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ABSTRACT: Hemoglobin I (HbI) from the clam Lucina pectinata is an intriguing hemeprotein that binds and
transports H,S to sulfide-oxidizing chemoautotrophic bacteria to maintain a symbiotic relationship and to
protect the mollusk from H,S toxicity. Single point mutations at E7, B10, and E11 were introduced into the
HbI heme pocket to define the reactivity of sulfide with hemeproteins. The functional and structural
properties of mutant and wild-type recombinant proteins were first evaluated using the well-known ferrous
CO and O, derivatives. The effects of these mutations on the ferric environment were then studied in the
metaquo and hydrogen sulfide derivatives. The results obtained with the ferrous Hbl mutants show that all
the E7 substitutions and the PheB10Tyr mutation influence directly CO and O, binding and stability while the
B10 and El1 substitutions induce distal structural rearrangements that affect ligand entry and escape
indirectly. For the metaquo—GInE7His, —PheB10Val, —PheB10Leu, and —EI11 variants, two individual
distal structures are suggested, one of which is associated with H-bonding interactions between the E7 residues
and the bound water. Similar H-bonding interactions are invoked for these HbI—H,S mutant derivatives and
the rHbI, altering in turn sulfide reactivity within these protein samples. This is evident in the resonance
Raman spectra of these HbI—H,S complexes, which show reduction of heme iron as judged by the appearance
of the v, oxidation state marker at 1356 cm ™', indicative of heme—Fe'" species. This reduction process
depends strongly on distal mutations showing faster reduction for those HbI mutants exhibiting the strongest
H-bonding interactions. Overall, the results presented here show that (a) H,S association is regulated by
external kinetic barriers, (b) H,S release is controlled by two competing reactions involving simple sulfide
dissociation and heme reduction, (c) at high H»S concentrations, reduction of the ferric center dominates, and

(d) reduction of the heme is also enhanced in those Hbl mutants having polar distal environments.

Hydrogen sulfide (H»S) is a well-known poisonous gas whose
cytotoxic effects have been studied for more than 300 years (/).
Interestingly, it has been found recently that H»S is produced in
mammalian tissues and that, similar to nitric oxide (NO) and
carbon monoxide (CO), it may function as a neuromodulator,
neuroprotector, and/or smooth muscle relaxant/constrictor
(2—5). Endogenous H,S is produced at high concentrations in
the brain (100 uM) by cystathionine 5-synthase enzyme (CBS,
EC 4.2.1.22), where it acts as neuromodulator and neu-
roprotector, and in the peripheral tissues by cystathionine a-
lyase enzyme (CSE, EC 4.4.1.1), where it functions as a relaxant/
constrictor. As a neuromodulator, H,S enhances the activity of
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the N-methyl-p-aspartate (NMDA) receptor and activates Ca”*
channels regulating synaptic transmission in neurons. As a
neuroprotector, H,S enhances the activity of the enzyme respon-
sible for producing glutathione, activates K Arp and Cl~ channels,
and acts against oxidative stress. The muscle relaxant activity of
H,S is believed to be dictated by mediation of K srp channels in
the ileum, portal vein, and thoracic aorta tissues, while its
vasoconstrictor action is believed to be in part through inhibition
of eNOS activity (2—35).

As for NO and CO, there is not a single H,S receptor
responsible for all the biological activities found until now. In
fact, it has been suggested that H,S can bind to hemeproteins,
inducing different responses that in turn modulate its cytotoxic
and cytoprotective activities (6). For instance, H,S reacts with
mitochondrial cytochrome ¢ oxidase in a concentration-depen-
dent manner either to completely inhibit the enzyme, producing
cytotoxic effects, or to reversibly modulate its activity, resulting
in induction of a suspended animation-like state that can
stimulate cytoprotective effects (7). In this regard, it has been
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observed that interaction of H,S with the resting enzyme at low
sulfide levels (at a 1:1 stoichiometry), instead of stimulating
irreversible inhibition, reduces the heme a3 cytochrome center in
a reaction that results in the formation of a ferrous intermediate,
uptake of O», and conversion to a low-spin ferric derivative (8, 9).
This low-spin form of the heme a3 center is unable to bind
oxygen, reducing its uptake and thereby downregulating cellular
respiration. It is at this level of regulation that H,S is suggested to
exert protective effects in mammals (6, 7). At a higher stoichio-
metry, however (3 mol of H,S per mole of enzyme), the toxicity of
H,S becomes apparent by the reduction of the other metal centers
with its concomitant ligation to the heme a3 group, producing the
final, nonfunctional enzyme (7—10).

On the other hand, reactions of H,S with myoglobin and
hemoglobin, in the presence of O,, result in covalent modification
of one of the pyrrole rings of the heme, generating the so-called
sulfmyoglobin and sulfhemoglobin derivatives, respectively (11).
These compounds are proposed to protect the cell from H»S
toxicity (6). Others have argued against a protective role of these
sulfheme compounds, since they have been found in a number of
human diseases involving poisoning with sulfide-containing
drugs and not with H,S itself (12, 13). More recently, a study
concerning the interaction of human neuroglobin with H,S
suggested that this ligand binds tightly to the protein heme active
site and, as a consequence, can have cytoprotective effects in the
brain when levels of H,S increase (/4).

Evidently, H,S exerts different responses on hemeproteins
and, consequently, the cell. Nevertheless, the factors controlling
heme—H,S interactions required to produce all these biological
responses are still unknown. Understanding these factors is
therefore crucial before exploiting the potential of H,S in
therapeutic interventions. Intriguingly, interactions of H,S with
hemeproteins have been recognized and studied for many years in
marine invertebrate organisms that live in sulfide-rich environ-
ments (/5). These organisms have evolved strategies for avoiding
sulfide toxicity, including the binding and oxidation of H,S by
hemoglobins and symbiotic bacteria, respectively. In this context,
the giant tubeworm Riftia pachyptila, which lives in deep sea
hydrothermal vents, supplies O, and H,S to the endosymbionts
by binding both ligands simultaneously at two different sites on
their extracellular hemoglobins (13, 15). The bacteria living inside
the tubeworm oxidize H»S in the presence of O, and utilize this
energy to synthesize organic nutrients for the invertebrate.

