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Abstract

Factors which govern transnitrosation reactions between hemoglbtiih and low molecular weight thiols may
define the extent to whicli-nitrosated Ho(SNO-Hb) plays a role in NO in the control of blood pressure and other
NO-dependent reactions. We show that exposur§-nitrosylated cysteindCysNO) produces equivalent levels of
SNO-Hb for Hb A, and sickle cell HifHb S), although these proteins differ significantly in the electron affinity of
their heme groups as measured by their anaerobic redox potentials. Dolphin Hb, a cooperative Hb with a redox
potential like that of Hb S, produces less SNO-Hb, indicating that steric considerations outweigh effects of altered
electron affinity at the active-site heme groups in control of SNO-Hb formation. Examination of oxygen binding at
5-20 mM heme concentrations revealed increases duenitrosation in the apparent oxygen affinity of both Hb
Agand Hb S, similar to increases seen at lower heme concentrations. As observed at lower heme levels, deoxygenation
is not sufficient to trigger release of NO from SNO-Hb. A sharp increase in apparent oxygen affinity occurs for
unmodified Hb S at concentrations above 12.5 mM, its minimum gelling concentration. This affinity increase still
occurs in 30 and 60%-nitrosated samples, but at higher heme concentration. This oxygen binding behavior is
accompanied by decreased gel formation of the deoxygenated pr&eitnosation is thus shown to have an effect
similar to that reported for other SH-group modifications of Hb S, in which R-state stabilization opposes Hb S
aggregation© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hemoglobin(Hb) plays an important biological
role as a respiratory protein. Another important
biological role of Hb is emerging from intensive
studies focused on interactions of Hb with NO and
the role this may play in the control of blood

pressure and other NO-dependent reactions. Nitro-

sation of sulfhydryl groups at the highly conserved
cysteine residues at position 93 on the t@o
chains of the Hb tetramer creat8snitrosated Hb
(SNO-Hb). SNO-Hb forms in vivo as well as in
vitro, and its potential role in blood pressure
regulation was brought out by the collaborative
work of Stamler and ourselvegl]. This work
stimulated further research on interactions of Hb
with NO in many laboratories because of its far-
reaching implicationg2—6]. Release of NO from
SNO-Hb has the potential to bring about reactions
normally associated with free NO. Unlike SNO-
Hb, free NO is a very reactive molecule, whose
lifetime in the complex cellular milieu would be
expected to be very short. It is this characteristic
of NO that delayed the discovery of NO-dependent
reactions in smooth muscle relaxation, platelet
inhibition, neurotransmission, and immune regu-
lation [7—11]. What is learned about Hb-based NO
interactions and transport will have far-ranging

applications in these disparate fields. Notably, stud-

ies have shown that Hb nitrosated on its sulfhydryl
groups can act as a vasodilatt,12, with the
potential of transmitting the relaxation possibilities
and other aspects of NO biochemistry far away
from the site of NO generation.

Relevant reactions of NO-containing compounds
with the sulfhydryl groups of Hb are summarized
below. In addition to transnitrosation reactidi.
(1)) and copper catalyzed-nitrosothiol decom-
position (Eq. (2)), S-nitrosothiols can transfer the
RS-group to Hb(Eq. (3)), resulting in formation
of a mixed disulfide of Hb and the NO don¢e.g.
S-nitrosylated cysteinéCysNO) and Hb can form
cysteinyl-HB. SNO-Hb itself can serve as th®
nitrosothiol (Eq. (3)) and react with other thiols,
creating Hb-S-SR with release of RS-NO or NO
(9, 10). The nitrosonium ion, NO , can react with
HbFe" to form HbFe NO. Additionally, Spencer
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et al. [13] reported a two-step process whereby
nitrosoglutathiong GSNO) reacts first with deoxy
Hb to produce met Hb, reduced glutathione
(GSH), and NO free radicalEg. (4)), with the
NO- subsequently binding to deoxy Hb or reacting
with oxy Hb. Finally, as shown in Eq(5), apart
from these NO-transfer reactions, N€an interact
with oxygen to form effective nitrosating com-
pounds, generally denoted as N(8], that can
nitrosate thiols and lead to formation of SNO-Hb.

RS-NO+ Hb-SH- Hb-S-NO+ RSH (1)
1
2RS-NQ/Cu' - 5RSSRENO-+HbO,
—HbFe" +NO3 (2
RS-NO+ Hb-SH— Hb-S-SR+NO~ —NO~
+HbFé'" > HbFé NO (3
RS-NO+HbFé' —HbFé' + RSH+NO»
—NO=+HbFé' > HbFé NO— NO»
+HbF€' Q— HbFé' +NO3 (4)
NO, +Hb-SH— Hb-S-NO (5)

The effects of metals and experimental condi-
tions on these reaction pathways and reaction
products are further described in this report of in
vitro studies with isolated Hbs and low molecular
weight RSNO compounds. These reactions are
highly relevant for understanding NO-dependent
reactions with Hb and developing therapeutic uses
of NO. The relative significance of oxygen-medi-
ated reactiongvia NO, compounds as in E¢5))
and transnitrosative mechanisriga low molec-
ular weight RSNO donors as in Ed1)) for
generation of SNO-Hb in vivo are still unclear. A
recent report that metal chelators inhilsinitro-
sation of Hb[14] is indicative of this still changing
view of SNO-Hb biochemistry, since transnitrosa-
tive mechanisms that lead to SNO-Hb formation
(Eq. (1)) are known to be favored by removal of
metal chelators, and without the cystinylation reac-
tions enhanced by metal contaminattile infra).

