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Release of Nitric Oxide from S-Nitrosohemoglobin.
Electron Transfer as a Response to Deoxygenation
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Hemoglobin (Hb) is a tetramericafy33) heme protein in

circulating red cells that transports and releases oxygen from each

of its four ferrous heme groups. The heme irons also bind nitric
oxide, a species implicated in the relaxation of blood vessels.
Stamler and co-workers found that a small but significant amount
of the circulating Hb is nitrosylated at the sulfur 6fCys-93
(“HbSNO").2"8 They observed that a subset of the HbSNO
transfers the nitrosyl group to the blood vessel via the anion
exchange protein AE1 of the red cell's membrane, causing
relaxation? The status of HbSNO is allosterically controlled by
transfers of NO to the ferrous heme of hemoglobin (HbNO, eq
1), RSNOs, such &snitrosoglutathione (GSNO) arféinitrosyl-
ated AEZ (eq 2). These equilibria regulate blood floW and
platelet activity:°

HbNO=HbSNO+ e + H" (1)
T state R state
HbSNO+ RSH= Hb(SH)+ RSNO (2)

R state T state

We now report a mechanism by which NO can be released
directly from HbSNO in response to deoxygenatidiie observe
the change in HbSNO through cycles of oxygenation and
deoxygenation by its visible absorption, mass, oxygen affinity
(Pso), and cooperativityrisg). Significantly, oxidation of the heme

irons of Hb-SNO occurs as NO is released during these cycles,

while a control sample of native hemoglobin is stable. After the
SNO group of HbSNO is converted to the thiol, the resulting
spectrum is intermediate between that of oxyHb and that of ferric
hemoglobin (metHb), with 50% of the heme iron oxidized. The
extent of NO release (measured by ESI MS) coincides with the
extent of metHb formation. Samples of HbSNO were carefully
prepared as reported previouslyin the presence of EDTA to
remove metal contaminants. TR, and nso also parallel the
conversion from HbSNO to metHb. HbSNO binds oxygen more
tightly than does native HE Limiting values arePs, = 8 Torr
andnsp = 1.6 at pH 7.4 at 37C while limiting values aréso =
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Figure 1. (A) Changes in oxygen binding curves and Hill plots (inset)
as a function of cycling (37C, pH 7.4 phosphatg, 0.1 M). (B) Changes

in ngp as a function of cycling for Hb at 37C (O), HbSNO at 37°C (@),
HbSNO with 1 SNO/tetramer at 3T (d), Hb at 25°C (@), and HbSNO

at 25°C (a).

3—4 Torr andnsp = 1.6 at 25°C (Figure 1). These are consistent
with production of Hb with F# in the 8 subunits and Hein the
o-subunitsttt2

IH NMR analysis of the products reveals that electron transfer
occurs fromp-hemes (vsu-hemes) derived from HbSNO. We
incubated solutions 0f0.1 mM HbSNO under argon for 2.5
and 48 h. The solutions were concentrated and dissolved in
deuterium oxide containing a 10-fold excess of sodium azide,
which forms iron azides. The 500 MH# NMR signals for the
CHs groups of positions 1-, 5-, and 8- of the heme in thand
the B subunits are resolved. The methyl protons undergo a
paramagnetic shift when the heme is the ferric azido derivative
(confirmed in the spectrum of azido metHb (where the all heme
iron is Fe(lll)). The product that was analyzed after 2.5 h had
about 30% of its hemes oxidized: tfidhemes to a greater extent
thana (3—4:1, Figure 2). The sample that was analyzed after 2
days of reaction had about 50% of the total heme oxidized, with
the Fe(lll) equally distributed among the hemes, consistent with
initial oxidation by transfer of an electron to the HbSNO from
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electrons among the hemes occurs as an epiphenomenon, ac-
counting for the presence of an increasing amount of oxidation
of thea hemes. Thgg heme ferrous ions donate electrons to the
adjacent SNO causing reductive cleavage to yield the cysteine
thiolate and NO. Thef sites in tetramers then exchange,
distributing oxidation randomly among andj sites!*