The clam Lucina pectinata is another interesting invertebrate
that lives in sulfide-rich mangroves and is also characterized by
the presence of symbiotic sulfide-oxidizing bacteria that need to
be supplied with both H,S and O, (16, 17). The protein
responsible for delivering H»S to the bacteria is a hemeprotein
called hemoglobin I (HbI). HbI is one of the few known H,S
carriers in organisms that have been implicated in physiologically
binding this molecule in the ferric heme—iron center to maintain
the symbiotic relationship with the bacteria as well as to protect
the clam from H,S cytotoxicity. The affinity of hydrogen sulfide
for ferric HbI is exceptionally high and is believed to be achieved
through fast association (ko = 2.3 x 10° M~"'s ") and very slow
dissociation processes (ko = 0.22 x 10 s~ ). Structural studies
of the HbI active site have shown that HbI has a glutamine (Gln)
residue at the distal E7 position instead of the typical histidine
(His) found in mammalian myoglobins and hemoglobins (8). In
addition to GInE7, Hbl has phenylalanine residues (Phe) at the
B10 and E11 distal positions, generating what is known as the
“Phe cage”. Figure 1 shows the peculiar amino acid composition
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FIGURE 1: Representation of key residues in the heme pocket of HbI
from L. pectinata, taken from ref 35.

of the HbI distal ligand binding site, which has been suggested to
be responsible for the high H,S affinity. In contrast, the other two
hemoglobins found in L. pectinata (HbIl and HbIII) have a
tyrosine at the B10 position, which prevents H»S binding in these
two hemeproteins (/9—21). Indeed, spectroscopic studies of Hbl
with various ligands (22, 23) have demonstrated a flexibility of
the GInE7 residue that controls ligand access to the HbI heme
pocket, while hydrogen bonding and multipole interactions of
this residue and the Phe cage have been thought to be involved in
H,S stability and release. Despite all these significant findings, a
comprehensive understanding of H,S binding, stability, and
release to and from HbI has not been established. Thus, a study
aimed at defining the role of the heme pocket amino acids in the
kinetics and dynamics of H,S binding and release to and from the
heme active site of HbI and the structural aspects associated with
these processes is necessary to unravel the relationship among the
structure, function, and dynamics of the HbI—H,S moiety.
Furthermore, these results can provide an overall picture of the
role of the heme distal structural environment in hemeprotein—
H,S interaction.

The functional aspects of many hemeproteins have been
systematically examined by site-directed mutagenesis and kinetic
analyses with various gaseous ligands (24, 25). In addition, the
structural implications of such kinetic studies are, in many
instances, correlated with molecular dynamics simulations
(MD) and resonance Raman (RR) analyses (26, 27).

Herein, we have extended our investigations of H,S binding,
stability, and release to and from hemeproteins by evaluating the
effect of heme pocket mutations on the HbI—H-,S interaction
using kinetics, MD simulations, and RR approaches. The results
presented here show that (a) H,S association is dictated by
external kinetic barriers, (b) H,S release is controlled by two com-
peting reactions involving simple sulfide dissociation and heme
reduction, (c) at high H»S concentrations, reduction of the ferric
center dominates, and (d) reduction of the heme is also enhanced
in those Hbl mutants having polar distal environments. On this
basis, several factors controlling H,S reactivity with hemepro-
teins were identified as follows: (1) accessibility of H,S to the heme
cavity, (ii) H»S concentration, which stimulates electron transfer,
(iii) the polarity of the distal environment surrounding the bound
H,S, and (iv) the stereo orientation of the distal side residues.

MATERIALS AND METHODS

Sample Preparation. Recombinant (rHbI) and mutant Hbl
constructs were prepared, expressed, and purified as described
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previously (28). Briefly, Hbl mutants were obtained by introdu-
cing single-amino acid substitutions into the HbI coding region
that was obtained by RT-PCR amplification and cloned into the
pET28(a+) vector using the Quick Change Mutagenesis kit
(Stratagene, La Jolla, CA). The Hbl mutants and rHbI were
expressed in Escherichia coli BliS cells transformed with the
constructs described above. Expression of the samples after
induction with 1 mM IPTG yielded dark red cell pellets that
were lysed and centrifuged to separate the soluble protein from
the insoluble cell fractions as described previously (28). The
soluble protein fractions were used for purification of the
recombinant HbI proteins in Co®" affinity columns (Talon,
Invitrogen, Carlsbad, CA). Further purification of the samples
was achieved by fast performance liquid chromatography
(FPLC) in a Hi Load 26/60 Superdex 200 gel filtration column.

The carbon monoxide and oxygen derivatives were prepared
by adding a slight excess of sodium dithionite (~50-fold) to the
protein samples under anaerobic conditions followed by expo-
sure to a CO or O, atmosphere. The identity of the CO and O,
complexes was verified by their characteristic UV—vis spectra
with distinct Soret bands at 420 and 416 nm, respectively (16).
Carbon monoxide isotopic derivatives were formed in the same
manner using *C'®0 (Isotec). To form the metaquo complexes, a
10% excess of potassium ferricyanide was added to the protein
samples. The HbI—H,S derivatives were obtained by titrating
small amounts of a 10 mM sodium sulfide solution with a
gastight syringe into the deoxygenated metaquo—HbI samples
(I-2 mM), until complex formation was attained. Typically, a
3—10-fold molar excess of H,S was needed to form the com-
plexes. The sodium sulfide solution was prepared by adding the
salt, previously purged with N», to degassed and deoxygenated
buffer to prevent oxygen contamination. The H,S concentration
of the sulfide solution was determined using the Apollo 4000 free
radical analyzer. The UV—vis spectra of the samples were used to
monitor formation of the H,S derivatives, which show Soret and
Q bands at 426 and 544 nm, respectively. The optical spectra of
HbI-CO, HbI-0,, metaquo, and HbI—H,S derivatives were
recorded using Shimadzu UV-2101PC and Agilent 8453 spectro-
photometers.

Kinetic Measurements. The CO and O, association reac-
tions were assessed with a flash photolysis system (Quantel) by
photodissociating the HbI—CO or HbI—0, sample derivatives
using 10 ns YAG laser pulses that provided 160 mJ at 532 nm. A
low-intensity light source (50 W quartz halogen lamp filtered at
436 nm) was used as the probe beam, for samples in 1 mm
cuvettes. All measurements were taken at 25 °C, in 50 mM
phosphate buffer (pH 7.4). Kinetic curves were averaged with
at least three traces recorded on a LeCroy 9400 oscilloscope.
Oxygen dissociation rates (ko) for all the HbI samples were
measured by CO replacement techniques, as previously descri-
bed (29). Samples with a slight excess of O, were mixed with
buffer containing a high concentration of the competing ligand.
Alternately, the oxygen kg could be obtained from the observed
replacement kinetics using the flash photolysis technique for
samples under a mixed O,/CO atmosphere. Analysis of the
kinetics for the O, dissociation rates was conducted using
simulations of double-exponential reactions to determine the
kinetic constants.

The H,S association rate constants (k,,) were obtained by
measuring the reactions of the metaquo—HDbI samples with H,S
solutions under anaerobic conditions, using a stopped-flow
rapid scanning monochromator spectrophotometer (Olis-Online
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Instrument Systems, Bogart, GA) (30). The reactions were
followed under pseudo-first-order conditions ([H,S] > [HbI])
in which deoxygenated solutions of the metaquo—HbI samples at
pH 6 were mixed rapidly with degassed solutions of sodium
sulfide at different concentrations ranging from 0 to 4 mM. Data
for the binding reactions were collected at 426 nm, the maximum
in the static absorption of the HbI—H,S spectrum, at a rate of
1000 scans/s. Dissociation of H,S from the rHbI protein was first
evaluated under equilibrium conditions. Initially, an ~3 uM
deoxygenated and degassed metaquo—rHDbI sample (1 mL) was
mixed with a small amount of a 10 mM sulfide stock solution to
yield a final H,S concentration of 10 #M, which is the minimum
H,S concentration required to form the HbI—H,S complex (3-
fold molar excess). The sample was equilibrated, and then the
absorption spectra associated with H,S dissociation were re-
corded as a function of time for 5 h. The procedure was repeated
using sulfide solutions with concentrations ranging from 20 uM
(6-fold molar excess) to S mM (~2000-fold H»S molar excess) to
prepare the HbI—H,S derivative. Hydrogen sulfide dissociation
kinetics were then determined for rHbI and all the HbI mutants
under anaerobic and aerobic conditions by monitoring the decay
of the HbI—H,S absorption signal for all the protein samples at
426 nm, using a UV—vis spectrophotometer (Agilent 8453). For
the anaerobic measurements, small volumes (5 uL) of HbI—H,S
solutions (0.8—1.2 mM) were mixed rapidly with a large volume
of deoxygenated buffer (1 mL) at pH 6.5 and the kinetic traces as
well as spectra associated with the kinetics acquired for a period
of 24 h. The H,S dissociation kinetics under aerobic conditions
were measured by mixing the HbI—H,S samples with buffer
saturated with O, instead.