The low levels of SNO-Hb in blood make it
difficult to resolve questions associated with SNO-
Hb and its role in vivo. Alterations in SNO-Hb
levels can result from as yet unidentified constit-
uents of blood that control SNO-Hb formation.
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More information on the biochemistry of SNO-Hb is due to intracellular polymerization, with the
is clearly needed. Experiments reported here clar- correlate that treatments that reduce polymerization
ify further the relative importance of electronic will also increase blood oxygen affinity. The results
and steric controls of SNO-Hb formation and of Head and coworkers are in conflict with those
degradation. Other experiments are reported thatreported by Gladwin et al[6] in which NO in
S-nitrosation acts to stabilize the R-state condition breathing gas was shown to produce a small
at physiologically relevant temperatures and con- increase of SNO-Hb in sickle cell patients, but not
centrations, that under these conditions deoxygen-to the extent that oxygen affinity was altered. As

ation is not sufficient to cause NO release from
purified SNO-Hb. These experiments uncovered
an indirect spectrophotometric approach to the
investigation of SNO-Hb reactions in solution.

NO is being studied for its potential use as a
therapeutic agent for treatment of sickle cell dis-
ease. At high concentration, sickle cell KlHb S:

B6 Glu—Val) aggregates when deoxygenated,
giving rise to the adverse effects associated with
sickle cell disease(see reviews by Eaton and
Hofrichter [15,16). Studies done in vivo may be
clarified by the in vitro studies reported here,
which show thatS-nitrosation of Hb S opposes
aggregation of the deoxygenated protein at physi-
ologically relevant concentrations and
temperatures.

For therapeutic applications NO may be admin-
istered at low levels in breathing g%,6,17,44),
where it can act directly as a vasodilator. Alterna-
tively, NO administration in varied forms can lead
to reactions of NO with oxygen that can yield
nitrosating agents, which can lead to formation of
nitrosated thiols such as SNO-Hb as in E§).

NO-based therapies for sickle cell disease under

investigation have the potential to improve tissue

noted in Section 4, variations in experimental
methods and differences between equilibrium con-
ditions and ‘apparent’Ps, values may underlie
these apparent discrepancies.

We previously reported tha§-nitrosated forms
of Hb A and Hb S at low(<1 mM hemse
concentrations have increased oxygen affinity rel-
ative to unmodified Hb, with increased R-state
character that is most evident at low levels of
oxygen saturatiori22]. This finding prompted us
to suggest thatS-nitrosation of Hb S might be
viewed as a possible therapeutic approach to alle-
viating sickle cell disease. In support of this
hypothesis, we show in this report th&nitrosa-
tion of Hb S brings about alterations of its concen-
tration-dependent oxygen binding behavior that are
correlated with decreased polymer formation by
the deoxygenated protein.

2. Experimental procedures
2.1. Sample preparation

S-nitrosation reactions of Hb A, Hb $B6

oxygenation, decrease platelet adhesion and aggreGlu— Val) and Bottlenose Dolphi€Tiursiops trun-
gation, and decrease Hb S polymerization. Head catus) Hb were studied after cell lysis, anion

et al. [17] reported that low concentrations of NO
(80 parts per million by volume of NO in air for
45 min) increase the oxygen affinity of sickle
erythrocytes in vitro and in vivo. They drew the
conclusion that Hb S polymerization must have
been reduced directlyby heme nitrosylatioh or
indirectly (by SNO-Hb formation, since previous

removal and chromatographic purification of the
Hb as described elsewherf23,23. N-(2-hy-
droxyethy)-piperazineN'-2-ethanesulfonic  acid
(HEPES, KNO; (Sigma@ and KCI (Fisher >
99%), were dissolved and adjusted to pH values
indicated. Metal chelators, when used, were 0.1
mM diethylenetriamine pentaacetic aci®PTA)

studies showed a strong correlation between theor 0.05 mM ethylenediamine tetraacetic acid

extent of polymer formation and lowered oxygen
affinity exhibited by Hb S in concentrated solu-
tions and in red blood cellgl8—-20,4%. Winslow
[21] documented that the reduced blood oxygen
affinity exhibited by erythrocytes containing Hb S

(EDTA), which gave equivalent results in the
studies reported here. Metal chelators were essen-
tial in the preparation of low-met samples of Hb
S and SNO-Hb A0 and SNO-Hb S at high concen-
tration. High concentrations of purified Hbs were
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achieved by centrifugation of samples in Centricon release of NO from SNO-Hb. The extent of gela-

filters. tion was evaluated 30 min after bringing 0.25 ml
of a completely deoxygenated solution of Hb S at
2.2. Oxygen binding pH 6.8 at 7°C up to 37°C, a temperature switch

that enables formation of Hb S polymers in sam-
Oxygen binding measurements at low protein ples whose concentrations are above the minimum
concentrations(~0.1 mM) for normal and S- gelling concentration. This time period was suffi-
nitrosated samples were done using a tonometriccient for comparative qualitative tests of gelation
method based on that of Riggs and Wolbd2H] of normal and SNO-Hb S i.e. the unmodified
with  modifications as previously described protein consistently forms complete gels in less
[23,22,23. Oxygen binding measurements at high than 30 min at 37°C. The samples were main-
(10-20 mM concentration required special pre- tained for at least 30 min under deoxy conditions
cautions(low temperature procedures, low light, prior to the temperature jump to 3T to ensure
added metal chelatorso minimize met Hb for-  the removal of any oxygen picked up during the
mation as the samples were concentrated. Oxygentransfer from tonometers to jacketed chamber. An
binding measurements at high concentration were oxygen electrode in the side-arm of the chamber

made in a thin membrane sandwich using an was used to check for any leakage of oxygen into
oxygen electrode to monitor oxygen levels. For the system.

this purpose we used a modified Hemoscan instru-
ment(Aminco, Inc) operated in a step-wise mode.
Dynamic error in continuous measurements using
this technique was previously describgzb] and _ ,
leads toapparent oxygen affinity determinations Previously described mass spectrometry meth-
even in the step-wise mode of operation when the 0ds [27] were modified for characterization of
Hb contained in the thin film has polymerizésee changes in mass associated with NO transfers to
Section 4 The b|nd|ng curves referenced or and from thiols of both h|gh and low molecular
shown in this paper are composites of data points Weight categories. The method used here,
from multiple experiments using samples with met described in more detail elsewhd@?] allows for

