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ABSTRACT. To investigate the roles ¢f93 cysteine in human normal adult hemoglobin (Hb A), we have
constructed four recombinant mutant hemoglobins (rHbs), HEOBG), rHb FC93A), rHb (3CI93M),

and rHb (C93L), and have prepared two chemically modified Hb As, HblAA and Hb A—NEM, in

which the sulfhydryl group aff93Cys is modified by sulfhydryl reagents, iodoacetamide (IAA) and
N-ethylmaleimide (NEM), respectively. These variants at3B8 position show higher oxygen affinity,

lower cooperativity, and reduced Bohr effect relative to Hb A. The response of some of these Hb variants
to allosteric effectors, 2,3-bisphosphoglycerate (2,3-BPG) and inositol hexaphosphate (IHP), is decreased
relative to that of Hb A. The proton nuclear magnetic resonance (NMR) spectra of these Hb variants
show that there is a marked influence on the proximal heme pocket f¢hain, whereas the environment

of the proximal heme pocket of the-chain remains unchanged as compared to Hb A, suggesting that
higher oxygen affinity is likely to be determined by the heme pocket ofstithain rather than by that

of the a-chain. This is further supported by NO titration of these Hbs in the deoxy form. For Hb A, NO
binds preferentially to the heme of thechain relative to that of thg-chain. In contrast, the feature of
preferential binding to the heme of thechain becomes weaker and even disappears for Hb variants with
modifications at393Cys. The effects of IHP on these Hbs in the NO form are different from those on
HbNO A, as characterized B{1 NMR spectra of the T-state markers, the exchangeable resonances at 14
and 11 ppm, reflecting that these Hb variants have more stability in the R-state relative to Hb A, especially
rHb (5C93L) and Hb A-NEM in the NO form. The changes of the C2 proton resonances of the surface
histidyl residues in these Hb variants in both the deoxy and CO forms, compared with those of Hb A,
indicate that a mutation or chemical modification388Cys can result in conformational changes involving
several surface histidyl residues, e#l46His and32His. The results obtained here offer strong evidence

to show that the salt bridge betwegh46His and394Asp and the binding pocket of allosteric effectors

can be affected as the result of modificationg@8Cys, which result in the destabilization of the T-state

and a reduced response of these Hbs to allosteric effectors. We further propose that the impaired alkaline
Bohr effect can be attributed to the effect on the contributions of several surface histidyl residues which
are altered because of the environmental changes caused by mutations and chemical modifications at
/93Cys.

Human normal adult hemoglobin (Hb Ay composed of A are due to the subunit rearrangement in the tetramer that
two a-chains and twogp-chains, which are associated allows significant quaternary alterations to occur during
noncovalently along two distinct surfaces, called thg; ligand binding. Analyses of the crystallographic structures
(or ayB2 by reason of symmetry) and theS, (or azf31) of Hb A in the unligated and ligated forms have revealed
subunit interfaces1(—3). The allosteric interactions of Hb  that the a3, interface, compared to the,S; interface,

undergoes an extensive relative movement and rearrangement

| Tt_I htis W(f’r|'_<| isltf]“{’é)é’lrtﬁf ;ilsgsgeseamh grant from the National of contact amino acid residues upon ligand bindifg 3).
nstitutes of Heal - . . - - - !
* Address all correspondence to this author. Telephone: 412-268- A number of amino acid residues, particularly those in the

3395. Fax: 412-268-7083. E-mail: chienho@andrew.cmu.edu. asf32 subunit interface, play an important role in modulating

*Present address: Department of Cell Biology and Physiology, function and structure of the Hb molecule~(3).
University of Pittsburgh School of Medicine, Pittsburgh, PA 12261.

L Abbreviations: Hb A, human normal adult hemoglobin; rHb, ~ The/393 cysteine residue, the only sulfhydryl-containing
recombinant hemoglobin; oxy-Hb (or HRJY oxyhemoglobin; deoxy- group located at the, 3, subunit interface, in the carboxyl-

Hb, deoxyhemoglobin; carbonmonoxy-Hb (or HbCO), carbonmonoxy- terminal region of the-chain, and in close proximity to the
hemoglobin; HbNO, nitrosylhemoglobin; SNO-HBnitrosohemoglo-

bin; met-Hb, methemoglobir®s,, partial G pressure at 50% saturation; proxmal histidyl reS|due_3), has been_ thQUth to be_'nVOIVed
nse, Hill coefficient; NMR, nuclear magnetic resonance; DSS, 2,2- in the transport and delivery of NO in vivo and to influence
dimethyl-2-silapentane-5-sulfonate; 2,3-BPG, 2,3-bisphosphoglycerate;the ligand-binding affinity and the physicochemical proper-
IHP, inositol hexaphosphate; IAA, iodoacetamide; NEWethylmale- ties of Hb @—8). Moreover,893Cys may also function as a
imide; PMB, p-mercuribenzoic acid; Bis-Tris, [bis(2-hydroxyethyl)- ’ A . . .
aminoltris(hydroxymethyl)methane; HEPE$-(2-hydroxyethyl)- scavenger of superoxide by forming the thioyl radical, a
piperazineN'-2-ethanesulfonic acid. relatively stable free radical, which may inhibit the rate of
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autoxidation of Hb and reduce heme degradat®nThese

functional roles o0f393Cys are modulated by the overall Hb
structure §). Early investigations revealed that the reactivity
of the f93Cys residue with sulfhydryl reagents varied
significantly depending on the conformation of the Hb

Cheng et al.

affinities and impaired allosteric and Bohr effects. However,
the nature of the structural changes responsible for these
changes in the oxygen-binding properties is not clear. On
the basis of the crystal structure of Hb A in the deoxy state,
it has been proposed that the salt bridge betw&bt6His

molecule. Therefore, this residue has served as a structurabnd $94Asp might affect the oxygen-binding properties of

probe for detecting ligand-induced conformational changes
in Hb (10—12). Recent studies report that, in vivo, the
binding of oxygen to heme irons in hemoglobin promotes
the binding of nitric oxide tg393Cys, formingS-nitroso-
hemoglobin (SNO-Hb), although in vivo NO-modified Hb
is measured only to a very limited exte®; ). Deoxygen-
ation is accompanied by an allosteric transition in SNO-Hb
from the R- (ligated) state to the T- (deoxygenated) state
that releases NO to a free form or a form complexed with

Hb modified at thes93 site (L6), but no direct evidence has
been obtained from Hb in solution to support this hypothesis.

Proton nuclear magnetic resonance (NMR) spectroscopy
has provided a considerable amount of detail regarding the
tertiary and quaternary structures of Hb A in the R- and
T-states. It has been used to obtain information involving
surface histidyl residues in the Bohr effe2@(23). On the
basis of the crystal structure, Perutz and co-workerg4)
propose@146His as an important contributor to the alkaline

other small thiols. The structural origin for the reactivity of Bohr effect. Studies in our laboratory usittg NMR spectra
$93Cys has been postulated on the basis of the crystalhave further elucidated the molecular mechanism of the

structures of hemoglobin in the R- and the T-states. In deoxy-

Hb, 593Cys points out toward the protein surface, andthe
sulfur of f93Cys is shielded by the salt bridge between
pl46His andB94Asp @—5). Thus, in the T structure, the
thiol (SH) reactivity of 593Cys toward sulfhydryl reagents
is low. In contrast, in the R-state, the salt bridge between
B146His andf94Asp is broken, an#93Cys points in and
away from the solvent, which is expected to facilitate the
deprotonation of the sulfur atom and promote its nucleo-
philicity. Thus,93Cys is accessible to attack by sulfhydryl
reagents in the R-state.