Molecular Dynamics Simulations. Molecular dynamics
simulations were performed for unligated ferric Hbl and five
point mutations at positions B10 and E1l: PheBlOLeu,
PheB10Tyr, PheB10Val, PheE11Tyr, and PHeEl1Val. These
were carried out with AMBER version 7.0 (3/). Initial coordi-
nates for HbI were taken from X-ray structures (Protein Data
Bank entry 1bOb). All mutants were generated with SCWRL
version 3.0 (32). In all the MD calculations, the all-hydrogen
topology with AMBER 94 (33) force field parameters and the
TIP3P water model (34) were employed. Parameters around the
iron and the charge set for heme in its Fe'"" state were the same as
in an earlier study of sulfide-binding hemoglobins (35). Each
protein was solvated with explicit water molecules in a rectan-
gular periodic box large enough to contain the protein and 10 A
of solvent on all sides. A 1400-step steepest-descent minimization
was followed by a 1400-step conjugate gradient minimization,
and the systems were then heated for 50 ps to a final temperature
of 300 K. During the heating, a harmonic constraint of 200 kcal
A~*mol ™" was applied to the protein atoms. For all the mutants,
the residue at the point mutation position was not constrained.
The time step was 2 s, and the SHAKE algorithm was employed
to constrain bonds involving hydrogen atoms. A cutoff of 10 A
was applied to nonbonded interactions. All the systems were
equilibrated for 500 ps before each 1 ns trajectory was started.
Data were collected at 1.0 ps intervals. During the simulations,
the temperature was held constant al 300 K by the weak coupling
algorithm (36) with a time constant for heat bath coupling (1)
of 2.0 ps.

Resonance Raman Measurements. The RR spectra of the
CO—, metaquo—, and H,S—rHbI and —HbI mutant proteins
(heme concentration of ~100 uM) were obtained using a
413.1 nm excitation line from a Kr" ion laser with a power of
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10 mW (Spectra Physics). The laser was focused to an ~30 ym
spot on the rotating cell to prevent photodamaging. A back-
illuminated CCD detector (800 x 2000 pixels), coupled to a
modified Spex 1401 and notch filters centered at 410 nm, was
used to record the RR spectra. For the CO and metaquo samples,
three spectra were collected and averaged, each composed of 60
accumulations of 10 s. On the other hand, 30 single spectra
consisting of six accumulations at 10 s each were obtained for the
HbI-H,S derivatives. The Raman shift was calibrated using
indene for both the low- and high-frequency regions.

RESULTS

Functional and Structural Features of the Ferrous Deri-
vatives. To define the reactivity of H,S with HbI as well as the
HbI mutated systems, and to extrapolate the results to other
hemeproteins, it is necessary to have an initial perspective on how
the structure and electronic environment of these pockets behave
in the presence of common ligands such as CO and O,. Thus, the
kinetics and structural analyses of each HbI mutant as well as
rHbI were first evaluated with CO and O,. The microsecond
bimolecular time courses for binding of CO and O» to rHbI and
HbI mutants followed simple pseudo-first-order kinetics, and the
traces were therefore fitted with single-exponential functions.
Figure 2 shows the comparison of CO binding for rHbl and
several Hbl mutants. Substitution of GInE7 with a smaller
residue such as Val or Asn increases the k,, by a factor of 20
or 4, respectively. An opposite effect is observed for the bulkier
and polar GInE7His mutant, in which a 15-fold decrease in the
CO association constant is observed. The results demonstrate a
direct correlation between the size of the E7 residue and CO
binding to the heme center. For the B10 mutations, single Phe
substitution with the polar aromatic acid, Tyr, decreased the CO
association constant from 7.2 x 10°to 6.5 x 10° M~ ' s™!. This
result can be explained by fact that in this mutant, the tyrosine
residue is in the proximity of the heme iron (19), thus obstructing
CO entry. Mutation of PheB10 to Val or Leu, however, did not
affect the CO association constant significantly despite their
differences in size and volume (23.2 A for the Phe to Leu mutant
and 49.9 A for the Phe to Val mutant) (37). This suggests that CO
entry is not directly modulated by the size of the B10 residue.
Intriguingly, replacing PheE11 with either Val or Tyr, each of
which differs from the other in size and polarity, provoked similar
increases in the CO binding constants (16—17 x 10 M~'s7h).
Consequently, this indicates that these mutations may induce
analogous structural rearrangements within the distal pocket that
indirectly modulate CO entry with respect to rHbI, as judged by
the 2-fold increase in the k,, value. For SWMb, mutation of
either LeuB10 or ValE11 with Phe reduces the CO k,, by a factor
of 2, implying that the binding of the ligand is sensitive to the size
of the residues occupying those positions (24). The observation
that replacement of PheB10 and PheE11 in HbI does not affect
directly CO association while a direct correlation is observed for
SWMb accentuates the different local structure of their heme
pockets.

Oxygen association kinetics of rHbI and various site-directed
mutants are shown in Figure 2B. The O, k., values of the E7
variants follow the trend observed for CO binding in which an
increase in the k., is observed for the GInE7Val and GInE7Asn
mutants while a 6-fold decrease in this value is observed for
GInE7His. Similar to that of CO, a substantial decrease in the O,
kon, from 1.9 x 10%t0 6.8 x 10°M~'s™!, is also observed for the
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FIGURE 2: (A) Bimolecular kinetics for rebinding of CO to rHbI and
several Hb site-directed mutants. Samples of 10 uM hemeprotein
were monitored at 436 nm. The conditions for all reactions were
50 mM sodium phosphate at pH 7.4 and 25 °C under air or 1 atm
(1000 uM) of CO. (B) Bimolecular kinetics for O, recombination
after photolysis of rHbI and the distal GInE7His, PheB10Tyr, and
PheE7Asn mutants, for samples under air.