2.4. Electrospray-ionization mass spectrometry

Hb levels < 12%. determinations of the types and levels $hitro-
sated species present in changing mixtures. When
2.3. Hb S gelation assays used in combination with spectral assays, this

technique enabled us to determine the extent of

The effects of S-nitrosation of Hb S on its  SH-group nitrosation of Hb under varied condi-
aggregation propensity were tested by direct visual tions. ES-MS measurements were made on a
observation of gel formation, using a method Micromass-VG Quattro BQ triple quadrupole mass
previously validated by Benesch et 4lL8]. Hb  spectrometer equipped with a pneumatically assist-
samples were observed in a water-jacketed cham-€ed electrostatic ion source operating at atmospheric
ber in which deoxygenated samples were stirred pressure. Samples are introduced by loop injection
continuously and kept anaerobic by a gentle flow into a stream of appropriate solvent flowing at 6
of humidified nitrogen. The use of a stirring bar pl/min. Mass spectra are typically acquired in the
facilitated temperature changes and detection of multichannel analyzer mode fromy/e 980 to 1190
complete Hb gelation. Samples were extensively with a scan time of 2 s. The mass scale is calibrated
deoxygenated in tonometers in an ice bath prior to with appropriate standards such as horse heart
introduction to the sample chamber, with care myoglobin (M, 16951.48 with a resolution cor-
taken to add the sample below the flow of nitrogen. responding to a peak width at half height of 0.9
Oxygen scavengers such as sodium dithionite Da form/z 1000. The mass spectra are transformed
could not be used to ensure complete deoxygena-to a molecular mass scale using softwdviaxEnt)
tion, since their reductive action would cause the supplied by the manufacturer.
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2.5. Analysis of extent of S-nitrosation of Hb erful oxidant not compatible with many systems.
samples We prepared the low molecular weight RSNO NO
donor (CysNO) used here by reaction of cysteine
Hb nitrosation following exposure to CysNO with acidified NO, [30]. We used our previously
was determined by electrospray ionization mass described methodf2] to generate highly SNO-
spectrometry(ESI-MS) or by spectral deconvolu- Hb (90-100%B93 groups modifiell which was
tion analysis as described elsewh§2g]. Prior to then concentrated to the desired level. Mixtures of
spectral evaluation, the samples were subjected toconcentrated stock SNO-Hb and unmodified Hb
Sephadex G25 chromatography with 2% borate, were used to obtain solutions with varied levels of
0.1 mM DPTA buffer, pH 9.2(carried out at 4  S-nitrosation. This procedure results in mixtures
°C) to standardize the sample pH and buffer where S-nitrosation of 93 groups is essentially
conditions and to remove any low molecular 100% on some Hb tetramers, and absent on others.
weight material. The samples were degassed in Spectral deconvolution methods and electrospray
tonometers and subjected to spectral analysis mass spectrometry as described in our earlier work
before and after treatment with dithioni¢sodium [22] and used in this study showed that the
hydrosulfite, Tech, Acres Chemical GoDithion- nitrosated proteins used in oxygen binding and
ite addition rapidly removes any residual oxygen, gelation studies had no other modifications than at
reduces any met Hb present and releases NO fromthe B93 groups.
the RS-NO linkage. The NO is effectively captured
by the reduced heme, and the spectrum that results3. Results
is that of partially NO-Hb. NO gas(National
Welders, CP grade further purified by passage 3.1. Mass spectra of normal and sickle cell hemo-
through 5 M and then 1 M NaOH, is added to the globin reacted with CysNO
degassed, dithionite-treated sample, and the spec-
trum of fully NO-Hb is obtained after a 10-min Knowledge of the ways SNO-Hb can be formed
equilibration period. Comparisons of the partially in vitro and in vivo is required to exploit the
and fully NO-Hb spectra allow the fraction ¢t potential of NO-based therapies for blood pressure
nitrosation prior to dithionite treatment to be deter- regulation or treatment of sickle cell disease. State-
mined. Multi-component analysis of spectra of-the-art ESI-MS provide an unparalleled oppor-
containing several species was done with a soft- tunity to simultaneously monitas-nitrosation and
ware program supplied by Hewlett-Packard and NO transfer reactions in an extremely wide range
used on a Hewlett-Packard Diode Array of molecular weight compounds. As shown in

Spectrophotometer. Figs. 1-3, this technique makes it possible to
directly quantify the time-dependent formation of
2.6. Preparation and detection of S-nitrosothiols NO adducts onx or B chains ofmixtures of Hb

and changes in NO adduction of low molecular

Our assays followed methods for the preparation weight thiols. The mass spectrum shown in Fig. 1
and handling of low molecular weight RSNO is that of Hb Ay and a small amount of glycated
compounds as described by Stamler and FeelischHb A, reacted with CysNO in the presence of
[8]. Spectrophotometric assays were as previously metal chelators. It contains major peaks in g
described[1,28,29. S-nitroso derivatives of Hbs  z region of 1200-1240. Three of the peaks are
generated by transnitrosation reactions were madeassigned to forms of-globin+heme that differ
immediately after preparation of the low molecular only in an associated catiditd +, Na+, or K+).
weight RSNO donor, since experimental conditions The other peaks are assigned foeglobin. B-
can alter the stability of SNO-compounds. Most globin-SNO is clearly detecte€imass difference
synthesis of RSNO compounds in organic solvents of 40 from the parenf-globin) and amounts to
involves N, Q,. These are hampered by preparation as much as 100% of the totatglobin under some
and handling of this reagent because it is a pow- reaction conditions tested.
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Fig. 1. ESI-MS data on the time course $hitrosation of 1 mM Hb A and a low level of glycosylated Hi, A exposed to a

fourfold excess of CysNO in borate buffer containing 0.1 M DPTA,°€5 pH 9.2. Mass spectra show the norragjlobin mass

at 15866, as well as progressigeglobin NO-adduction(30 mass units from the pareptglobin and the glycosylatefi-globin)
as the sole modifications that occur.
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Fig. 2. ESI-MS data on reactions of Hh,A with higkenfold) excess of CysNO to Hb in borate buffer containing 0.1 M DPTA,
25 °C, pH 9.2. Note the appearance of 30-mass unit nitrosated adtatci$896 of the g globin (normally at 1586®, doubly
nitrosatedB-globin (at 15926 and some NQx-globin NO-adductgat 15156 at this ratio of CysNO to Hb. As noted in the text,
the ‘buried’ SH groups of the and chains are less modified than the external SH group%st
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Fig. 3. ESI-MS data on reactions of HbyA with CysNO as in Figs. 1 and 2 but irubkence of a metal chelator. Note the
appearance of cystinylategtglobin (at 15986 at somewhat less than half the level of fBeylobin NO-adduct(at 15896 under

these reaction conditions.

