reaction of ferricatalase and NO is very
inefficient [27]. However, ferrous nitrosyl catalase is efficiently made when HNO reacts with
ferricatalase (Fig. 3) [27]. With the addition of Angeli’s Salt (an HNO donor), the
absorbance peak of ferricatalase at 405 nm shifts to 421 nm and a new band at 555-580 nm
appears, indicating irreversible formation of ferrous nitrosyl-catalase (Fig. 3A) [27]. An
example of the absorption spectrum obtained when excess SSNO™ is added to catalase is
shown in Fig. 3B. The final products from this reaction are ferricatalase and nitrosyl
ferricatalase. The average of several trials yielded 42.0% * 17.2% nitrosyl ferricatalase,
2.0% + 2.8% nitrosyl ferrous catalase, and 56.0%, *+ 14.4% ferricatalase, n = 3. Hence,
diminished HbNO formation in the reaction of deoxyHb and SSNO™ is likely not due to
HNO formation. These data are in agreement with current literature that shows low HNO
yield from SSNO™ [28].

In order to assess potential significance of the reactions of SSNO™ with ferric hemes, it is
important to know the kinetics of the reaction. Thus, we measured the observed rate constant
of the reaction of excess SSNO™ with metHb (25 uM) (Fig. 4A). The observed rate constant
appeared to be linear in SSNO™ [20], suggesting a 2"d order reaction, with a bimolecular rate
constant of 11 M1 s71, The formation of SSNO~ from GSNO and H,S is evidenced by a
decrease in absorption at 338 nm (due to GSNO) with concomitant increase in absorption at
412 nm (characteristic of SSNO™, Fig. 4B) By maintaining a constant ratio of H,S:GSNO of
2:1, we found the bimolecular rate constant for SSNO™~ formation from GSNO and H5S to
be 640 + 200 M~ s71 (Fig. 4C). The decrease at 0.4 mM SSNO~ is not significant, p=0.063.
SSNO™ is less stable in oxygen (Fig. 5A). Fig. 5A shows the decomposition of 200 pM
SSNO™ under aerobic and anaerobic conditions over the course of 3 hours as well as that at
an intermediate oxygen pressure (5%). Maximal absorbance was taken 5 minutes after the
initiation of the reaction and the absorbance is plotted as a percent of maximal absorbance.
Fig. 4D shows that after ten minutes, substantial SSNO™ is present under aerobic or
anaerobic conditions.

Discussion

It has been suggested that SSNO™ is the main, stable, long-term NO-donating reaction
product of the RSNO/HS™ reaction [20]. However, another group has suggested that SSNO~
is too unstable to be of any physiological relevance [22]. We find that SSNO™ is relatively
stable in the absence of heme-proteins. Our data suggest that NO is not efficiently formed
from SSNO™ in the presence of ligated heme, but is formed when there is a vacant heme,
indicating a direct reaction between the vacant heme and SSNO™ is required to get NO from
SSNO™. Furthermore, ferriheme is more efficient at acquiring NO from SSNO™ than ferrous
heme [22]. We also find that in the presence of heme-containing proteins, SSNO™ does not
yield HNO.

In previous work the compound SSNO™ was shown to be unstable in the presence of light
[22], decaying within a minute of exposure to 55 mW of light at 470 nm. It also was shown
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to decay completely within 10 minutes when exposed to water [22]. However, in our hands,
SSNO™ is very stable under anaerobic conditions and decays slowly under aerobic
conditions (half life of about 40 minutes) in aqueous buffer (Fig. 4C,D). In aerobic
conditions, SSNO™ is stable enough that it could react with heme proteins as studied here,
over 85% of SSNO™ remains after ten minutes. It has been posited that during the incubation
of SNAP and HS™ (time < 10 minutes) enhanced oxygen consumption is due to the
formation radical intermediates[20]. These data are consistent with those of the Feelisch
group [20] Our data may differ from that suggesting SSNO™ is unstable [22] due to
differences in preparation and solution conditions. Importantly, we made SSNO™ by simply
mixing sulfide and nitrosothiols in PBS.