PheB10Tyr mutant. Substitutions of PheB10 with Val or Leu and
PheE1l with Val or Tyr caused only minor changes in O,
association rate constants. For instance, a slight increase in O,
kon from 1.9 x 10% to 2.3 x 10* M~' s7! is observed for the
PheB10Leu mutant, while similar constants are obtained for the
PheB10Val, PheE11Val, and PheE11Tyr variants (near 1.1 x 10%
M~" s7"). Since the association kinetics of both ligands are
affected in a similar fashion, a simple steric model seems
appropriate in which higher rates are observed for smaller
residues at position E7: GInE7Val > GInE7Asn > rHbl >
GInE7His. Accordingly, these results suggest that binding of CO
and O to the ferrous HbI mutants is controlled mainly by steric
constraints rather than electronic, in which GInE7His reduces the
free available space in the Hbl distal pocket delaying, in turn,
ligand binding. Mutating PheB10 to Tyr also diminishes the
ligand association due to steric hindrance. In contrast, the CO
and O, association constants for the PheB10Leu, PheB10Val,
and E11 mutations do not systematically depend on the size or
polarity of the residues occupying those positions. This implies
that these B10 and E11 substitutions may stimulate structural
displacements that can in turn affect CO and/or O, binding
relative to rHbl.

Table 1 summarizes the oxygen dissociation rate constants for
rHbI and several HbI mutants (23). In this regard, it has been
shown that the dissociation of O, from the HbI mutants depends
strongly on the hydrogen bonding interaction between the E7
residue and the bound ligand (21, 23). In brief, the 72 and 63%
increases in the O, kg observed for the GInE7Val and GIE7Asn



Article

Table 1: CO, O,, and H,S Association Rate Constants of the rHbI and HbI
Mutants (O, dissociation also shown)
CcO kon 02 kou 02 st

protein (x10°M's™") (x10°M's™Y) ko (51 kon (x10° M7 s7h

wtHbI“ 0.5 100—200 61 27.30°
rHbl 72 190 140° 24.30°
ValE7 160 490 500° 276.78
AsnE7 31 230 375° 39.15
HisE7 0.47 31 3t 65.80
LeuB10 7.4 230 300" 61.75
ValB10 9.0 110 400 nd“
TyrB10 0.65 6.8 0.6" 3.94
ValEl1 16 120 325 16.95
TyrEll 17 110 40 11.46

“Data from ref /6. "Data from ref 23. “Data from ref 30. “Not
determined.

mutants were attributed to a complete or partial removal of
the hydrogen bond between the bound ligand and these residues,
respectively, while the decrease of this value by a factor of 47
in the GInE7His variant was ascribed to a strong hydrogen
bond (21). A strong H-bond between the bound O, and the
PheB10Tyr mutant was also suggested in this study, which
decreased the dissociation rate by a factor of 233. Both the
His and Tyr residues of the GInE7His and PheB10Tyr mutants
were implicated in a strong O, stabilization mechanism, while a
moderate stabilization role was attributed to GInE7 in rHbI
(21). The results collected here show that that replacing
PheB10 and PheEl1l with a smaller and nonpolar residue such
as Val induces a 57—65% increase of the O, dissociation
rate (from 140 to 325—400 s~'). The faster O, dissociation
behavior observed in these mutants can be rationalized in
principle by the loss of multipole interactions generated by the
Phe cage (22, 23). However, the energy associated with
these aromatic—electrostatic interactions (~1.5 kcal/mol) (8)
appears to be insufficient to provoke these 57—65% increases
in the rate of O, release, which are similar to that obtained for
the partial removal of the H-bond in the GInE7Asn mutant
(63%). Thus, the data suggest that a weakening of the hydrogen
bonding interaction between GInE7 and O, may also occur
in these mutants due to the movement of the GInE7 amide group
away from the binding site. This displacement, induced by the
PheB10 and PheE11 substitutions, supports the idea that distal
structural rearrangements occur in these mutations. Conse-
quently, these results indicate that both factors affect O,
dissociation, which is consistent with previous reports (23, 38)
in that GInE7 is responsible for modulating O, stabilization in
HbI and PheB10 and PheEl11 are also involved in this process.
The apparent role of PheB10 and PheEll in O, stabilization
has also been suggested before in a SWMbD triple mutant that
mimics the HbI active center (HisE7GIn, LeuBI10Phe,
and ValB10Phe) (39). In this Mb mutant, a 4-fold decrease in
O, kogr was observed when compared to that of wtSWMb,
indicating that PheB10 and PheEll are responsible for
ligand stabilization and release in this variant. The distal struc-
tural changes suggested in the CO and O, kinetic analyses
described above for the PheBl0Leu, PheB10Val, and El1
mutants and the stabilization roles of residues E7, B10, and
Ell proposed in the dissociation studies may be important
factors in determining the extent of interactions of H,S with
hemeproteins. Therefore, to corroborate these kinetic interpreta-
tions, the structural properties of the rHbI—CO and HbI—-CO
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mutated systems were examined by measuring their RR scatter-
ing responses.

Figure 3 shows the RR spectra of the CO-bound rHbI and
mutant derivatives. The low-frequency spectrum of rHbI (top
trace in Figure 3A) demonstrates a band at 516 cm™', which was
formerly attributed to the Fe—C stretching mode (vg.—c) of the
wtHbI—CO complex (38). Panel B in Figure 3 shows that this
band shifts to a lower frequency upon isotope substitution
("*C'%0 vs *C'®0), thus confirming the previous assignment.
At higher frequencies, the spectrum of rHbI shows an additional
isotope sensitive band at 1945 cm ™' as demonstrated in the top
trace of Figure 3C and is assigned here to the C=0 stretching
mode (vc=o). Both vg._c and vc—g in the low- and high-
frequency regions, respectively, are significantly affected with
distal site mutations as indicted in Figure 3. Replacing GInE7
with Val induces a shift of the vg._c low-frequency mode to
504 cm™" as well as a displacement of the vc—o high-frequency
mode to 1962 cm™'. Mutating GInE7 to Asn also provokes a shift
of Vre_c to 507 cm ™", while the vc—o mode is observed in the
high-frequency region of the spectrum at 1946 cm™". In contrast,
Figure 3 shows that the GInE7His variant shows two isotope
sensitive lines for vg._c and vc—o modes at 502 and 1965 cm ™!
and at 530 and 1930 cm ™', respectively, with the latter pair
dominating the isotope difference spectra. The data thus far show
that replacing GInE7 with nonpolar residues decreases the vg.—c
and increases the vc—o mode, respectively, while the opposite
effect is observed for more polar substitutions.

This trend is analogous to that observed in many hemeproteins
(Figure 4), including Mb mutants (26), in which replacement of
HisE7 with nonpolar residues shifts the vp._c (512 cm™') to
lower frequencies while displacing the ve—o (1944 cm™) to
higher values (27). Furthermore, substitution of HisE7 in Mb
with more polar residues had the opposite effect. This phenom-
enon has been very well established, and it indicates loss or gain
of H-bonding interactions that could stabilize the bound CO.
Hence, the displacements of the vg.—c and vc—o modes observed
in the GInE7Val and GInE7Asn variants to lower and higher
frequencies, respectively, imply loss or weakening of H-bonding
interaction between the E7 residue and the CO ligand, confirming
the role of GInE7 in the stabilization of ligands (Figure 4). On the
other hand, the shift of these modes to higher and lower
frequencies in GInE7His indicates a stronger ligand stabilization
mechanism in comparison with that of rHbI. The HbI PheB10
mutants exhibit a similar tendency. For instance, substitution of
PheB10 with nonpolar Leu or Val in Hbl produced the same
spectral changes, showing the vg.—c mode at 504 cm” ! and the
ve—o mode at ~1944 or 1946 cm ™, respectively, implying loss of
a positive distal site environment. The data also confirm the
importance of PheB10 in stabilizing the bound ligand through the
aromatic multipole interactions. Moreover, the substantial shift
of the vp._c mode (504 cm ™' for the mutants and 516 cm™' for
rHbl) and the identical spectral features of the PheB10Leu and
PheB10Val variants support the notion that these mutations
provoke analogous conformational changes, involving move-
ment of the GInE7 amide group, that weaken further the H-
bonding interaction with the bound ligand. On the other hand,
the polar PheB10Tyr mutant produced shifts in the vg.—c and
Ve—o modes to 541 and 1925 em ™', for the low- and high-
frequency regions, respectively, indicating a strong positive field
in the vicinity of the ligated CO.