The only product formed as a result of exposure
of Hb to a 2—4x excess of CysNGx the presence
of metal chelators (DPTA or EDTA) is nitrosated
B-globin. Both Hb A, and glycated Hb A show
time-dependent increases in SNO-Hb formation in
the representative data of Fig. 1, illustrating the
power of ESI-MS to follow transnitrosation reac-
tions with mixtures of proteins. In studies of Hb
and CysNO reactions under similar conditions,
followed by separation of the globins by reverse
phase HPLC, Ferranti et a[27], reported that
BCys93 is the preferred site of in vitro NO-adduct
formation. As shown below, the ‘buried’ SH
groups of3Cys12 andxCys104 form NO-adducts
only in the presence of prolonged exposure to
elevated levels of CysNO or at low protein
concentration.

3.2. Reactions resulting from elevated CysNO
ratios and contaminating metals

Modification of internal SH groups as noted by
Ferranti et al.[27] was confirmed in our studies
when Hb was exposed to a 4020c excess of
CysNO over heme. As shown in Fig. 2, these
modifications ofa and 8 internal SH groups are

evident as 40 mass unit changes of theglobin
(which have no external SH groupsind some
doubly nitrosatedB-globin. These modifications
may not be of physiological significance, since
they are improbable at the intracellular concentra-
tions reported for Hb and red blood cell thiols.
However, in vitro studies are frequently done at
lower Hb concentration and with much higher
ratios of CysNO or other NO donors. In such
studies the nitrosation of internal thiols could
complicate studies of SNO-Hb biochemistry due
to the functional repercussions of interfering with
the interfacial regions of the Hb tetramer.

Fig. 3 shows effects of metal contaminants on
the reaction of Hb and CysNO. NO-Hb and met
Hb are spectrally obvious products that result from
the metal-catalyzed disruption of the RSNO link-
age of CysNO that liberates NO. NO-Hb forms
when the liberated NO is captured at deoxy heme
sites, while met Hb and nitrate form when the
liberated NO reacts with oxyHWHEQs. (2) and
(4)). Less spectrally obvious effects are evident in
mass spectrometric studies. As shown in Fig. 3,
the presence of contaminating metals can result in
appreciable disulfide formation between SH groups
of Cys and Hb(as in Eq.(3)). Mass peaks of NO
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Table 1
CysNO effects on Hb & , Hb S and Bottlenose Dolphin Hb

Protein wM Hb wM CysNO % S-nitrosation % S-cystinylation
Hb Ay,+DPTA 25 250 36 none

Hb A,+DPTA 33 333 50 none

Hb Ay,+DPTA 50 500 58 none

Hb A, 50 500 73 20

Hb S 50 500 71 26

Bottlenose Dolphin Hb 50 500 58 8

The table shows responses of these structurally distinct Hbs to 10 min of exposure to varied levels of CysNO. ESI-MS data
revealed the influence of protein type and of the presence or absence of metal dielatdrDPTA) on the percentages of SNO-
Hb andS-cystinylated Hb formed as a result of this treatment.

adducts org chains appear, along with mass peaks multiple reactions disallowed fitting the reaction
associated with cystinylation of th@-chains. time-course to the simple expression shown as Eq.
These products can be largely avoided by use of (1). Qualitatively, when low levels of Hi§25-50
metal chelators. wM in heme are mixed with 2—20¢ excess of
CysNO over heme, the reactions have half-times
in the order of 2—8 min, with the expected increase
in reaction rate at the higher CysNO levels. These
are fairly slow reactions and may not be fast
enough to form SNO-Hb in the course of Hb
transit through the lungs. The release of NO from
SNO-Hb by simple transnitrosative transfer of NO
to GSH, the dominant low molecular weight thiol
of red blood cells, has also been reported to be a
fairly slow reaction(also se€2]).

As indicated in Table 1, there are no significant
differences between the nature or time course of
appearance of CysNO-induced reaction products
Cell Hb: B6 Glu— Val) and Hb of the Bottlenose formed by Hb A and Hb S, indicating that their
Dolphin (Tursiops truncatus) have appreciably  significantly different heme redox potentials do
shifted redox potentials as shown by Nernst plots not have a major effect on SH reactivity and
of the oxidation process, with increased ease of subsequent SNO-Hb formation. Data obtained
anaerobic oxidation relative to Hb A[31]. using spectral deconvolution assays to monitor
Improved methods of ESI-MS allowed us to follow SNO-Hb formation in Hb 4 and Hb S supported
both S-nitrosation and cystinylation reactions in this conclusion i.e. equivalent levels of spectrally
Hb A, and in the two redox-shifted Hbs. Table 1 detectible SNO-Hb were generated for these pro-
documents the dose and Hb-dependent changes ifeins under a given protocol in triplicate assays.
levels of B-chain NO adducts and the chelator- However, as shown in Table 1, Bottlenose Dolphin
dependent levels of cystinylation that resulted from Hb, with a redox potential like that of Hb S, forms
exposure of varied types of Hb to CysNO. appreciably lesg ~0.8) the amount of SNO-Hb

In reactions without added metal chelators the after a 10-min exposure to a tenfold excess of
cystinylation reaction induced by exposure to CysNO than either of the human Hbs, indicating