The role of thef93Cys residue in the oxygen-binding

alkaline Bohr effectZ3, 25—28). All C2 proton resonances
of the surface histidyl residues of tioe andj-chains have
been assigned, and their contributions to the Bohr effect have
been estimatedB, 25—27). These results show that several
histidyl residues make a positive contribution to the Bohr
effect, a few make a negative contribution, and a few do
not make any contribution to the Bohr effect. The contribu-
tion of surface histidyl residues can account for 86% of the
Bohr effect in 0.1 M HEPES containing 0.1 M chloride at
pH 7.4 @3).

In the present work, to investigate the detailed structure
function relationship of$93Cys, we have extended the

properties of hemoglobin has been extensively studied by yre\ious investigations by studying four recombinant hemo-

mutations and chemical modification$X-18). Compared
to Hb A, all Hb variants with modifications gi93Cys that

globins (rHs) with substitutions of nonpolar amino acid side
chains af93Cys, rHb C93G), rHb fC93A), rHb (3C93M),

have been studied are reported to exhibit higher oxygen 54 rHb (C93L), and two Hb As chemically modified by

affinity, but there are significant differences in the extent.
Some aspects of the oxygen-binding properties, however

sulfhydryl reagents g893Cys. The functional results show

'that all of these mutant rHbs and chemically modified Hb

remain controversial, and the detailed structural basis of theseAS exhibit common functional features with higher oxygen

properties is not fully understood. Modification of Hb by
various sulfhydryl reagents, such d¢-ethylmaleimide
(NEM) and iodoacetamide (IAA), results in higher oxygen
affinity, impaired cooperativity, and reduced Bohr effect, but
the extent of the effects produced differs with the blocking
reagents 10, 17). For SNO-Hb, Patel et al.10) and
McMahon et al. 20) reported a higher affinity for oxygen
than Hb A and intact allosteric effects of organic phosphates.
Decreasing the pH from 7.4 to 6.5 reduced the oxygen
affinities of both Hb and SNO-Hb to a similar extent,
suggesting that S-nitrosylation of Hb does not significantly
affect the alkaline Bohr effect. More recently, it has been
reported that Bis-Mal-PEG2000 Hb A, the cross-linked
species for whictB93Cys has been identified as the site of
intramolecular cross-linking, shows only a limited effect on
the oxygen affinity and cooperativity in Bis-Tris buffer at
pH 7.4, compared to Hb A. However, the Bohr effect was
reduced by~60%. This cross-linked species of Hb A retains
its sensitivity to allosteric effectors, 2,3-bisphosphoglycerate
(2,3-BPG), inositol hexaphosphate (IHP), and chloride, but
to a lesser degree compared with Hb24); To date, several
recombinant mutants of Hb A modified A93Cys, such as
rHb (3C93A), rHb (3C93T), and rHb £C93S), have been

affinity and impaired cooperativity. Among them, rHb
(8C93L) and Hb A chemically modified by NEM, which
have bulky hydrophobic side chains, have a much higher
oxygen affinity, lower cooperativity, and significantly re-
duced alkaline Bohr effectH NMR spectra have been used
to investigate the structural basis of these altered functional
features. We have found that modifications588Cys can
lead to significant local environmental changes ofHgeme
pockets that enhance ligand binding to fivaeme, but do
not appear to alter the.-heme pockets. Moreover, the
conformational changes triggered by the alteration ofp9#

site can transfer to several surface histidyl residues and affect
the salt bridge betweefil46His andf94Asp, causing an
increase of ligand-binding ability due to the destabilization
of the T-state and the reduction of the alkaline Bohr effect.
Thus, this study has provided new insights into the molecular
basis for the ligand-binding properties of Hb variants with
modifications a{393.

MATERIALS AND METHODS

Construction of PlasmidsThe Escherichia coli Hb
expression vector pHE2, containing synthetiand-globin

expressed to probe the structural and functional eventsgenes and thg. coli methionine aminopeptidase gene, was