Interestingly, this trend of an increasing vg.—c with a decreas-
ing vc—o upon polar residue replacement is not observed in the
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HbI PheEll variants. As Figures 3 and 4 show, substitution
of PheEll with a nonpolar Val or polar Tyr residue yields
similar low-frequency vp._c modes at 514 cm™' and high-
frequency ve—o modes at 1944 and 1940 cm ™', implying that
these modes are less sensitive to the polarity of the residues
occupying this position. Nonetheless, as in the PheB10Val
and PheB10Leu mutants, the similarities in spectral behavior of
these E11 variants and the small shift of both modes when
compared to rHbI (514 ecm™" vs 516 cm™") suggest related
structural changes that induce a slight loss of the positive field
surrounding bound CO. Taken together, these RR results

Pietri et al.

support the idea drawn from the kinetic analyses in that
(i) GInE7His and PheB10Tyr exert stronger stabilization me-
chanisms with bound ligands, (ii) a distal structural rearrange-
ment, involving GInE7, occurs in the PheB10Leu, PheB10Val,
and Ell mutations, and (iii) GInE7, PheB10, and PheEll
contribute synergistically to the stabilization of the ligand in
deoxyHDbI. These results along with those obtained in the
association kinetic study provide the structural information
associated with the Hbl mutants that can in turn affect the
interaction of HbI and its site-directed mutants with H,S in a
ferric heme pocket environment.
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Structural Aspects of the Metaquo Derivatives. The direct
steric constraint suggested in the CO and O, association kinetics
for the GInE7His and PheB10Tyr mutants, relative to rHbI, and
the strong stabilization mechanisms invoked for these variants in
the ferrous dissociation and RR studies are important factors
that can affect the nature of H,S binding and release in HbI and
consequently in hemeproteins. Moreover, the distal conforma-
tional changes inferred from the ferrous kinetic and RR analyses
upon B10 and E11 substitutions not only can alter H,S interac-
tion but also can help to define the different responses exerted by
this ligand in hemeproteins. Hence, to identify the structural
properties of the HbI mutants in the ferric environment and to
estimate how they will influence H,S stability and release, the
resonance Raman scattering of several metaquo—HbI mutant
derivatives was measured in the high-frequency region. The high-
frequency region of the metaquo RR spectra provides infor-
mation about the overall heme environment, and it was used
here to characterize the ferric structural features of the HbI
mutant complexes in comparison with the wtHbl previously
reported (38).

Figure 5 shows the high-frequency RR spectra of the meta-
quo—GInE7Val, —PheB10Tyr, —GInE7His, and —PheB10Val
HbI mutated systems. Similar to that of wtHbI (38), the oxida-
tion state marker band, v4, for the mutated systems presented in
Figure 5 appears at 1371 cm ™', demonstrating the presence of
heme—Fe'"" derivatives. The RR scattering of rHbI, GInE7Val,
and PheB10Tyr shows that the v; and v, modes at 1480 and
1560 cm ™" dominate the spectra. A small contribution of the low-
spin, six-coordinate metaquo species is also observed in these
protein samples as indicated by the v, mode at 1580 cm ™. Such
mixtures, involving the presence of a small population of the low-
spin state, are typical of metaquo complexes with the water
molecule occupying the six coordination position. The spectra of
the PheB10Val and GInE7His mutants also display the v; and v,
modes at 1480 and 1560 cm ™', respectively, indicative of high-
spin, six-coordinate metaquo species as well. However, substan-
tial increases in the magnitudes of the v; and v, markers at 1505
and 1580 cm ™', respectively, are observed, suggesting a stronger
contribution of the low-spin, six-coordinate metaquo species in
these variants. These results suggest that in PheB10Val and
GInE7His, the water molecule is coordinated to the heme distal
site with an equal mixture of high- and low-spin configurations.
Resonance Raman studies of various metaquo—hemoglobin
derivatives showing a strong contribution of the low-spin state,
such as the truncated Hb from the protozoan Paramecium
caudatum (trHbP) (27) and a HisE7TArg SWMb mutant (40),
have indicated that the low-spin character of the mixture arises
from H-bonds between heme-bound water and the distal resi-
dues. These H-bonding interactions increase the ligand field
strength, increasing in turn the level of the low-spin state of the
complexes. Therefore, the strong contribution of the low-spin
markers in the GInE7His variant can then be rationalized by the
formation of a strong hydrogen bond between the imidazole side
chain and the water-bound molecule, which generates a strong
ligand field and increases the low-spin character of this derivative.
In the PheB10Val mutant, the best explanation for the strong
low-spin contribution is that movement of GInE7 toward the
ferriciron may induce the generation of a strong H-bond between
this residue and H,O that stabilizes the low-spin state of this
complex. Similar H-bonding interaction can be predicted in these
Hb—H,S mutant derivatives, which may alter in turn sulfide
stabilization and release. In addition, these results demonstrate

Biochemistry, Vol. 48, No. 22, 2009 4887

GInE7Val

B iSRG P 3}

PheB10Tyr

GInE7His

PheB10Val

| | I |
1300 1400 1500 1600

Raman Shift (cm™)
FIGURE 5: High-frequency resonance Raman spectra of the metaquo

derivatives for some of the Hbl mutants, showing the v; and v,
modes.

that, in agreement with the ferrous analyses, the PheB10Val
mutation stimulates structural changes within the heme distal site
that can affect ligand dissociation. These alterations are also
expected to occur in PheB10Leu and the E11 mutants. To assert
this hypothesis, molecular dynamics simulations of these ferric
HbI mutants were conducted.

The MD results demonstrate that in the PheB10 and PheE11
mutations a structural rearrangement of GInE7 occurs. As panels
C and D of Figure 6 show, in wtHbI the GInE7 dihedral angle y,
is found to be 180°, while a 90° rotation about this angle is
predicted for the PheB10 and PheE11 mutants. The consequence
of this rotation would be a reorientation of the GInE7 C=0 side
chain. For instance, panels A and B of Figure 6 show that the
distribution of the GInE7 carbonyl group angle with respect to
the ferric iron center varies substantially in these B10 and E11
mutants. The C=0O(GInE7)—Fe angle changes from ~90° to 180°
in the PheB10Val and PheBl0Leu mutants with the C=0
pointing toward the ferric iron. Although less dramatic, similar
changes are observed for the PheE11Val and PheEl1Tyr var-
iants. This is in good agreement with the previous suggestion, in
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FiGure 7: Hydrogen sulfide association kinetics of rHbI and the mutated samples. The inset displays the plot of the observed rate constants as a

function of H,S concentration.

which these B10 and E11 mutants alter the HblI distal structural
environment affecting ligand entry and release from the heme
pocket. Furthermore, the data also set the stage for defining how
these perturbations induced by the mutations can affect the
interaction of H»S with the ferric heme center.