3.3. CysNO reactions with Hb A, Hb S, and
Bottlenose Dolphin Hb

The differences between met and oxy HbSin
nitrosation reactiongl] could be due to confor-
mational differences or differences 393
SH-group reactivity due to differences in the elec-
tron affinity of the nearbyB-chain heme groups
(see Section ¥ To clarify this issue, the impact
of varied heme-group redox potential was investi-
gated, using Hb A , Hb S and Bottlenose Dolphin
Hb as transnitrosation targets. Both Hh(Sickle

CysNO is approximately half as effective &s
nitrosation(i.e. the fraction of nitrosatef-globin
is twice that of cystinylated@-globin throughout
the time course of the reactibnThe presence of

that differences in structurally similar Hbs can
affect the extent of SNO-Hb formed via transnitro-
sation reactions between Hb and low molecular
weight thiols.
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3.4. A new spectroscopic approach to following
SNO-Hb formation or degradation

We investigated the possibility that the spectral

173

either high or low concentration have the net result
shown simplistically in the equilibrium represen-
tation given by Eq(1) of Section 1. CysNO was
the low molecular weight NO donor used for

changes associated with increased or decreasedtudies reported here. Concentrated samples of

oxygen binding as thé&-nitrosation of Hb varies
could be used as an indirect method to monitor
fast reactions of formation or degradation of SNO-
Hb. The basic concept is that, at fixed and rela-
tively low levels of oxygen, the reactions that form
SNO-Hb will be followed by increased O binding
and a readily-measured change in absorbency.
To evaluate the effectiveness of this approach,
we added a twofold excess of CysNO to a solution
of partially oxygenated Hb in a large volume
tonometer. A relatively fast <1 min) absorbance
change occurs after CysNO addition, indicative of
a transition of Hb to a more oxygenated condition
as CysNO transfers NO to the SH groups of Hb
and creates SNO-Hb. Following this, there are
slower (10—-30 min absorbance changes as the

SNO-Hb A, and Hb S with low met Hb content
(<5% oxidized hemewere obtained by carrying
out all preparative procedures af@, minimizing
light exposure, and using metal chelators to avoid
metal-catalyzed decomposition of the S-NO link-
age. The nitrosation @93 SH-groups was accom-
plished by exposure of 1-3 mM Hb to a fourfold
excess of CysNO for 2—3 min. The CysNO was
removed by passage through a Sephadex G-25
column, and the eluted SNO-Hb was then concen-
trated for use in studies that approximate those
found in vivo. In spite of these precautions, many
samples that took weeks to prepare were discarded
prior to or after oxygen binding determinations
due to excessivé>12%) met Hb formation.

Our attempts tas-nitrosate samples at intraery-

light beam of the measuring instrument causes the throcytic concentrations led to protein precipitation

release of NO fromS-nitrosated compounds. As
expected(Eqg. (4)), the NO released results in the
formation of NO-Hb, with some met Hb formation
resulting from reaction of NO with oxy Hb. A
multi-component curve-fitting prograntsupplied
by the manufacturer of the Hewlett-Packard Spec-
trophotometer enabled us to resolve these contri-

and excessive met Hb formation. As noted in
Section 2, SNO-Hb samples with low<5%)
levels of met Hb were generatet 1-3 mM
hemo, concentrated, and then mixed with unmo-
dified concentrated Hb samples to obtain solutions
with the desired levels of-nitrosation. The initial
mixtures of concentrated SNO-Hb thus contained

butions to the absorbance changes. We weretetramers with botl393 groups nitrosated, along

pleased to find that even in the relatively bright
light beam of the diode-array spectrophotometer,
the photodecomposition process was relatively
slow compared to the transnitrosation reaction. To

with tetramers with unmodified SH groups. Sub-
sequent transnitrosation reactions may have ran-
domized the occurrence ¢tnitrosated groups on
Hb tetramers in solution, but this was not

make use of this approach, as in other spectral ascertained.
assays of RSNO compounds, care must be taken

to use low-intensity detection beams to avoid
complications associated with the photosensitivity
of the RSNO bond.

3.5. Formation of SNO-Hb at high (intraerythro-
cytic) concentration with low met Hb content

Modification of previously published procedures
was required to generate SNO-Hbs at high-20
mM) concentration without excessive met Hb
formation. The transnitrosation reactions used to
create variablyS-nitrosated preparations of Hb at

3.6. Stability of concentrated SNO-Hb upon
deoxygenation

The extent ofS-nitrosation of Hb samples after
removal of the low molecular weight NO donor
was determined by spectral deconvolution analysis
under standard conditiorfsvith samples at approx.
60 wM heme in 2% borate, 0.1 mM DPTA buffer,
pH 9.2, or by electrospray mass spectrometry
analysis(see Section 2

Assays to determine the extent &hitrosation
were done on sample aliquots taken from partially
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S-nitrosated solutions at heme concentrations of
10-20 mM. Aliquots were also removed from the
thin membrane sandwich in the Hemoscafer
determinations of oxygen-binding curves, to assay
the consequences of a full oxy—deoxy—oxy cycle.
The assay results showed no significant loss of
NO from SNO-Hb samples. Estimates of SNO-Hb
by mass spectrometry values were within 10%,
and spectral deconvolution assays gave values of
+ 5% for the level ofS-nitrosation before and after
oxygen binding determinations. The variance
observed before and after deoxygenation with
these methods is within the experimental error
typical for these assays. Thus high Hb concentra-
tion is not sufficient to cause a significant loss of
NO from the SNO-Hb derivative during
deoxygenation.