occurring at thex, 5, subunit interface upon ligand binding

previously constructed in this laborator39) and was used

(6). These mutant rHbs have displayed increased oxygenas the plasmid template for mutant rHbs. The four synthetic
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oligonucleotides used as primers to provide the mutant Equilibrium Oxygen-Binding Properties of Recombinant
plasmids are as follows: " ®©£TGTCTGAGCTCCACGCT- and Chemically Modified HbsThe oxygen dissociation
GACAAACTGCACGTTGA-3 for rHb (3C93A) (pHE2601), curves of Hb A, rHbs, and chemically modified Hb As were
5-CTGTCTGAGCTCCACATGGACAAACTGCACGTTGA- measured by a Hemox-Analyzer (TCS Medical Products,
3 for rHb (FC93M) (pHE2602), 5CTGTCTGAGCTC- Huntington Valley, PA) at 29C as a function of pH (from
CACCTGGACAAACTGCACGTTGA-3 for rHb (8C93L) 6.0 to 8.5) in 0.1 M sodium phosphate buffer. Immediately
(pHE2603), and SCTGTCTGAGCTCCACGGTGACAA- before measurement, Hb in the CO form was converted to
ACTGCACGTTGA-3 for rHb (8C93G) (pHE2604). The the oxy form by illuminating with a halogen lamp under a
mutant plasmids were confirmed by DNA sequencing. constant stream of pure oxygen in an ice bath. The
Chemicals and restriction enzymes were purchased fromconcentration of Hb used for these measurements was about
the following suppliers, Fisher, Bio-Rad, Sigma, Pharmacia, 0.1 mM per heme. The methemoglobin (met-Hb) reductase
U.S. Biochemical Corp., Inc., Promega, Boehringer Mann- system was used if needed to reduce the amount of met-Hb
heim, and New England Biolabs, and were used without in the sample 34, 35). The met-Hb content of each sample
further purification. was determined immediately after the oxygen equilibrium
Growth and Purification of Recombinant Hbhe plasmids measurement by using the extinction coefficients for Hb
for expression of rHbs were transformed itocoli IM109 reported by Antonini6). The oxygen equilibrium data were
and grown in LB medium in a Microferm fermentor (New analyzed by fitting the Adair equation to each oxygen
Brunswick Scientific, Model BioFlo 3000) according to the dissociation curve by a nonlinear least-squares methg.
standard procedures described previoug8-31). The cells a measure of oxygen affinity, was determined at 50% oxygen
were harvested by centrifugation and stored frozen &@ saturation, and the Hill coefficientn{), a measure of
°C until needed for purification. The detailed procedures for cooperativity, was derived from the slope of the Hill plot
the isolation and purification of mutant rHbs are described by linear regression for oxygen saturation levels between
in our previous papers20—31). Briefly, in the first step, 40% and 60%. The accuracy Bfy measurements (in mmHg)
the cells were lysed by high-pressure homogenization (Modelis £8%, and that ofsg is £10%.
EmulsiFlex-C5, Avestin), and then the supernatant from the  Preparation of Deoxy-Hb, HbNO, and Met-Hbeoxy-
lysate was incubated at 3@ overnight. The recombinant  Hbs (5%) were prepared by first flushing samples of HbCO
Hb fractions were collected through a Q-Sepharose fastwith O, for 1 h onice, under direct illumination from a
protein liquid chromatography column (Pharmacia) followed halogen lamp, to exchange the tightly bound CO. The oxy-
by an oxidation-reduction process. The resulting preparation Hbs were flushed with nitrogen in the presence~df mM
was converted to the CO form. The rHb solution was then dithionite and 5% BO for 1 h togive deoxy-Hb samples
purified by eluting through a fast protein liquid chromatog- which were then transferred anaerobically to sealed standard
raphy Mono-S column (Pharmacia). Hb A was prepared from NMR tubes. Nitric oxide (NO) gas was washed through a
outdated human red blood cells obtained from the local blood deoxygenated solutionfd M NaOH as well as a column
bank according to the procedure described previolgy. ( of NaOH pellets at~1 atm for 25 min. The NO gas was
The purified rHbs and Hb A, which were in the CO form, then bubbled through deoxygenated 0.1 M phosphate buffer
were added drop by drop to liquid nitrogen to make frozen at pH 7.0 under argon ga8%, 38) to prepare saturated
Hb beads and then stored-aB0 °C until use. solutions of NO 2 mM). HbNO solution was prepared by
Characterization of Mutant rHbsThe electrospray ioniza-  mixing deoxy-Hb with NO gas or NO solution. Met-Hbs
tion mass spectrometric analyses were performed on a VGwere prepared by adding a 2-fold molar excess of potassium
Quattro-BQ (Fissons Instruments, VG Biotech, Altrincham, ferricyanide to Hbs in the CO form and then stirring for 1 h
U.K.) as described in previous publicatior29). Automated at room temperature. The met-Hbs were purified by eluting
cycles of Edman degradation were performed on an Applied through a G-25 column against 0.1 M phosphate buffer (pH
Biosystems gas/liquid-phase sequencer (Model 470/900A)7.0) to remove the excess potassium ferricyanide. All
equipped with an on-line phenylthiohydantoin amino acid experiments using deoxy-Hbs titrated by NO and met-Hbs
analyzer (Model 120A). All mutant rHbs had the correct bound by NO were performed in an anaerobic plastic bag
molecular weights and contained less than 3% methionineusing gastight glass syringes.
at the amino termini. NMR MeasurementstH NMR spectra of rHbs and
Chemically Modified Hb A.Two Hb As chemically chemically modified Hb As were obtained from Bruker
modified at393Cys were prepared and purified according AVANCE DRX-300 and/or AVANCE DRX-600 NMR
to previously described proceduresd(17). Hb A in the spectrometers at 2€. HbCO and deoxy-Hb solutions were
CO form was reacted with the excess chemical reagents, IAAprepared as describe?S—27) and were transferred anaero-
and NEM, in 0.1 M phosphate buffer, pH 7.0, at room bically to sealed NMR tubes under positive pressure. Hbs
temperature ([INEM]/[Hb A]= 5 for 4 h, [IAA]/[Hb A] = in the NO form were prepared as described above. The Hb
10 for 2 h) and then was purified by eluting through a G-25 samples were in 0.1 M sodium phosphate buffer at pH 7.0
column to remove the excess reagents. The collectingwith 5% D,O added for the signal lock or at pH 6.85 in
solution was checked by titration witlhmercuribenzoic acid  D,O or in 0.1 M HEPES buffer containing 0.1 M NaCl in
(PMB) in order to make sure that theSH groups 0393 D,0 at pH 6.85. The Hb concentration was about 598 (
cysteine in Hb A had been reacted completely with the mM) unless otherwise noted. To avoid met-Hb formation,
chemical reagents. Spectrophotometric titration of reactive all deoxygenated samples were made-3 mM in deoxy-
SH groups of Hb af93Cys was performed as described by genated sodium dithionite. TH&l NMR spectra of Hbs in
Boyer 33). The reaction of PMB with the SH group of H,O were obtained by using a jump-and-return pulse
93Cys was monitored at 255 nm on each addition of PMB. sequence with a delay time of 1.0 39. The 'H NMR
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Ficure 1: Oxygenation properties of mutant rHbs and Hb As chemically modifief98Cys and Hb A: (A, C) oxygen dissociation
curves; (B, D) Hill plots. (A) and (B) represent rHbs; the curves from right to left are Hb A (a), #883A) (b), rHb (3C93G) (c), rHb
(BC93M) (d), and rHb C93L) (e), respectively. (C) and (D) represent chemically modified Hb As; the curves from right to left are Hb
A (a), Hb A—IAA (f), and Hb A—NEM (g), respectively. The experimental conditions were 0.1 mM Hb (heme) in 0.1 M sodium phosphate
buffer at pH 7.4 and 29C and in the presence of a met-Hb reductase system.

spectra of Hbs in BD were obtained by using a single®®90  mutant rHbs and chemically modified Hb As is asymmetric
pulse and a delay time of 1.0 s. Proton chemical shifts were in that the differences in oxygen affinity are most pronounced
referenced to the water resonance, which occurs at 4.76 ppmat low Pg, values (Figure 1B,D), similar to the case of
downfield from the methyl proton resonance of 2,2-dimethyl- S-nitrosohemoglobin reported by McMahon et &0). The
2-silapentane-5-sulfonate (DSS) at Z0. asymmetric shifts in the oxygen affinity of these Hb variants
at the393 site result in the decrease to different extents of
RESULTS the cooperativity of oxygen binding as measured by the slope
Functional Studies. (A) Oxygen Affinity and Cooperigi of the H_iII plots at _4(}_60% of the oxygen-binding curves
of Mutant rHbs and Chemically Modified Hb AEnhe oxygen ~ (Ms0), as illustrated in Figure 2B. Among them, Hb-NEM
equilibrium curves of mutant rHbs and chemically modified €xhibits a significantly lower cooperativity withso = 1.5
Hb As with modifications aB93Cys were measured in 0.1 at PH 7.4 as compared to the value for Hb A of 3.0.
M sodium phosphate buffer as a function of pH at°Z2 (B) Bohr Effect of Recombinant Hbs and Chemically
Figure 1 shows representative oxygen-binding curves of theModified Hb As The Bohr effect can be expressed as the
Hb variants in 0.1 M sodium phosphate buffer at pH 7.4. number of Bohr protons released upon oxygenation and can
These curves are shifted leftward relative to that of Hb A be estimated from-A log Psy ApH (40). Table 1 shows the
(Figure 1A,C).Ps, values (half-saturation) obtained from number of H ions released per heme over the pH range
these equilibrium curves, a measure of the oxygen affinity from 6.5 to 8.0 for Hb variants and Hb A under the same
of Hb, are shown in Figure 2A. These results reveal that, €xperimental conditions. Hb A releases 0.51 ton per
relative to Hb A, these Hb variants have higher oxygen heme, in good agreement with the result of Imai et4d).(
affinity over all the pH values examined, especially rHb Under the same conditions, Hb variantsf@3Cys have a
(8C93L), rHb (3C93M), and Hb A-NEM, which have very decrease of Hions released to different extents. Interest-
high oxygen affinity. The order of oxygen affinity is as ingly, rHb (3C93L) has approximately half the release of
follows: rHb (3C93L) > Hb A—NEM = rHb (3C93M) > H* ions (0.23 proton/heme), and Hb-ANEM has a 76%
Hb A—IAA > rHb (8C93G) > rHb (BC93A) > Hb A reduction (0.12 proton/heme) relative to Hb A, suggesting
(Figure 2). When these values are expressed in the form ofthat they possess a very much lower alkaline Bohr effect
the plot log Po, versus logf/(1 — Y)], where Y is the than Hb A.
fractional oxygen saturation, it becomes clear that the (C) Comparatie Allosteric Effects of Organic Phosphates
leftward shift of the oxygen equilibrium curves of these on Mutant rHbs and Chemically Modified Hb AShe
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Ficure 2: pH dependence of (A) oxygen affinity{y) and (B)