Interaction of H,S with the Metaquo Derivatives. The
RR results of the metaquo—HbI mutants presented above

suggest that the reactivity of H,S may be modulated in the
GInE7His and PheB10Val mutants relative to the rHbI, due to
their differences in the distribution of the high- and low-spin
configurations. The data along with the MD simulations also
indicate that PheB10Val, PheB10Leu, and E11 mutations pro-
duce distal conformational changes that can modify H,S binding
and stability as well. To identify how these findings influence H,S
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FiGure 8: Dissociation kinetic traces of rHbI, GInE7Asn, and GInE7Val. The inset shows the spectra related to kinetics of dissociation of H,S for

the GInE7His mutant under aerobic conditions.

reactivity with metaquo—rHbI and the HbI site-directed mu-
tants, sulfide dissociation kinetics as well as RR measurements
were conducted. In addition, the effects of these mutations on
H,S binding were evaluated.

Figure 7 shows the comparison of the H,S association kinetics
of the metaquo—rHbI derivative previously reported (30) and
various HbI mutants studied here. All the traces followed a single
kinetic event, indicating that the ligand reacts readily with the
ferric heme center. The calculated association rate constants for
each protein were obtained by fitting the data with single-
exponential functions and plotting the observed constants, kops,
as a function of H,S concentration as shown in the inset. The
binding constants thus obtained are summarized in Table 1.
Evaluation of the association constants for the E7 mutants
demonstrates that replacing GInE7 with Val, Asn, or His
increases the association constant by a factor of 11, 2, or 2.7,
respectively. As opposed to CO and O, binding, there is not a
direct correlation between the size of the E7 residue and H,S
binding to the heme center, suggesting that its association may
also be governed by an external kinetic barrier. In this respect,
transient fluctuations of the protein may be as important as steric
effects for H,S binding, probably because of the larger nature of
the ligand itself. The results show that H,S binding is nearly 1000
times slower that CO and O,, suggesting that protein fluctuations
are required to allow H,S access to the iron—heme center. That
could explain why the GInE7His mutant seems too fast for H,S
while it is the slowest E7 mutant for CO and O, binding.

Mutation of PheB10 to Leu increases the association constant
from 2.43 x 10%t0 6.58 x 10* M ™' s™!, while substitution of this
residue with Tyr decreases the k,, value by a factor of 6. This
suggests that once H»S is inside the protein, its binding may be
dictated by the free accessible space in the distal site.

Interestingly, substitution of PheEll with a much smaller
nonpolar residue such as Val instead of increasing the H,S
association constant, as observed in the GInE7Val mutant,
decreases this value from 2.43 x 10* to 1.69 x 10* M~' s,
Similarly, the association rate of the PheElIlTyr mutant

decreases 2-fold to 1.15 x 10* M~' s™". Hence, like deoxy CO
and O,, the structural displacements caused by these Ell
mutations affect entry of the ligand into the heme distal site.
Overall, our results show that H,S association is influenced by an
outer kinetic barrier that requires transient motions of the protein
to allow its movement into the distal pocket. Once H,S is inside
the protein, its binding is controlled by either electronic or steric
constraints exerted by nearby residues.

Dissociation of H»S from rHbI was studied first under
equilibrium conditions using the lowest sulfide concentration
required to form the complex (10 uM or a 3-fold H,S molar
excess). Under these conditions, dissociation of H>S from rHbI
showed a tendency toward formation of a metaquo complex, as
judged by the 425 to 408 nm displacement of the Soret band.
However, a broad Soret band was observed, suggesting that other
processes may be contributing to H,S dissociation. Similar results
were observed using H,S concentrations ranging from 20 to
480 uM, corresponding to 6- to 160-fold sulfide molar excesses,
respectively, to form the complex. At higher sulfide concentra-
tions (600 M to S mM, equivalent to 200—2000-fold H,S molar
excesses, respectively), dissociation of H»S from rHbI, at equili-
brium, revealed the formation of a final deoxy-like species with
Soret and Q bands at 433 and 560 nm, respectively, indicating
reduction of the heme—iron center (figure not shown). Hence, the
data suggest that H,S dissociation under equilibrium conditions
is dominated by two competing reactions involving simple release
of H,S from the ferric iron and reduction of the heme iron
followed by H,S liberation. At low H>S concentrations, the
former process seems to dictate the dissociation reaction, while
the latter reduction process appears to dominate at higher sulfide
concentrations. The H,S dissociation kinetics of the rHbI and the
HbI mutants were therefore measured at the limit of complex
formation (3—10-fold molar excess) to minimize the difficulties
associated with competing reactions such as heme reduction.

Figure 8 shows the dissociation kinetic traces for rHbI,
GInE7Asn, and GInE7Val. The calculated dissociation con-
stants, obtained by fitting the traces with single-exponential
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functions, are 0.03 x 107, 0.15 x 107, and 0.06 x 107> s™" for
rHbI, GInE7Asn, and GInE7Val, respectively. The results show
an increase in H,S kg of 80% in GInE7Asn probably due to a
substantial weakening of the strength of the hydrogen bond
between this residue and the bound ligand. An increase in kg is
also observed for the GInE7Val mutant, but it is not as significant
as that for the Asn mutant (80% vs 50%), suggesting that the
other competing reaction (heme reduction) is also contributing to
the observed signals. In fact, the spectra associated with these
kinetics showed a final broad Soret band centered at 409 nm
supporting the suggestion made above. Furthermore, the kinetic
spectra of the GInE7His mutant under aerobic conditions
showed that an intermediate is formed rapidly and decays to
form a new species with a characteristic Soret band at 416 nm
(inset in Figure 8). Additionally, the kinetic trace of dissociation
of H,S from GInE7His shows much more complex behavior and
could not be fitted with a single exponential. Similar difficult
kinetic traces are observed for the B10 and E11 mutated systems
studied. These data were therefore fitted with a double-consecu-
tive exponential function, yielding constants for the first and
second phases. The constants thus obtained do not correlate with
any physical or chemical properties of the mutated residues.
However, the 416 nm Soret band in the GInE7His mutant
suggests that an oxy-like species may be formed, indicating that
reduction of the heme—Fe''—H,S moiety dominates in this
mutant even at the minimum H,S concentration needed to form
the complex (3—10-fold molar excess). We thus hypothesize that
in rHbI and the HbI mutants both competing processes are
involved in H,S dissociation and that the contribution of heme
reduction depends strongly on the distal site environment. To
corroborate this interpretation, resonance Raman studies of
these derivatives were performed. The sensitivity of RR spectro-
scopy for studying heme structural properties, as opposed to
UV—vis, should yield relevant information associated with the
H,S dissociation kinetics described above.