3.7. Effects of S-nitrosation on oxygen binding by
Hb A, at high (10-20 mM heme) concentrations

Studies of the effects of-nitrosation at Hb
concentrations like those in red blood cells have
not previously been reported. Representative oxy-
gen binding curves for Hb A(closed symbols
and itsS-nitrosyated derivativéopen circle$ car-
ried out with the Hemoscan at higa0 mM heme
protein concentration are shown in Fig. 4. The
effect of S-nitrosation at these concentrations is to
increase the affinity of oxygen binding, an effect
similar to that reported in earlier studies. The shift
in oxygen binding parameters associated with
nitrosation for 5—20 mM samples of HboA , with
A log Pso ranging from 0.19 to 0.3 in ten separate
experiments, is similar to that previously reported
at lower (~0.1 mM heme concentrations where
A log P5,=0.25[22,2. The shift observed in sam-
ples at high concentration shows appreciable scat-
ter, possibly due to greater variations in met Hb
formation.

3.8. S-nitrosation effects on oxygen binding by Hb
S at high (5-20 mM) protein concentration

Oxygen binding parameters for normal and par-
tially S-nitrosated solutions of purified Hb S were
determined at 19 mM heme, well above the pro-
tein’s minimum gelling concentration. As shown
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Fig. 4. Oxygen binding by 10 mM Hb A(filled circles) and

its S-nitrosated derivativéopen circles. Both conditions were
examined with the protein in a thin double-membrane-sand-
wich in a Hemoscan as described in Section 2. The proteins
were in 0.05 M HEPES buffer at pH 7.5, 2C. At least three
separate determinations of the normal &hditrosated condi-

tion are represented. Spectral deconvolution assays indicated
that ~70+5% of the 93Cys groups were nitrosated in the
modified samples before and after oxygen binding.

in representative Hill plots in Fig. 5, 30 and 60%
S-nitrosated samples have significantly increased
oxygen affinity compared to unmodified Hb S.
The level of S-nitrosation of a 20 mM Hb S
sample was 77.6% before oxygen binding, and
75.6% afterwards. Thus, as found for SNO-Hb
A, deoxygenation does not trigger NO release
from SNO-Hb S, even under conditions that allow
for polymerization of the deoxy-state of Hb S. The
Hill plots of oxygen binding show greater changes
due to S-nitrosation at low oxygen saturation
(~10% than at high saturation(>50%), as
expected and observed for R-state stabilization



C. Bonaventura et al. / Biophysical Chemistry 98 (2002) 165-181

((A-L)IA) Bo7

Log pO,

Fig. 5. Hill plots of duplicate determinationircles and tri-
angles of oxygen binding by 19 mM solutions of Hb Gar
right) and 60% SNO-Hb %far left) and 1:1 mixtures of these
(middle curve$ where 30% of thg393 SH-groups are modi-
fied. Oxygen binding was examined with the protein enclosed
in a thin double-membrane-sandwich in a Hemoscan as
described in Section 2. The samples were in KPO with 0.5
mM KEDTA, pH 6.8 at 37°C and were maintained in the
deoxygenated condition for 20—25 min prior to step-wise intro-
ductions of air.

brought about by thiol modification by other SH
reagentd22,34.

There is a concentration-dependent effect in
oxygenation of Hb S that is affected ISynitrosa-
tion that we attribute to decreased polymer for-
mation in theS-nitrosated samples. This is shown
in Fig. 6, which presents data for 30 and 60%
SNO-Hb S along with data on unmodified Hb S
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shown in the earlier papers, but shows the same
dramatic increase iPg, values above the mini-
mum gelling concentration of Hb Gpprox. 12.5
mM under these conditionss previously reported
by Benesch et al[18].

We were disappointed to find that highly SNO-
Hb S shows a concentration-dependent increase in
apparent oxygen affinity, indicating that polymer-
ization still occurs at high heme concentration.
However, the data of Fig. 6 suggests that an
increase in the minimum gelling concentration is
brought about bys-nitrosation. The shift appears
to be from ~12.5 for the unmodified protein to
~15.5 mM for the 30%$-nitrosated samples under
these measuring conditions, with a less well-

60
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Fig. 6. Effects ofS-nitrosation and protein concentration on
oxygen binding by Hb S and its partiall§nitrosated deriva-

over a range of protein concentrations. The data tives. Purified samples of Hb S at the indicated concentrations
was obtained using the Hemoscan in a step-wise were in 0.1 M KPQ buffer containing 0.05 mM EDTA or 0.1

mode, using the same solution conditigsamples
at pH 6.8 in potassium phosphate buffer, 37
used by Benesch et al18], in which the heme

mM DPTA, pH 6.8, 37°C. Oxygen binding data were obtained
with a modified Hemoscan apparatus as described in Section
2. The filled circles of the plot are from Benesch et [4lg],
while open circles show our more recent data obtained under

concentration dependence of oxygen-binding data the same experimental conditions but with a step-wise mode
was shown to provide an indirect measure of the of Hemoscan operation. The slope-change~dt2.5 mM for

protein’s minimum gelling concentration. Our data
for unmodified Hb S(open circle$ is in general

unmodified Hb S provides an estimate of the minimum gelling
concentration of the unmodified protein under these conditions
(see text. S-nitrosation effects are shown for samples with

agreement with the data reported by Benesch et 300 93 SH-groups modified(filed squares and for