Hill coefficient (nsg) of mutant rHbs and Hb As chemically modified
at/93Cys in 0.1 M sodium phosphate buffer at’Z2 (®) Hb A;

(m) rHb (3C93A); (x) rHb (3C93G); (a) Hb A—IAA; (@) rHb
(C93M); (») Hb A—NEM; (O) rHb (8C93L). Oxygen dissociation
data were obtained with 0.1 mM Hb (heme). The oxygen-binding
properties of these Hb variants were measured, if needed, in the

presence of a met-Hb reductase system to reduce the amount of

met-rHb formed to less than 3% during the oxygenation process.
nso values were obtained from the results of linear regression in
the range of 4660% oxygen saturation.

Table 1: Bohr Effect of Mutant rHbs and Hb As Chemically
Modified by Sulfhydryl Reagents gi93Cys in 0.1 M Sodium
Phosphate Buffer (pH 6-58.0) at 29°C?

—APsg/ApH % reduction

Hb A 0.51

rHb (C93G) 0.40 22
Hb A—IAA 0.35 31
rHb (C93A) 0.33 35
rHb (6C93M) 0.28 45
rHb (3C93L) 0.23 55
Hb A—NEM 0.12 76

@ The Bohr effect is measured byA log Psf/ ApH, which gives the
number of H ions released upon ligand binding.

propensity of the allosteric effectors, 2,3-BPG and IHP, to
reduce the oxygen affinity of mutant rHbs and chemically
modified Hb As was determined in 0.1 M sodium phosphate
buffer at pH 7.4, as shown in Table 2. The oxygen
equilibrium studies indicate a decreased response of rHb
(BC93L), Hb A—NEM, and Hb A-IAA to organic phos-
phates relative to Hb A. For example, the addition of 2 mM
IHP to Hb A—NEM or rHb (3C93L) causes-1.9—-2.7-fold
reduction in oxygen binding (seBsy values), while no

Biochemistry, Vol. 41, No. 39, 20021905

Table 2: Oxygen-Binding Properties of Mutant rHbs and Hb As
Chemically Modified by Sulfhydryl Reagents in 0.1 M Sodium
Phosphate Buffer in the Presence of 2 mM 2,3-BPG or 2 mM IHP
at 29°C

pH Pso Nso
Hb A 7.40 9.3 3.0
+2,3-BPG 7.39 11.6 2.8
+IHP 7.40 35.1 2.6
rHb (3C93A) 7.43 7.9 2.6
+2,3-BPG 7.41 10.2 2.6
+IHP 7.41 33.1 2.8
rHb (3C93G) 7.40 48 25
+2,3-BPG 7.35 7.8 2.4
+IHP 7.35 22.9 2.6
rHb (3C93M) 7.39 34 2.4
+2,3-BPG 7.37 4.9 2.3
+IHP 7.37 12.7 2.8
rHb (8C93L) 7.43 30 18
+2,3-BPG 7.36 3.2 2.0
+IHP 7.36 8.1 2.7
Hb A—NEM 7.44 35 1.5
+2,3-BPG 7.45 3.5 1.6
+IHP 7.44 6.8 1.6
Hb A—IAA 7.42 5.3 2.3
+2,3-BPG 7.40 6.1 2.4
+IHP 7.39 16.7 2.4

significant effect of 2 mM 2,3-BPG on the oxygen affinity
is observed.

Structural Studies!H NMR Studies of the Structures of
Hb Variants with Modifications at393Cys. 'H NMR
spectroscopy has proven to be a valuable technique in the
study of the tertiary and quaternary structures of HI.(

The exchangeable proton resonances and the ring-current-
shifted proton resonances of the four Hb mutants apgte

site, rHb (3C93A), rHb (3C93G), rHb C93M), and rHb
(BCIA3L), in the CO form compared to those of HbCO A
are illustrated in Figure 3. The exchangeable proton reso-
nances arise from the exchangeable protons incthfa
ubunit interface. ThéH resonances at 12.9 and 12.1 ppm
have been reassigned to the intersubunit H-bonds between
a122His andB35Tyr and between103His ands131GlIn,
respectively 28). Compared to Hb A, there is no observable
difference in these exchangeable resonances in the four
mutant rHbs, suggesting that tles; subunit interface is
unaffected by the substitution at ti#93 site in these Hb
variants. The ring-current-shifted resonances are sensitive to
the tertiary structure in the heme pocket and the heme
conformation 22). In Hb A, the resonances at1.75 and
—1.85 ppm can be assigned to theCHs; protons of E11Val

in the a- andj-chains, respectively, while the resonance at
—1.1 ppm is from they-CHsz protons of E11Val in the

B-chain @2). It is clear that these Hb variants display some

differences in the ring-current-shifted resonances relative to
those of Hb A, especially in the-CH; proton resonances

of E11Val in the f-chain. The—1.1 ppm resonance is
missing in three mutant rHbs [rHIBC93L), rHb (3C93M),

and rHb C93G)] and becomes significantly weaker in rHb
(BC93A). Moreover, the resonances in rifiCOQ3L) assigned

to they,-CHjs protons of E11Val in ther- andS-chains are
shifted downfield to—1.7 and—1.8 ppm, respectively. These
differences in the ring-current-shifted resonances indicate
conformational changes of the heme and heme pockets,
especially for the3-chain, due to the mutations at tj383

site. No obvious changes were observed for the spectra of
these rHbs in the presence of 2,3-BPG (results not shown).
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FIGURE 3: 300 MHz'H NMR spectra of 46% solutions of HbCO ~ FIGURE 4: 300 MHz'H NMR spectra of hyperfine-shifted and
A, Hb ACO—-IAA, Hb ACO—NEM, rHbCO (BC93A), rHbCO exchangeable proton resonances 6% solutions of Hb A, Hb
(BC93G), rHbCO C93M), and rHbCORCI3L) in 0.1 M sodium  A—IAA, Hb A—NEM, rHb (3C93A), rHb (3CI3G), rHb FCI3M),
phosphate buffer at pH 7.0 and 2@: (A) exchangeable proton  and rHb BCI3L) in the deoxy form in 0.1 M sodium phosphate

resonances; (B) ring-current-shifted proton resonances. buffer at pH 7.0 in HO and 29°C, containing 1 mM dithionite:
(A) hyperfine-shifted exchangeablesiN resonances of proximal