In the reactions of SSNO™ with oxyHb and HbCO, we show the absence of the expected
products of NO and heme, when heme is ligated (Fig. 1). NO dioxygenation is expected to
yield metHb and nitrate. The absence of the metHb formation from the reaction of SSNO™
and oxyHb demonstrates that SSNO™ does not release substantial amounts of free NO in the
time-frame and conditions of our experiments. Also, HNO and oxyHb produce NO upon
reaction. Hence, the absence of metHb formation also indicates that HNO is not freely
released from SSNO™ in the time-frame of our experiments. Previous work has shown
spontaneous release of NO from SSNO™ using chemiluminescence detection [20], but the
yields in those experiments are not apparent. Our data do not preclude some NO or HNO
being spontaneously released from SSNO™, but we do find that the yields are small. Indeed,
we demonstrate spontaneous release of NO in Fig. 2H, but the yield is much less than that
when vacant hemes are present.

The formation of nitrosyl species from SSNO™ and vacant heme proteins confirms the
necessity of a vacant heme in order to acquire substantial yields of NO from SSNO~ (Fig. 2).
In the case of a ferric heme, one possible pathway that could lead to NO formation from
metHb would be from a reaction of GSNO and a reduced heme [29]. However, in our hands,
immediate reduction of metHb by HS™ occurs only when HS™ is in extreme excess, 12x, to
heme (data not shown). Otherwise, at ratios up to 4:1 HS™:RSNO the sulfide-heme adduct is
stable for over 15 hrs, and at ratios in between, reduction is delayed. Thus, at ratios of 2:1
HS™:RSNO, reduction of metHb followed by iron nitrosylation is unlikely.

The reaction of metMb and an NO donor demonstrates the ineffective reductive nitrosylation
of metMb by NO (Fig. 2B). Hence, the formation of MbNO from metMb and SSNO™ is
likely not the result of free NO, but of a direct reaction with the heme. Reacting metHb with
SSNO™ under aerobic conditions did not eliminate HbNO formation, as might occur if
SSNO™ and O, reacted directly (Fig. 2E). Rather, HbNO formation from metHb under
oxygenated conditions and NO donor is mitigated due to dioxygenation secondary to NO
release from HbNO.

It has been suggested that HNO is at least partially responsible for the vasorelaxant
properties of RSNO/HS™ reaction products[21]. However, the two main, stable intermediates
of the RSNO/HS™ reaction are lackluster HNO donors[28]. Our work with catalase (Fig. 3)
supports a minimal role of HNO in potential SSNO™ activity. HNO reacts with ferricatalase
to form nitrosyl ferrous catalase [27]. NO does not efficiently reduce ferricatalase, but forms
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nitrosyl ferricatalase. Therefore, the formation of nitrosyl ferricatalase when SSNO™ is
added to ferricatalase indicates NO, but not HNO formation. However, we could not detect
nitrosyl ferricatalase with EPR.

Although we cannot define mechanisms for the observed reactions in this work with
certainty, we can propose a couple of potential pathways. MetHb could react with SSNO™ to
form ferrous nitrosyl Hb and elemental sulfur,

Hb (Fe3+) +SSNO™ — Hb (F62+) NO+S2. gq 1

and the elemental sulfur could further react to form polysulfides. For the reaction with
deoxyHb we suggest the simple pathway

Hb (F&*") +SSNO™+H' = Hb(Fe*" ) NOTHSS®, ¢ 1

where the decomposition of SSNO™ into NO and HSS®, previously suggested to occur
spontaneously [30], is facilitated by the vacant ferrous heme. An alternative mechanism
would include oxidation of the ferrous heme, but we did not observe any MetHb formation
in this reaction (data not shown). Further work is required to establish the mechanisms of
these reactions.