al. (filled circles). Our data has more scatter than

~60% B93 SH-groups modifiedfilled triangles.
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defined shift in minimum gelling concentration for 5, we were able to achieve reasonably consistent
60% S-nitrosated samples. data even at higf19 mM heme concentrations
The concentration-dependent increase in appar-by holding samples for 20—45 min periods in the
ent oxygen affinity shown in Fig. 6 for Hb S was deoxygenated condition, and using 10 min equili-
not seen with samples of HbyA . Our use of a bration steps after each increase of oxygen level.
step-wise moddinstead of constantly increasing We sought to establish the lowest level effective
oxygen level$ reduces dynamic error and probably in altering the inflection poin{indicative of min-
accounts for the more constant level of apparent imum gelling concentration but the data obtained
affinity of our data compared to those of Benesch with low (<30%) levels of S-nitrosation had too
et al. [18] at concentrations below 12.5 mM, prior much scatter for this purpose.
to onset of polymer formation by deoxygenated
Hb S. The Hemoscan measures oxygen binding by
Hb held in a thin double-membrane sandwich by
allowing a measured quantity of air into its sample
chamber, which results in an increase in oxygen . . .
tension that is experienced by the sample and the The effect ofS-nitrosation on Hb S aggregatién
measuring oxygen electrode. The spectral responseg9|?t'°” was furfther tested by d!rect, visible, obser-
as the deoxygenated protein becomes progressivelyation of gelation after bringing deoxygenated
more oxygenated can be somewhat delayed by theSa@mples of variably nitrosated Hb S afC up to
permeation and binding of oxygen to Hb in the 37 °C, a temperature switch that is known to
membrane sandwich. Delay of the sample response€nable formation of Hb S polymers. Assays of
results in a dynamic error, which can usually be sample 'allquots before and_after these studl.es
compensated by use of the step-wisather than ~ Showed increased met formation, but no apprecia-
continuou$ mode of operation of the Hemoscan, ble change in level of-nitrosation(values typi-
allowing the spectral changes in the sample to cally within +10%).
reach equilibrium[26]. Polymerization of deoxy- Table 2 summarizes the gelation behavior
genated Hb S, which occurs above the minimum observed with deoxygenated normal and SNO-Hb
gelling concentration, introduces a large dynamic S samples at varied protein concentrations. As
factor and considerable hysteresis into measure-indicated in Table 2, the presence of 30% SNO-
ments of oxygen binding by the Hemoscan and Hb S Significantly decreases Hb S polymerization
related methods. The absence of a true equililbrium relative to controls for samples at 12.5 mM heme,
in Hemoscan(or related types of assaysan be and results in incomplete gelation at 15 mM heme.
readily observed for Hb S at high concentrations At higher protein concentratiofisamples at 19
by keeping the oxygen tension constant at a point MM heme even 60%S-nitrosated samples form
where the oxygen affinityuppears to be greatly gels that disallow movement of a stirring bar in
reduced. Slow spectral changes in the direction of the chamber. These results were consistently
greater oxygen binding occas Hb S polymers  obtained for matched sets of normal and SNO-Hb
slowly melt), showing that the solution is not truly S samplegequal concentrations and levels of met
at equilibrium. Hb) under the specified conditions. Considerable
The ‘P5, determinations under these conditions met Hb can form as samples are stirred for an
give apparent values of the oxygen binding pro- hour or more at 37°C, but use of matched-
cess, and are not true equilibrium measurements.nitrosated samples and controls in these studies
Accordingly, the values ofPs, of Fig. 6 can be allowed us to determine that the inhibition of
influenced by the time the samples are maintained gelation was attributable td-nitrosation rather
in a deoxygenated condition, as well as the time than met Hb formation. These results are in accord
allowed for ‘equilibrium’ to be established after with the oxygen binding data, and support our
an increase in oxygen levels. As shown by the hypothesis thatS-nitrosation opposes gelation of
good agreement between replicate curves in Fig. deoxygenated Hb S.

3.9. Inhibitory effects of S-nitrosation on Hb S
gelation
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Table 2
Effects of S-nitrosation on Hb S gelation

Degree ofS- 10 125 15 19
nitrosation of mM Hb mM Hb mM Hb mM Hb
Hb S (%)

0 — + + +

~30 - - + +

~60 — — - +

Table entries summarize results of visual determinations of
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more readily nitrosatedl]. These results on SH-
group reactivity in Hb complement studies of the
redox chemistry of low molecular weiglstnitro-
sothiols [30]. Electron-exchange possibilities of
Hb may affect reactivity of its SH groups in ways
not possible with the low molecular weight thiols.
In particular, an electron exchange pathway
betweenB-heme and3-SH groups exist$25] and
electronic communication of events at the heme

the presence or absence of gelation of deoxygenated Hb S atcould influence the SH groups whesenitrosation

varied Hb concentrations with and withoStnitrosation(see
Section 2. In the data below+ indicates complete gelation
(i.e. stirring bar immobilg, + indicates incomplete gelation,
and — indicates no appearance of Hb S polymer. Hb S for
these studies was in 0.1 M KRO , pH 6.8. Samples wih0%

SH groupss-nitrosated were generated by exposure of 1-3 mM
samples to 2:1 ratios of CysNO to heme &Cifor 5 min and
concentration to the heme levels indicated. Samples with
~30% SH groupsS-nitrosated were generated by 1:1 mixing
of the 60% samples with purified Hb S. Samples were matched
for degree of met Hb, which was less than 12%, although sam-
ples with met Hb levels as high as 35% gave similar results.
Aliquots from the samples showed no significant loss of SNO-
Hb during these studies.

4. Discussion

Knowledge of SNO-Hb formation pathways is
important for development of possible therapeutic
applications of NO. Both oxygen-mediated and
transnitrosative pathways for SNO-Hb formation
are sensitive to the availability of Hb’s SH groups,
which are known to be sensitive to the quaternary
T< R equilibrium of Hb [33]. Functional and
crystallographic studies have shown that the
B93Cys residues at which NO is bound in Hb are
more accessible in the high affinity conformation
of oxy (R-state Hb than in deoxy(T-state Hb
[33—34. The quaternary conformation of the pro-
tein in the R-state thus allows for more effective
formation of SNO-Hb in oxygenated relative to
deoxygenated Hb.

Electronic modes of communication between the

occurs. Moreover, our recent work has shown that
the oxidized(met Hb) form of SNO-Hb is ther-
modynamically favored over deoxy SNO-Hb, and
thus may be the form from which NO bioactivity
is recovered[31]. The possibility of an effective
electronic control of the reactivity of the SH group
by events at the heme site was tested by comparing
SNO-Hb formation in Hbs with varied redox
potentials. Since levels or rates of SNO-Hb for-
mation did not correlate with redox potential, we
are led to conclude that steric effects outweigh
electronic contributions associated with the state
of the heme.