Figure 4 shows the hyperfine-shifted and exchangeableh'St'dyl residues; (B) hyperfine-shifted and exchangeable reso-
proton resonances of Hb A and the four mutant rHbs in the nances.
deoxy form in 0.1 M sodium phosphate buffer at pH 7.0 at heme pocket of thg-chain as a result of mutation 883Cys
29°C. The two hyperfine-shifted resonances, 75.5 and 63.0 (results not shown).
ppm, have been assigned to theH\protons of the3- and Figure 3 shows the exchangeable proton resonances and
o-chain proximal histidyl residueg92His (F8) andx87His the ring-current-shifted proton resonances of the two Hb As
(F8), respectively42, 43). These resonances are sensitive chemically modified atf93Cys, Hb A-IAA and Hb
to the local structure and conformation of the heme groups A—NEM, in the CO form in 0.1 M phosphate buffer, pH
because they result from hyperfine interactions (either contact7.0, at 29°C. Interestingly, unlike the case in the mutations
or dipolar or both) with the unpaired electrons of the high- of the 593 site, the exchangeable proton resonance assigned
spin deoxy-heme iron in the heme pocket of each subunitto the H-bond between103His and3131GIn in theouf:
and the nearby amino acid residu@®)( No change of the  subunit interface is shifted slightly upfield in Hb-ANEM
resonance at 63.0 ppm is observed for the four mutant rHbsrelative to the resonance at 12.1 ppm of Hb A. This change
as compared to Hb A, suggesting that there is no influencereflects a slight influence on the H-bond betweetD3His
on the environment of the proximal heme pocket of the andf$131GIn and adjustments of the conformation involving
o-chain due to the mutations 493Cys. However, there are  a,; interfacial histidines. The significant spectral change
significant shifts in the resonance assigned to tkig protons of the ring-current-shifted resonances is that the resonance
of the 5-chain proximal histidyl residue in the four mutant assigned to the-CH; protons of E11Val in thes-chain
rHbs. The resonance of three mutant rHbs, ridE43L), almost disappears in the spectra of Hb-MEM and Hb
rHb (BC93M), and rHb GC93A), shifts about 2.5 ppm  A—IAA, which is similar to the observation for the mutations
upfield to 73 ppm. Unlike these mutant rHbs, the resonance at 393Cys. For Hb A-NEM, the resonance assigned to the
of rHb (8C93G) is shifted 1.5 ppm downfield to 77 ppm. y,-CHs; protons of E11Val in thg-chain is shifted slightly
The several resonances in the range of 20 ppm (Figure downfield so that two slightly separated peaks become a
4B) originate from the hyperfine-shifted resonances of the single broader peak. However, no significant alteration in
porphyrin ring and the amino acid residues located in the this spectral region{1.5 to —2 ppm) is observed in the
proximity of the heme pockets and the exchangeable protonspectrum of Hb A-lIAA. Moreover, the addition of IHP does
resonances2@). There are slight changes over the region not markedly affect these exchangeable proton resonances
from 18 to 24 ppm, further indicating conformational changes and ring-current-shifted proton resonances. In‘théNMR
in the environment of the heme pockets of fhehain. Our spectra of Hb A-NEM and Hb A-IAA in the deoxy form
results also show that the addition of 2,3-BPG or IHP does (Figure 4), the resonance assigned to thgi Mrotons of
not significantly affect these changes occurring at the nearbythe -chain proximal histidyl residues has an upfield shift
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rHbCO (BC93A)
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8.6 8.4 8.2 8.0 7.8 Ficure 6: 300 MHz'H NMR spectra of 4-6% solutions of rHb

(BC93A), rHb BC93G), rHb BCI3M), rHb (BCI3L), Hb A—IAA,

) 1 0 . Hb A—NEM, and Hb A in the deoxy form in BD in 0.1 M sodium
FiGURe 5: 300 MHz*H NMR spectra of 46% solutions of rHb phosphate buffer at pH 6.85 and 29, containing 1 mM dithionite.
(BC93A), rHb (3C93G), rHb BCI3M), rHb (3CI3L), Hb A—1AA, The labeling of the C2 proton resonances of the surface histidyl

Hb A—NEM, and Hb A in the CO form in O in 0.1 M sodium residues in the deoxy form numerically follows the system used
phosphate buffer at pH 6.85 and 28. The labeling of the C2 o |aporatory 23).

proton resonances of the surface histidyl residues in the CO form
alphabetically follows the system used our laborat@$).(

PPM from DSS

changes in several of the surface histidyl residues in the CO
of 2 ppm in both spectra, while the resonance correspondingand deoxy forms of mutant Hbs, such as the C2 proton
to thea-chain is identical to that of Hb A. There are minor resonances off2His (resonance G in the CO form and
differences in the position of the hyperfine-shifted resonancesresonance 10 in the deoxy form) afi@43His. These two

of the porphyrin ring in the3-chain from 18 to 24 ppm, His residues are located at the central cavity of the Hb
indicating that the heme pocket of tffechain is perturbed =~ molecule and the residues involved in the binding of 2,3-
by the chemical modifications #93Cys. In addition, the = BPG @). These findings indicate that the local environments
resonances of this region are also affected slightly by the of several surface histidyl residues are affected by the
addition of an allosteric effector, IHP (results not shown). mutations at thgg93 site.

Surface Histidyl Residued.o gain an insight into the IH NMR Studies of Deoxy-Hbs and Met-Hbs Bound by
structural basis of the effect on the alkaline Bohr effect NO. Figure 7 shows the hyperfine-shifted resonances and
caused by modifications gt93Cys, we have investigated exchangeable proton resonances of deoxy-Hb A bound by
the proton resonances of the surface histidyl residues of thevarious amounts of NO in 0.1 M phosphate buffer at pH 7.0
Hb variants derived from both mutations and chemical and 29°C. On the basis of the assignments of the hyperfine-
modifications af393Cys. The C2 proton resonances of the shifted resonances, 75.5 and 63.0 ppm, to thld Nrotons
histidyl residues of Hb A and Hb variants in the CO and of the - and a-chain proximal histidyl residues392His
deoxy forms in RO in 0.1 M phosphate buffer at pH 6.85 (F8) anda87His (F8), respectively] and of 22.8 and 17 ppm
and 29°C are shown in Figures 5 and 6, respectively. The to the porphyrin rings (thé- and a-chains, respectively),
assignments of these resonances (sighain and seven these resonances can be used to measure NO binding to
p-chain surface histidyls) were obtained from our previous - and a-hemes individually. As shown in Figure 7, the
IH NMR studies on Hbs23, 25—28). Although we cannot  resonances (63 and 17 ppm) arising from theheme
identify all of the resonances of these mutant rHbs and decrease in intensity much faster than the resonances (75.5
chemically modified Hb As, it is clear that, compared with and 22.8 ppm) arising from th&heme, during the nitrosyl-