Our kinetic data (Fig. 4) provide some information that can be useful in assessing potential
physiological relevance of SSNO™. The rate constant we obtained for SSNO™ formation was
640 M~1s~1, Based in the stoichiometry, we originally thought that the rate constant would
be third order, so the rate would depend on [HS™]2[GSNO]. However, we found that the rate
of the reaction depended more on just [HST][GSNQ] (Fig. 4B). Perhaps there is an initial,
rate-limiting, reaction of one HS™ with GSNO forming an intermediate species that quickly
reacts with another HS™. The rate constant for SSNO™ formation from GSNO compares
favorably with other reactions of GSNO including transnitrosation to from S-
nitrosohemoglobin (0.1 M~1s71 [31]) and oxidation of deoxygenated ferrous Hb (<0.05
M~1s71 [29]). Thus, concentrations of sulfide that are about 3 orders of magnitude below
that of these (and probably similar) heme proteins can compete for GSNO to form SSNO™.
Once formed, we found that SSNO™ reacts with metHb in a reaction described by the rate
constant of 11 M~1s™1. In conditions of the experiments performed here, SSNO~ is very
stable under anaerobic conditions. Under aerobic conditions, taking the lifetime of SSNO™
to be 90 minutes (Fig. 4C), 17 uM or more excess ferric heme would compete successfully
with spontaneous decay of the SSNO™. These rough calculations suggest that SSNO™ and its
reaction with ferric heme proteins may be of physiological relevance, but much more work
is needed to see if this is the case. Of particular interest is the possibility that, like with Mb
and Hb, SSNO™ could react sGC to form a nitrosyl species and thereby activate the enzyme.
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Highlights
. Nitrosopersulfide is a stable reaction product of sulfide and GSNO.
. Spontaneous release of NO from nitrosopersulfide is minimal.
. The presence of ligated heme proteins does not increase NO release.
. Substantial NO is formed in the presence unliganded, heme proteins.
. Ferric heme results in more NO release than ferrous heme.
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Fig. 1. Diminished NO yield from SSNO™ in the presence of ligated hemoglobin
A EPR representative spectra of metHb yielded from the reaction of 100 uM SSNO™ mixture

preincubated for 10 (blue) or 30 (black) minutes, degassed, and then, reacted with 100 pM
oxyHb for 10 minutes. Throughout this manuscript, “SSNO™ at 10 (or 30) minutes” or
“SSNO™ preincubated for 10 (or 30) minutes” refers to NayS and GSNO coincubated for 10
(or 30) minutes prior to using for any reactions with proteins. B Average metHb yields when
100 pM SSNO™ mixture is reacted with 100 uM oxyHb. Yields were 1.3 + 1.3 at 10 minutes
and 0.5 + 0.5 at 30 minutes (n = 3). Also shown is a 100 uM metHb standard. C EPR
representative spectra of HbNO yield from reactions of MAHMANONOate (black) or
SSNO™ aged to 10 minutes (blue) with HbCO for 10 minutes D Average HbNO yields when
100 pM SSNO™ mixture after 10 minutes of reacting or MAHMANOnNoate (NO yield 100
UM) is reacted with 100 uM HbCO for 10 minutes (n=3). HbNO yields from 100 uM of
HbCO and NO donor were 53.3 + 4.8 uM.
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A Representative EPR spectra of HbNO yields from reactions of 100 pM deoxyHb (dHb) or

100 pM deoxygenated metHb and equimolar

SSNO™ mixture preincubated for 10 and 30

minutes. B Representative EPR spectra of MbNO yields from 100 pM of metMb and
equimolar SSNO™ and 100 pM of metMb with MAHMANOnoate yielding 100 pM NO. C