Our ESI-MS data confirms and extends earlier
reports [1,27,4,29,3D that low molecular weight
nitrosated thiols(RSNO specieswill react with
Hb and can transfer NO to its thiol groups. As
shown in Fig. 2 and Fig. 3, the nitrosation of
B93Cys is favored over reaction with internal
(buried thiols, but cystinylation occurs along with
nitrosation if metal contaminants are not excluded
from the reaction. The metal-enhanced formation
of SNO-Hb and cystinylated derivatives appears
to follow oxygen-mediated pathways as shown in
Eqg. (2) and Eq.(5).

Cystinylation along with nitrosation of Hb was
previously noted in studies of SNO-HI36] and
was considered a necessary partSefitrosation
events associated with exposure of Hb to nitrosated
glutathione(GSNO). The ‘SNO-Hb’ characterized
by these authors had 43% of the chains SH

SH and heme groups of Hb also appear significant groups mono-nitrosated and 28% cystinylated. It

in makingS-nitrosation of liganded Hb more facile
than for the deoxy protein. An electron-exchange
aspect of the heme-SH interaction of significance
to Hb’s interactions with NO was indicated by our
finding that oxidized(me?Y Hb is more reactive
with CysNO than oxy Hb and that i3 chains are

is important to note that the size and nature of the
SH modifier alters Hb functiori37], so that this
‘SNO-Hb’ is not equivalent to the SNO-Hb we
characterized22] in which thep93 SH-group was
the only SH group nitrosated and the cystinylation
reaction was avoided.
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In vivo mechanisms for recovery of NO from oxygen binding to higher oxygen levels than
SNO-Hb are a matter of on-going debate. As we required for half saturation at lower concentrations
first hypothesized and later demonstrated, the NO [18]. Benesch et al. were careful to point out that
of SNO-Hb cannot be accommodated in the normal the binding curves for concentrated solutions of
deoxy (T) structure of Hb[1,22. This constraint  Hb S obtained under continuously changing oxy-
on the normal R>T equilibrium could facilitate  gen tensions have considerable hysteresis, and thus
NO release to tissues at low oxygen pressures asdo not reflect true ligand-binding equilibria. The
originally suggested1]. We showed in subsequent advantage to the non-equilibrium measurements
studies, however, that purified solutions of SNO- done with the Hemoscan or related approaches, as
Hb can be cycled between oxy and deoxy states pointed out by Benesch et al, is that a titration of
without loss of NO[22]. In this report we show  concentration effects on oxygen binding by Hb S
that this is also true for SNO-Hb at intraerythro- can be used as an effective micro-method for
cytic concentrations. Thus high Hb concentration estimation of its minimum gelling concentration.
is not sufficient to cause a significant loss of NO  The indirect Benesch technique was used to
from the SNO-Hb derivative during deoxygenation study the influence ofS-nitrosation on Hb S
of purified Hb A, or Hb S. polymer formation. The oxygen-binding parame-

In vivo triggers of NO release from SNO-Hb ters we obtained for Hb A and Hb S at high
are still under investigation. We documented that concentration by use of this method had more
absorbance changes associated with the shift inscatter than anticipated from earlier published
oxygen affinity associated witkt-nitrosation of Hb results. However, informative qualitative results
can be observed when the oxygen tension is heldwere obtained in spite of this difficulty. The
constant. This constitutes a new method of follow- representative data shown in Fig. 5 and Fig. 6
ing the reaction that can be used to monitor the clearly show that concentrated samples exhibit an
formation or degradation of SNO-Hb under varied R-state stabilization of Hb S brought about By
conditions. This new approach may prove useful nitrosation, and suggest that this effect increases
in clarifying the triggering mechanisms operative the minimum gelling concentration. This indirect
in vivo for NO release from SNO-Hb. evidence was supported by direct observation of

Researchers in several laboratories have shownthe effects ofS-nitrosation on deoxy Hb S gelation.
that Hb Ay and Hb S have identical oxygen The combined data indicate an increase of the
affinities and responses to 2,3-diphosphoglycerate minimum gelling concentration from~12.5 to
at low (<1 mM) heme concentration. We con- ~15.5 mM associated with 30%-nitrosation
firmed this finding, and demonstrated ttganitro- under our measuring conditions. This roughly
sation due to CysNO exposure occurs at equal brackets the effectiveness of this type of modifi-
rates for purified Hb 4 and Hb S and that the cation, which was less than hoped for at these

resulting R-state shifts associated wimitrosa- high levels ofS-nitrosation. Further study will be
tion for Hb A, and Hb S are also the same within required to determine if-nitrosation can be used
experimental error. for effective inhibition of the sickling process in

Hb A, and Hb S show pronounced differences red blood cells.

at high concentration, where deoxygenation results It has long been recognized that it is the quater-
in aggregation of Hb S but not HbAsee reviews  nary conformation assumed by Hb when deoxy-
by Eaton and Hofrichtef15,16). For unmodified genated, the T-state, that favors aggregation of Hb
Hb S, the formation of Hb S polymers in phosphate S (see discussion by Nagel and BookcHB8]).
buffers at concentrations like those in red cells is Heme ligation opposes Hb S polymer formation
accompanied by decreases in the protein’s apparentby favoring the protein’'s R-state conformation.
oxygen affinity. Using the continuous mode of NO ligation of heme groups appeared to be an
Hemoscan operation, Benesch et [4l8] showed exception, since polymerization of fully nitrosylat-
that polymer formation by Hb S at higtintracel- ed Hb S was reported by Briehl and SalhdB9)].
lular) Hb concentrations shifts the apparéag for This was subsequently shown to be due to the fact
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that the studies of Briehl and Salhany were done contribute in its own way to R-state stabilization

in the presence of inositol hexaphosphate, which that opposes Hb S aggregation. A combination of

strongly stabilizes the T-state of NO-H#B0,33. NO-based therapies thus merits further study as a
R-state stabilization resulting from SH-group promising new approach to relieving the symptoms

modifications of Hb was documented in earlier of sickle cell disease.

studies[32]. Several types of Hb S modifications
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