The high-frequency RR spectra obtained upon reaction of H,S
with metaquo—rHbl is shown in Figure 9A. The top trace shows
the oxidation state marker at 1374 cm™!, characteristic of a

Fe'"'—heme protein. The presence of the v5 and v, modes at 1504
and 1583 cm ™, respectively, indicates a low-spin six-coordinate
metsulfide HbI complex. Interestingly, the bottom trace shows
that the HbI—H,S complex changes within a few minutes,
indicating the presence of a mixture of a deoxy high-spin species
and a metsulfide derivative as evidenced by the appearance of
new oxidation and spin markers at 1356 and 1470 cm ',
respectively. Figure 9B demonstrates similar results for all the
mutant proteins studied. Laser power dependence studies indi-
cate that this reduction process is power-independent (data not
shown), but it depends strongly on distal site mutations. The
tendency toward Fe'H,S reduction for all the site-directed
mutants studied is as follows: PheBl0Val > PheBl10Leu
~ GInE7His > PheEl1Val > PheB10Tyr > PheEl1Tyr >
rHbI > GInE7Val. This reduction process is also confirmed by
the instantaneous appearances of the vg.—_;, frequency in the low
region at 219 cm™' (data not shown). The data confirm the
dissociation kinetic analyses in that reduction of the heme iron
takes place in HbI and the HbI mutated systems at the limit of
H,S concentrations for complex formation. Furthermore, the
results show that HbI distal site mutations induce different
structural conformations that affect the nature of H,S reactivity
as described in detail below.

DISCUSSION

Distinct Distal Structural Geometry Influences H>S
Reactivity in Hemeproteins. The kinetics and RR results
obtained with the ferrous Hbl mutant derivatives, which are
summarized in Tables 1 and 2, respectively, show that mutating
E7, B10, and E11 provokes different heme distal structures that
influence directly or indirectly the extent of interaction of CO and
O, with the ferrous iron center. The data reveal that relative to
rHbI and GInE7Val, His and Tyr in the ferrous GInE7His and
PheB10Tyr variants diminish the amount of free available space
in the HbI distal pocket that reduce CO and O, binding. Upon
CO and O, coordination, GInE7His, PheB10Tyr, and wtHbI
form H-bonding interactions with the bound ligands generating
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closed distal cavity configurations. On the other hand, no CO and
O, stabilization is invoked in GInE7Val, inducing in turn an open
distal structure. For the PheB10Val, PheB10Leu, and El1
variants, the data show that they do not directly dictate ligand
binding and release; instead, these mutations induce distal
structural rearrangement that affects indirectly both ligand entry
and release.

Distinct structural geometries are also observed in the ferric
HbI mutants. With regard to this, the equal contributions of spin
states illustrated in the RR spectra of metaquo—GInE7His and
the PheB10Val mutant derivatives suggest that two individual
distal structures coexist in a conformational equilibrium relative
to the metaquo—wtHbI, GInE7Val, and PheB10Tyr derivatives.
One of these structures is associated with H-bonding interactions
between the HisE7 and the bound water in the GInE7His mutant
and with GInE7 and the coordinated ligand in the PheB10Val
variant, with this latter interaction being induced by the Val
replacement. As depicted in Figure 10, substitution of PheB10
with Val resulted in a stereo orientation of GInE7 different from
that of wtHbI, where the carbonyl group points toward the heme.

Table 2: Selected RR Band Assignments for the CO— and H,S—HbI
Mutant Derivatives

CcO H,S

protein VFe—CO Voo Vs V3 vy

wtHbI* 516 1945 1579 1500 1372

rHbl 516 1945 1583 1504, 1470 1374 (87%)"
1356 (13%)

ValE7 504 1962 1580 1501 1372

AsnE7 507 1946  nd¢ nd® nd®

HisE7 502 1965 1583 1505, 1470 1373 (53%)

532 1930 1356 (47%)

LeuBI10 504 1944 1583 1502, 1470 1373 (53%)
1355 (47%)

ValB10 504 1946 1582, 1562 1500, 1470 1372 (32%)
1355 (68%)

TyrB10 541 1925 1583 1503. 1470 1372 (80%)
1354 (20%)

ValEl1 514 1944 1581 1502, 1470 1373 (70%)
1355 (30%)

TyrEll 514 1940 1581 1502, 1470 1373 (86%)

1356 (14%)

“Data from ref 3/. ®The RR spectra were decomposed using peak
fitting software from Grams spectra. The relative intensity of each band was
calculated by the ratio of their height to the total relative height. “Not

determined.
LeuB10
PheB10 ﬁ

GInE7
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This GInE7 orientation in the PheB10Val mutant can generate
the structure involving H-bonding interaction with the water
molecule as observed in the RR study. Changes in GInE7
orientation were also predicted for PheB10Leu (Figure 10, right
panel) and, to a lesser extent, for the E11 mutants (not shown).
Similar variations in distal structures can be invoked for the
HbI—H,S mutant derivatives, altering in turn sulfide reactivity
within these proteins samples, as judged by their responses in
heme reduction.

Reduction of the Heme Active Center by Hydrogen
Sulfide. Figure 11 and Table 2 show that reduction of the HbI
ferric iron center upon reaction with H,S is controlled by the
residues at the distal active site as judged by the increase in the
intensity of the oxidation state marker band v4 at 1356 cm™" and
the Vge_ps mode at 219 cm ™!, which are characteristic of deoxy-
like species. The relative intensity of the 1356 cm ™" band can be
obtained for each mutant by calculating the ratio of its height to
the total relative height of both the v, 1356 and 1372 cm ™" peaks.
Accordingly, the faster reduction reactions for the PheB10Val,
GInE7His, and PheB10Leu mutants are evidenced by the 68 and
47% contributions of the 1356 cm ™" band. Likewise, although to
a lesser extent, reaction of PheE11Val, PheB10Tyr, PheE11Tyr,
and rHbI with H,S produced rapid reduction of the ferric iron
with 30, 20, 14, and 13% contributions of the 1356 cm ™' band,
respectively. While no immediate reduction of the ferric iron
atom was observed for the PheE7Val mutant, a small contribu-
tion of the v, band at 1356 cm™' was detected as a function of
time, indicating a very slow electron transfer reaction for this
variant. The dependence of the heme reduction process on distal
side residues can be explained in principle by the strength and
directionality of the hydrogen bond between the E7 residue and
the bound H,S. In the case of GInE7Val, the lack of proton
acceptor groups in the proximity of the bound ligand retards
substantially the reduction of the heme iron induced by H,S. In
the GInE7His variant, the N atom of the imidazole side chain
forms a stronger hydrogen bond (when compared to rHbI) with
the bound H»S, thus inducing a faster electron transfer to the
ferric iron. For the PheB10Val and PheB10Leu mutants, move-
ment of the GInE7 carbonyl group toward the ferric iron may
place this side chain in a new orientation to form a more stable
and stronger H-bond with H,S, accelerating in turn the reduction
and consequent formation of the unbound deoxy species, as
judged by the rapid increase in the intensity of the Fe—His mode
(Figure 11, right panel). A similar mechanism can be invoked for
the E11 mutations. However, mutation of PheE11 to either Val
or Tyr changes the direction of the GInE7 carbonyl group so that