Average HbNO vyield from a 100 uM SSNO~

mixture preincubated for 10 or 30 minutes,

degassed, and reacted with 100 pM metHb in anaerobic buffer and 100 uM deoxyHb (n=3).
Average nitrosyl yields from metHb and SSNO™ at 10 and 30 minutes were 17.8 £ 1.9 uM
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and 14.2 + 1.0 pM, p < 0.05. Average nitrosyl yields from deoxyHb and SSNO™ at 10 and 30
minutes were 8.3 + 4.5 UM and 5.9 + 2.3 uM, p=0.27. Nitrosyl yields from deoxyHb +
SSNO™ at 10 and 30 minutes are significantly less than yields from metHb + SSNO™ at the
same preincubation times. *= p-value < 0.050 and **= p-value = 0.005. D Nitrosyl yield
from 100 uM SSNO™ mixture at 10 or 30 minutes, degassed, and reacted with 100 uM
metHb (n=6) and 100 UM metMb (n=4) for 10 minutes (*= p-value < 0.005).
MAHMANOnNoate (yield 100 uM NO) reacted with 100 uM metHb and metMb for 10
minutes in deoxygenated buffer for 10 minutes showed significantly different nitrosyl yields.
E Representative EPR spectra of HbNO yield from the reaction of 100 uM SSNO™ pre-
incubated for 10 minutes and 100 uM metHb in the absence (solid blue) and presence of
(solid black) O,. Using the SSNO™ incubated for 30 minutes, HbNO yield is shown in the
absence (black dot) and presence (blue dash) of O,. F Representative EPR spectra of HbNO
yield from 100 pM metHb and MAHMANOnoate (100 uM NO yield) reacted under aerobic
and anaerobic conditions for 10 minutes. G Average HbNO yield from 10 minute SSNO~
mixture (100 pM) and metHb (100 pM) in aerobic and anaerobic conditions(n=6, n=3,
respectively). Average HbNO yield from 30 minute SSNO™ mixture (100 uM) and metHb
(100 uM) in aerobic and anaerobic conditions (n=6, n=3, respectively). Also shown is
MAHMANOnNoate (100 pM NO yield) and 100 uM metHb reacted for 10 minutes in aerobic
and anaerobic conditions (n=3). At 10 and 30 minutes, nitrosyl yields were significantly
different between atmospheric conditions. Likewise, nitrosyl yields were significantly
different between atmospheric treatments of metHb and MAHMANOnRoate (= p-value =
0.05, *= p-value < 0.01, **= p-value = 0.001,). H Spontaneous release of NO from 1.0 mM
SSNO™ mixture stock. Injection was 5 pL into PBS pH 7.4.
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Fig. 3. Nitrosyl ferrous catalase formation in the presence of HNO
A Representative UV-visible absorbance spectra of 2 uM ferricatalase (dashed line) with a

Soret absorbance peak at 405, nitrosyl ferricatalase with absorbance peaks at 427, 540, and
576nm (dotted line) formed in the reaction of 2 uM ferricatalase and excess
MAHMANOnNoate or ProliNOnoate, and nitrosyl ferrous catalase with absorbance peaks at
421 and 555-580 nm (solid line) formed in the reaction of 2 pM ferricatalase and excess
Angeli’s Salt. B Representative spectra of the final product of the reaction of 2uM
ferricatalase and excess SSNO~(green) fit to the spectra of ferricatalase, nitrosyl
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ferricatalase, and ferrous nitrosyl catalase showing some nitrosy! ferricatalase (56.6%), but
no nitrosy| ferrous catalase formation.
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A The reaction of excess SSNO™ and metHb was observed using absorption spectroscopy
and the observed rate constant plotted vs [SSNO™]. The bimolecular rate constant for HoNO
formation from the reaction of 25 uM metHb and excess SSNO~, k=11 M~1s1and .
R2=0.88. B Changes in the absorption spectra of GSNO when H,S is added. When 200 pM
GSNO is reacted with 400 uM H,S in PBS pH 7.4, the absorbance at 338 nm decreases
(solid line) as the absorbance at 412 nm increases (dashed line). For GSNO, Amax = 338 nm.
For SSNO™, Amax = 412. C The reaction between GSNO and sulfide was monitored by
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absorption spectroscopy for fixed 2:1 ratios of sulfide (800, 400, 200 uM) to GSNO (400,
200, 100 uM). The initial rate of the reaction was used to calculated a second order rate
constant (dividing by the concentrations of GSNO and sulfide). The bimolecular rate
constant for SSNO~ formation, &, is 640 + 200 M~1 s71; R2=0.89, n=3. Reactions performed
anaerobically, in 20 mM TRIS buffer pH 7.4 at room temperature.
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Fig. 5. Stability of SSNO™
A Decomposition of 200 uM SSNO™ in N, saturated, ambient air equilibrated, and 5%

oxygenated PBS pH 7.4 over the course of 3 hours. The absorbance at 5 minutes was used as
the maximal absorbance. The absorbance is plotted as a percent of maximal absorbance.
(n=3) B Average absorbance at 412 nm at 10 minutes for 200 UM SSNO™ in ambient air
equilibrated and N, saturated conditions. The average % absorbance (% A) under O, and Ny
are 88.0 = 2.5% and 100.0 + 1.5%, respectively. (n=3)
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