Hb A, there are substantial changes in the intensity and ation of Hb A, in agreement with previous resull). This
chemical shift of the C2 proton resonances of the surface suggests that NO binds preferentially to thehain. For Hb
histidyl residues of these Hb variants. The resonance arisingA—NEM, the difference in the decrease in intensity is less
from f146His (resonance Y in HbCO A and resonance 3 in marked, while the intensities of resonances at 63 and 75.5
deoxy-Hb A), a main contributor to the alkaline Bohr effect, ppm, or at 22.8 and 17 ppm, decrease at close to the same
has noticeable changes in both the CO (Figure 5) and deoxyrate for rHb 3C93L) (Figures 8 and 9). This result indicates
(Figure 6) forms. In 0.1 M HEPES buffer containing 0.1 M that NO might bind to thex- and f-hemes with the same
NaCl at pH 6.85, we have also observed significant resonancebinding affinity, i.e., no preferential binding. Moreover,
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FiGURE 8: 300 MHzH NMR spectra of hyperfine-shifted and
FiGURe 7: 300 MHz*H NMR spectra of hyperfine-shifted and  exchangeable proton resonances of a 5% solution of deoxy-rHb
exchangeable proton resonances of a 5% solution of deoxy-Hb A (8C93L) bound by increasing concentrations of NO in 0.1 M
bound by increasing concentrations of NO in 0.1 M sodium phosphate buffer in 0 at pH 7.0 and 29C, containing 1 mM
phosphate buffer at pH 7.0 in-B@ and 29°C, containing 1 mM dithionite: (A) hyperfine-shifted exchangeablgHresonances of
dithionite: (A) hyperfine-shifted exchangeablgHNresonances of  proximal histidyl residues; (B) hyperfine-shifted and exchangeable
proximal histidyl residues; (B) hyperfine-shifted and exchangeable resonances.
resonances.
addition of an allosteric effector, IHP (Figure 10B). As with

further studies show that the preferential decrease in theHbNO A, itis clear that IHP also can stimulate the transition
intensity of the hyperfine-shifted resonances arising from the of rHb (3C93A) and rHbGC93G) in the NO form from the
o-chain is much less pronounced for other Hb variants at R- to the T-state, but the effect of IHP on this kind of
the f93 site as compared to Hb A as the nitrosylation transition becomes weaker gradually for the nitrosylation of
proceeds (results not shown). The order of change comparedib A—IAA, rHb (SC93M), and Hb A-NEM, because much
to Hb A is as follows: rHb §C93L) > Hb A—NEM > rHb weaker T markers occur. For rHBE93L) with NO ligation,
(BC93M) > Hb A—IAA > rHb (C93G)~ rHb (C93A), evidently, the addition of IHP does not result in the transition
consistent with their oxygen-binding affinity. Thus, we from R-state to T-state (Figure 10B).
believe that having393Cys substituted or blocked can We have also examined the effect of NO on the reduction
promote the affinity of thes-chain for NO relative to the  of met-Hb by means otH NMR spectroscopy. Structural
a-chain to different extents. In addition, it should be noted features of met-rHbAC93L), met-Hb A-NEM, and met-
that although NO is paramagnetic, no significantly shifted Hb A are shown in Figure 11. The high-spin ferric hyperfine-
or line-broadened resonances have been observed upon NGhifted and exchangeable proton resonances of these Hbs in
binding to these Hbs, presumably due to the long electronic the ferric form are displayed over the spectral regions from
relaxation time of the NO radicalf). 15 to 85 ppm and from 9 to 15 ppm (22), respectively. There

The resonances at 14.2 and 11.3 ppm in ¥HeNMR are no differences in the spectra of the met-Hbs in the spectral
spectrum of deoxy-Hb A have been assigned to the inter- region from 9 to 15 ppm, arising from the exchangeable
subunit hydrogen bonds betweed2Tyr and399Asp and proton resonances of these Hbs in the ferric form. However,
between94Asp and337Trp in thea,; interfaces, respec-  there are some spectral changes for the high-spin ferric
tively (22). Both of these H-bonds are formed in the T hyperfine-shifted proton resonances<{85 ppm) originating
quaternary structure and thus serve as excellent markers fofrom the protons on the porphyrin rings and the amino acid
T-state structure2?, 45). Hence, nitrosylhemoglobin (HONO  residues situated in the vicinity of the heme groups, reflecting
A) is in the R-state as shown by the disappearance of the Tchanges in the environment of the heme as a result of the
markers (Figure 10A), just like Hb A in the CO on@rm. B93Cys substitution and modification. On the addition of
Our *H NMR studies also show that the addition of 5 mM excess NO to the met-Hbs, no spectral changes are observed
IHP can result in the appearance of the two T-state markersin the spectral region from 9 to 15 ppm. Of special interest
(14.2 and 11.3 ppm) in nitrosylhemoglobin, suggesting that is the complete disappearance of spectral features represent-
the R quaternary structure of Hb A can switch to the T ing the met-Hb structure (585 ppm) in the presence of
quaternary structure with the NO ligands intact by the excess NO, suggesting that excess NO can reduce these met-
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FiGURE 9: 300 MHz'H NMR spectra of hyperfine-shifted and

exchangeable proton resonances of a 5% solution of deoxy-Hb
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A. In the absence of IHP B. In the presence of

5 mM IHP

rHbNO (BC93L)

HbNO A - NEM

rHbNO (BC93M)

HbNO A -1AA

rHbNO (BC93G)

rHbNO (BC93A)
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Ficure 10: 300 MHz!H NMR spectra of exchangeable proton
resonances of a 5% solution of Hb A, four rHbs, and two chemically
modified Hb As in the NO form in 0.1 M phosphate buffer in®

at pH 7.0 and 29C in the absence (A) and presence (B) of 5 mM
IHP, containing 1 mM dithionite.

Hbs to nitrosylhemoglobins, because the spectra are the saméhe sulfhydryl groups with PMB in these chemically modified

as those of their direct products of nitrosylation. But in the
presence of [NO]/[metHbsk 1, no reduction effect of NO
on met-Hbs has been observedl h (results not shown).

DISCUSSION

Ligand-Binding Properties of Hb Variants with Modifica-
tions at393Cys.Our results presented here show that the
common features of the oxygen-binding properties of the
mutant rHbs and Hb As chemically modified at tj383
position are higher oxygen affinity, lower cooperativity, and
reduced alkaline Bohr effect relative to those of Hb A. Of
interest is the finding that rHEB3C93L) possesses very high
oxygen affinity and greatly reduced cooperativity and
alkaline Bohr effect. Hb ANEM exhibits a similar but even
more impaired hemeheme interaction and an almost
completely diminished alkaline Bohr effect. The oxygen-
binding properties of rHHAC93A) are similar to the previous
results reported by Mawjood et a6)( who found a 1.3-
fold higher oxygen affinity, lower cooperativityf.x = 2.0),
and reduced Bohr effecdH™ = 0.27) as compared to those
of Hb Ain 0.05 M Bis-Tris buffer at pH 7.4 containing 0.1
M CI~ at 25°C. However, for the Hb As chemically modified
at f93Cys, Hb A-IAA and Hb A—NEM, the functional

Hb A show that the SH groups a@#93Cys have been
completely blocked by IAA or NEM. A possible explanation
for these discrepancies is that, in the previous experiments,
the SH groups 693 were not completely reacted.