Although NO may react rapidly with oxyHb (eq 4), under the
conditions of our experiments, the nascent NO binds to Fe(ll) in
a heme or is carried off in the flow of inert gas. Circular dichroism
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Figure 2. *H NMR spectra of the heme portion of HbSNO under argon p;szaseT Cys (83 Cys (B93) —
at room temperature for 2.5 (upper) and 48 h (lower) (oxygenated prior HN His (392) sH HN His (ﬁsz)éNo’o
to analysis) in deuterium oxide, collected at 45, ~10-fold excess of @“\jﬁ 4\{
azide. N N
also shows a half-met Hb that retains structure and features of e/ -NO, +H*
the globin chains of Hb containing Fe(ll) and Fe(lll). ! -
We observe small amounts~5—10%) of HbNO during f
deoxygenation cycles of HbSNO as changes in the soret band W
(A = 418 nm). As NO escapes from the pocket near Cys-93, it e (o8 | His (863) i
may be dispersed into solution and bind to ferrous hemes. Partially met Hb transient metHbSNO radical anion
Related routes for formation of MetHb are heterolytic cleavage
of FE'NO, producing Fe(Ill) and nitroxyl ion (NO, eq 3? and present in samples of RSNO, is responsible for metHb formation
the reaction of NO with oxyHb, eq 4. by rigorously purifying the RSNO'’s. Reactions of deoxyHb with

GSNO or SNAP result in rapid heme oxidatidg,(~ 14.5 s1)

and formation of disulfides atcys93 (25°C, pH 7.4). OxyHb

reacts more slowlylgy ~ 5 x 1074 s7%). The reactions of horse

heart deoxymyoglobin (deoxyMb), without cysteines, occur with

HbO, + "NO — metHb+ NO,~ (4) rate constants similar to those for deoxyHb. The mechanism in
Scheme 1 requires protonation of the cysteine thiolate as NO is

Neither reaction leads to release of NO frgaCys93-SNO in released. pH-stat measurements of the rate of proton uptake from
deoxygenated solutions, which is the key feature of the reactionsth® HOSNO samples that release NO gave the same result as those
in egs 1, 3, and 4. Furthermore, NO is swept from our system, measured for heme oxidation. )
keeping the concentration very low. MetHb forms from HbSNO ~ The-Cys93 thiol is 12.9 A from the closest ferrous heme in
in the absence of oxygew ~ 26 min), giving NO and BD. d.eoxyHb?O close enough for a direct electron transfe The
However, Snitrosothiols are good electron acceptérsThus, distance betwe_en _the centers influences the rat_es of elgctron
transfer of an electron from thé-heme iron toB-Cys93-S-NO transfgrz.3 The Ilgat|on stat.e of the ferrous ion will affect |§s
accounts for triggering of S-NO cleavage by deoxygenation redut_:tlon_ poten_tlal. Coordination of oxygen, an electrqn v_wth-
(Scheme 1). The resulting anion radical (or transition state) drawing ligand, increases the heme'Fee! potential, making it
releases nitric oxide to generate the free Cys93 thiolate, which is@ poorer electron dondf.Thus, oxygen would be an allosteric
rapidly protonated. In the red cell, metHb reductase will convert effector for NO release, with dissociation permitting internal
metHb to the ferrous state (Scheme 1). This chemical mechanismél€ctron transfer to occur. _
is consistent with oxygen-dependent release of NO from HoSNO [N summary, we have found an internal electron-transfer
(in the absence of endogenous thiols that react via transnitrosationMechanism, triggered by depletion of oxygen, for selective heme-
reactions) accompanied by formation of metHb (Scheme 1). assisted release of NO.from HbSNO. Th|s mechanlsm may relate

The specific response of NO release from HbSNO to deoxy- O the role of HbSNO in NO-based signaling in blood vessels.
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