Origin of the High Oxygen Affinity of Hb Variants with
Modifications at393Cys.The structural feature g#93Cys
is that it is adjacent to the proximal histidine, located at the
o3, interface and the C-terminal region of tfiechain. In
the T-state of Hb A, the side chain 883Cys is stretched
out and is shielded by the imidazole grou@#6His, which
forms salt bridges witf94Asp anda40Lys. In the R-state
of Hb A, 93Cys becomes internal but is partially exposed
to the solvent due to the breaking of the salt bridge between
BL46His and394Asp (). According to Fronticelli et al.47),
the results of differential gel filtration indicate that rHb
(BC93A) does not have altered dimeetramer association
constants relative to Hb A. This means that this rHb has a
tetrameric assembly identical to that of Hb A, as has been
further supported by the study of Mawjood et &).(They
reported that no significant amount of dimers was present
in rHbs mutated at thg93 site, such as rH3C93A) and
rHb (3C93T). In addition, the tetrameric nature of the
chemically modified Hb As was also documented in earlier

characteristics that we have obtained exhibit some differencesstudies 48). Based on these facts, it is reasonable to assume
from earlier published results in the literatude3(46). The that the changes in the oxygen-binding properties of Hb
values ofnsg for Hb A treated with iodoacetamide and variants with modifications at thgg93 site cannot be
N-ethylmaleimide as reported in the past are higher than thesdnterpreted as resulting from the dissociation of the tetramer
presented here. Our experimental results on the titration ofinto o8 dimers.
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the ligated R-state Hb. He suggested that this residue
sterically hinders ligand binding, unlike tree-chain distal
valine, which lies further from the heme. Thus, the local
environmental change of E11Val in tffeheme pockets due

to substitution or chemical modification 883 might reduce

its steric hindrance to ligand binding. Moreover, it should
be noted that the influence of rHBC93G) on the confor-
mation of thes-heme pocket might be different from that
rHbNO (BC93L) of the other three mutant rHbs as evaluated by the reverse
shift of the-chain proximal histidine resonance (Figure 4A).
Spectral features involved in the structure that are apparently
dependent upon the size of the hydrophobic side chain may
be associated with a steric effect of these amino acid residues,
because glycine is the smallest replacement studied. The
B93Cys, with the only chemically reactive sulfhydryl group
Met-Hb A - NEM in Hb, is located~12 A from the iron in proximity to the
B-heme pocket®)). It is, therefore, likely that even if the

guaternary structure of these mutant rHbs does change, the
Met-rHb (BC93L) local environment of thex-heme does not change as a
consequence and that NMR spectral changes primarily reflect

the localized tertiary changes around fhkeme. The present
Met-Hb A NMR data give the first direct indication of the preferential
tertiary structural alteration in th&chain. As demonstrated
. by the results of the NO titration (Figures 8 and 9), the
80 60 40 20 15 12 9 environmental changes of tjffieheme promote ligand binding
to the S-heme, while the ligand affinity of the-heme is

_ . _ _ unaffected. This might also be the cause for the high oxygen
FiGURE 11: 300 MHz™H NMR spectra of hyperfine-shifted and ity of these Hb variants. The effect of modification by
exchangeable proton resonances of a 5% solution of met-Hb A, S .
met-rHb BCI3L), and met-Hb ANEM (lower spectra). These ~ NEM and IAAis similar to the effect of mutation #83Cys
Hbs were reduced completely by NO in 0.1 M sodium phosphate on the Hb structure, as shown in the hyperfine-shifted and
buffer in HO at pH 7.0 and 29C (upper spectra). (A) hyperfine-  exchangeable proton resonances in the deoxy form (Figure
shifted proton resonances; (B) exchangeable resonances. 4). The binding of the sulfhydryl reagents to the SH group
at 493Cys might also perturb only the local environment of
According to the X-ray crystallographic analysis by Moffat the3-heme but not that of the-heme. On the basis of these
(49), chemical modifications g893Cys caused a structural results, we conclude that the functional alterations of both
change at thex3, subunit interface. Imai and co-workers the mutant rHbs and Hb As chemically modified at 188
(6, 50) obtained a similar result from observation of the site are closely related to conformational changes around the
ultraviolet difference and differential spectra of Hb A [-heme pockets rather than theheme pocket.
modified by NEM and IAA, respectively, as well as of rHb A number of studies have indicated that several surface
(BC93A) and rHb gC93T). They found that the conforma- histidyl residues play crucial roles in the Bohr effect of Hb
tion of 537 Trp at theny3; interface is altered by modification A (1, 23, 25—-27). *H NMR spectra of surface histidyl
or substitution at393Cys. This finding also indicated a residues show that both mutationZ®3Cys and modification
structural change at the subunit interface. of Hb A by sulfhydryl reagents can cause local environmental
In a comparison of Hb variants modified at ti@83 site changes of these amino acid residues relative to those of Hb
with Hb A, theH NMR spectra presented in this paper offer A, especially for3146 and32 (Figures 5 and 6). This means
a clue to understanding the nature of the structural origin of that amino acid substitution or chemical modification at
the functional alterations of these Hb variants. Our results 393Cys can induce long-range conformational effects, which
from observing the exchangeable proton resonances havenay affect a number of surface histidyl residues. Thus, the
revealed that thex;3; subunit interface is unaffected by salt bridge betweefi146His and394Asp in the T-state can
mutations apf93 (Figure 3A). However, the conformational be affected as the result of mutation or modification at the
changes of Hb A modified by NEM #93Cys might involve 393 sites, which further results in the destabilization of the
this interface as indicated by the small influence on the T-state. This might be the origin of the higher oxygen affinity
resonance at 12.1 ppm arising from the intersubunit H-bondsand lower cooperativity of these Hb variants. Also, according
betweern103His and3131GIn, as shown in Figure 3A. The to the crystal structure of deoxy-Hb A complexed with 2,3-
NMR spectral results show that the tertiary structure around BPG, 2His and143His are believed to be two binding
the S-heme pocket is significantly altered by mutations at sites of the allosteric effector, 2,3-BPG, forming salt bridges
the 593 site, while that of thei-heme pocket is unaffected in Hb (52). Conformational changes of the binding pocket
in the tetramer, as characterized by the resonances of thdor allosteric effectors might reduce their binding abilities
proximal histidine and E11Val in the- and-heme pockets  and impair the two salt bridges betweg@His and 2,3-
(Figure 3B). Perutzl)) reported that the distal valine residue BPG and betweerg143His and 2,3-BPG, which could
of the p-chain overlaps the ligand-binding site in the lead to the reduced response of the oxygen-binding properties
unligated T-state Hb but moves attduA away from it in to allosteric effectors for rHb3C93L), Hb A—NEM, and

A. Hyperfine-Shifted B. Exchangeable Proton
Proton Resonances Resonances

HbNO A - NEM

HbNO A

e

PPM from DSS



Properties of Hbs with Modifications #93Cys Biochemistry, Vol. 41, No. 39, 20021911

Hb A—IAA as shown in Table 2. Moreover, this is also conformational change induced at the side chaifilgf6His
supported by the effect of IHP on the nitrosyl-Hb variants could destabilize the salt bridge that normally exists between
(Figure 10). NO or a weaker T marker occurring in the [146His and394Asp in the T-state, resulting in an increase
presence of IHP indicates that these Hb variants are morein oxygen affinity and a decrease in the Bohr effect. In
stable in the R-state than in the T-state as compared to Hbaddition, local conformational alterations of other surface
A. histidyl residues also can affect their contributions to the Bohr
Effects of Modifications g893Cys on the Conformations  effect. Thus, the reduced Bohr effect of the four mutant Hbs
of Surface Histidyl Residue§able 1 summarizes the results and two chemically modified Hb As studied in this work
on the effects of modifications #93Cys on the Bohr effect  may arise from a combined effect of several surface histidyl
of Hb A. The magnitude of the reduction of the Bohr effect residues due to the local conformational changes triggered
varies with the nature of the mutation and chemical by mutation or chemical modification #93Cys.
modification at$93Cys. The substitution of Gly for Cys Interaction of NO with HbTo date, four well-characterized
produces the least effect (22% reduction) on the Bohr effect, interactions of NO with Hb are knowrv(8, 54—57): (i)
whereas the alkylation of the SH group by NEM produces forming S-nitrosohemoglobin (SNO-Hb) wit#93Cys, (ii)
the largest reduction (76%) of the Bohr effect. Our results forming HbNO with deoxy-Hb, (iii) forming met-Hb and
are consistent with the finding of Benesch and Bened6h (  nitrate with oxy-Hb, and (iv) reducing met-Hb to HbNO.
that the SH group gf93Cys does not directly participate in ~ Actually, in vivo, the interaction of NO with hemoglobin is
the Bohr effect. more complicated, and several of the reactions mentioned
The impairment of the Bohr effect of the Hb variants with above might be involved under certain conditions. All of
modifications af393Cys can be attributed to the changes in these reactions are closely related to the concentration of
the local environments of those amino acid residues which NO and the structural state of Hb. Stamler et &) (
are involved in the Bohr effect. In other words, the speculated that SNO-Hb is formed from HbNO via intra-
conformational changes in the vicinity 803Cys caused by =~ molecular NO transfer from the heme to tif#93Cys
amino acid substitution and/or chemical modification can be accompanying the switch from the R-state to the T-state.
propagated to other regions of the Hb molelcule, including However, recent results obtained by Hrinczenko et%8) (
those surface histidyl residues that are involved in the Bohr have cast doubt on this unique explanation. They found that
effect. Our previous result2®) have revealed that the sum $93Cys is still able to be effectively S-nitrosylated even when
of the contributions from 26 surface histidyl residues can the heme iron is blocked with either CO or CN, excluding
account for 86% of the alkaline Bohr effectin 0.1 M HEPES any possibility of an intramolecular NO transfer from HbNO
buffer containing 0.1 M NaCl at pH 7.4 and 28. Among to f93Cys. Evidently, if393Cys is mutated or modified by
them,a50His, a72His, a89His, f97His, and3116His have sulfhydryl reagents, the S-nitrosylation of Hb does not occur.
moderate positive contributiongx20His, a112His, and Our titration results presented here show that the ability of
B117His have essentially no contribution; afigiHis and NO to bind to thea-heme is essentially identical with the
B7THis have a moderate negative contribution to the Bohr ability to bind to the$-heme in rHb gC93L) and Hb
effect. $146His has the predominant contribution to the A—NEM, quite different from the case of Hb A, where NO
alkaline Bohr effect, which reaches 63% at pH 7.4. On the binds preferentially to the-heme in the T-state, as shown
basis of an analysis of the crystal structures of hemoglobin, in Figures 79. It has been suggested that the predominant
Perutz and co-workerd (53) suggested thg146His binds species formed in the presence of physiological amounts of
and releases Hthough the formation and breakage of a salt NO ([NOJ/[heme] < 0.5) is a-nitrosyl-Hb in both arterial
bridge betweei146His and394Asp and therefore contrib-  and venous blood because the dissociation of NO is faster
utes to the Bohr effect and thail46His is a major  from the-heme than from the:-heme B9, 60). Electron
contributor to the alkaline Bohr effect. Recently, Mawjood paramagnetic resonance spectra further reveabtnétosyl-
et al. @) suggested that the reduced Bohr effect of the mutant Hb exhibits five-coordinate nitrosyl hemes in venous blood
rHbs, rHb (BC93A) and rHb GC93T), might be closely due to the breakage of the proximal histidine bond, but
related to the impairment of the salt bridge betwg&a6His hemoglobin nitrosylated completely ax-nitrosyl-Hb in
andf94Asp due to the mutation at th#3 site, but without ~ arterial blood is a six-coordinate speci€d)( This might
providing direct experimental evidence. According to the be attributed to the allosteric change between the R- and
crystal analysis reported by “¥quez et al. 16), alanine T-states in the arterio-venous system. The increase of NO
substitution a$93Cys increases the conformational freedom binding to thes-heme for Hb variants reported here can be
of f146His and then weakens the interaction of this residue interpreted by the environmental change of fhBeme as
with 394Asp, but no detectable changes of quaternary the result of mutation and modification @#93Cys, which is
structure are observed as compared to Hb A. From avery close to the3-heme (16-12 A) (51). The pathway
comparison ofH NMR spectra of the mutant rHbs and Hb  through which these Hbs with modifications A83Cys
As chemically modified af93Cys with that of Hb Ain 0.1 = communicate with th@-heme might involve a perturbation
M phosphate buffer at pH 7.0 (Figures 5 and 6), it is clear of the Fe-His bond because the iretproximal histidine
that there are significant changes in the intensity and/or stretching bondif(Fe—His)] has been shown to increase for
chemcal shift for the C2 proton resonances of several surfaceHb A modified at393 in the deoxy form@2), reflecting a
histidyl residues of Hb variants relative to those of Hb A, weaker barrier for ligand binding to th&heme.
especially for the resonance arising frg#th46His. These The present results also suggest that the effect of IHP on
findings suggest that the local environments of several HbNO A is quite different from that on Hb A in the oxy or
surface histidine residues are perturbed as the result ofCO form. We have observed the two T-state markers, i.e.,
mutation or chemical modification at th@93 site. The the exchangeable resonances at 14.2 and 11.2 ppm, for
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HbNO A in the presence of IHP at 2&, consistent with 7.
the result reported by Huang4). However, our previous 8.

studies 85) indicated that the addition of IHP results inthe ¢
appearance of a weaker T marker at 14.2 ppm in HbCO A
only at lower temperature, suggesting that HoNO A has more
tendency to switch from the R- to the T-state as compared
to HbCO A. This might be interpreted by a weakening of
the Fe-His bond, because the breakage of the-Aes bond

in the a-heme is observed for HbNO A in the presence of
IHP at pH 6.7 63). It should be noted that the effect of IHP
on the NO form of the Hb variants with modifications at
B93Cys is quite different (Figure 10). For rHBG93L) and

Hb A—NEM, addition of IHP does not result in the transition
of the structure from the R- to the T-state, presumably due
to their very high ligand affinity. Thus, we conclude that
mutation and chemical modification at ti#®3 site might
favor the R quaternary state. The present results also suggest,
that the behavior of NO in the reduction of the met-Hb
variants is the same as with met-Hb A (Figure 11), while
there are some alterations in the environment of the heme
among met-Hbs. Previous kinetic results reported by Hoshino
et al. 67) indicated that, for met-Hb A, the nitrosyl adduct
(Hb"-NO) undergoes nucleophilic attack by Okb produce
Hb'"'-NO in the presence of excess NO.

In conclusion, the experimental results reported in this
paper show that the mutant rHbs and Hb As chemically
modified at thg393 site have similar structural and functional
features. The extent of the functional differences appears to
be closely related to the steric effect of the introduction of
a hydrophobic side chain at ti#®3 site. In a comparison of
these Hb variants with modifications 893Cys with Hb A,
higher oxygen affinity might be attributed to the conforma-
tional changes of th8-heme pocket due to the finding that

N
o

the a-heme pockets are essentially unaffected. We have also 28.

observed that the conformational changes propagated from
the 393 site to the surface histidyl residues can lead to the
impairment of the salt bridge formed betwegt46His and
S94Asp, the decrease of binding ability of allosteric effectors,
and the destabilization of the T-state. Thus, our studies

presented here give further insight into the structure and 31.

function of 593Cys in hemoglobin.
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