ValB10

PheB10

GInE7

FiGure 10: Representations of the B10 mutated residue and GInE7 in the distal heme of HbI (gray) and the PheB10Leu mutant (blue) are shown
at the left, while those for Hbl (gray) and the PheB10Val mutant (blue) are displayed at the right.
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FIGURE 11: Relative intensity of the 1356 cm™! band as a function of time for various HbI mutants (left panel). The intensities were obtained by
calculating the ratio of its height to the total relative height of both the v4 1356 and the 1372 cm™ ! peaks. On the right, the peak of the Fe—His mode
for the PheB10Val mutant vs time is shown.
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FiGURrE 12: Hypothesized reactions of H,S with hemeproteins deduced from the results of the HbI site-directed mutants.

the hydrogen bond becomes weaker than that in the B10 mutants
but stronger than that in the recombinant wild-type protein.
Factor Affecting the Reactivity of Hydrogen Sulfide with
Hemeproteins. The results obtained with the HbI site-directed
mutants indicate that interactions of H,S with hemeproteins are
controlled by the following factors: (i) accessibility of H»S to the
heme cavity, (ii) H,S concentration, (iii) polarity of the distal
environment surrounding the bound H,S, and (iv) stereo orienta-
tion of the distal side residues. At the limit of complex formation
(3—10-fold H,S molar excess), hemeproteins with a rather open
distal pocket will react with H,S, readily forming the heme—H,S
complex, as judged by the H,S bimolecular binding reactions.
Sulfide release is then dictated by two competing processes
involving simple dissociation of H,S from the ferric adduct and
heme iron reduction induced by H»S itself. The complex behavior
of H,S dissociation kinetics can be related to these species. The
electron transfer process is greatly enhanced at high H,S con-
centrations and in those variants having proton acceptor groups
near the bound H,S. For instance, in GInE7His, PheB10Val, and
PheB10Leu, the reduction could take place without large excesses
of H,S (=10-fold molar excess), as evidenced by the immediate
appearance of the v, mode in their RR spectra. In fact, the
spectral changes associated with dissociation of H»S from the
GInE7His mutant, which were taken at the limit of complex

Scheme 1: Reaction Proposed for the Interaction of H,S with
Low-Polarity Heme Pocket Environments

HemeFe™ — H,0+ H,S <> HemeFe™ - H,S + H,0

formation, show the generation of an oxy-like species, suggesting
rapid reduction of the heme and formation of this derivative.

On these bases, we proposed that interaction of H,S with
hemeproteins can be generalized by the reactions schematized in
Figure 12. On the limit of complex formation, proteins with a
low-polarity distal environment in the vicinity of the iron will
react with H>S according to Scheme 1.

In this context, these proteins will bind H,S and sulfide release
is then dictated by simple dissociation of H,S from the ferric
adducts without inducing significant heme reduction. Further-
more, heme pockets with a distal polar environment in which
their residues are not oriented to form strong H-bonding inter-
actions with H,S can follow the same reaction. In contrast,
hemeproteins with polar side chains showing stereo orientations
favorable for formation of strong H-bonding interactions with
the bound ligand can stimulate the reduction process under the
same conditions as shown in Scheme 2. In these hemeproteins, the
H-bonding interaction between the polar residues and the bound
H,S can induce rapid deprotonation of H,S, stimulating in turn
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Scheme 2: Reaction Proposed for the Interaction of H,S with
High-Polarity Heme Pocket Environments

H,S HS-SH

HemeFe"™ — H,0+ H,S <> HemeFe" — H,S + H20Ll> HemleFe"

*

the formation of a Fe""—SH° radical intermediate by one electron
transfer from the Fe"—SH™ moiety. In the presence of a slight
excess of ligand, H,S can react with the Fe'—SH" radical
intermediate, producing in turn the final deoxy heme Fe'' and
disulfide species.

This reduction reaction is supported by the observation that
interaction of H»S with other hemeproteins, such as cytochrome
¢ oxidase (8, 10) and flavocytochrome ¢ sulfide dehydro-
genase (4/), induces heme reduction and generates SH" radical
intermediates and final disulfides or elemental sulfur at low and
high H,S concentrations, respectively. Reduction of the heme
iron center by several organic thiols with the concomitant
generation of SH* radical intermediates and final disulfide com-
pounds has also been suggested to occur in myoglobin (42).
Moreover, oxidation of the reduced Mb by the disulfide products
was also observed in that work.

We therefore suggest that these disulfides or hydrogen persul-
fide species (H,S;) can in principle oxidize the reduced heme,
reconverting the deoxy species to the active metaquo form of the
protein. Alternatively, spontaneous autoxidation of the ferrous
heme can occur, resulting in the formation of the functional
ferric protein as indicated in Scheme 2. As with other hemepro-
teins (24), this autoxidation process should be influenced by the
properties of each mutant.

Thus, for wtHbI, the flexibility of GInE7 allows H,S to bind
rapidly to the ferric heme. Stabilization of the bound H,S
through H-bonding interaction with GInE7 can in turn induce
some heme reduction and H-S delivery as a function of H,S
concentration. The fact that the X-ray structure of HbI indicates
that its heme group is more exposed to the solvent than in
HbII (21) suggests that heme oxidation of the ferrous iron can
occur, reconverting the deoxy species to the metaquo form of the
protein as H,S is being consumed.

In the case of Mb, HisE7 lies close to the active center (43) and
its reaction with a small excess of H,S induces not only reduction
of the heme but also sulfmyoglobin formation (71, 12). This
further indicates that the proper orientation of the distal residues
is not only important for heme reduction induced by H,S but also
crucial for sulfhemeprotein formation. Consistent with this
argument is the fact that under certain conditions, H»S provokes
reduction of the ferric heme a5 in cytochrome ¢ oxidase, which is
characterized by a very polar distal heme site involving the Cug
center and a Tyr at position 244, without an apparent formation
of sulfheme species (9).

Interestingly, the interaction of human neuroglobin (Ngb)
with H,S has been examined recently for the first time by
analyzing its binding reaction with the ferric center of this new
member of the globin family, which is especially abundant in the
brains of mammals (/4). It was found in this study that H,S
association, using a 400-fold sulfide molar excess, followed
biphasic behavior with a fast process being concentration-depen-
dent and a slower one being independent of H,S concentration.
The rapid reaction was ascribed to the bimolecular binding of
H,S, while the slowest was not attributed to any particular
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process. On the basis of the structural properties of Ngb (44)
and factors affecting H,S reactivity presented here, we suggest
that heme iron reduction should be considered for the slow
process observed in the H,S binding reaction with this hemepro-
tein. The distal heme cavity of Ngb is characterized by the
presence of a HisE7 coordinated to the heme iron in the absence
of exogenous ligand (45). Upon exogenous ligation, HisE7 is
detached from the iron but still near the bound ligand (46).
Hence, reaction of a large excess of H,S with Ngb can also induce
iron reduction due to the peculiar HisE7 orientation, and it
should be contemplated when analyzing the interaction of H,S
with this hemeprotein.

Although reduction of hemeproteins by H,S has been observed
before, the dependence of this process on the polarity of the distal
site environment should be taken into account when considering
interaction of hemeproteins as well as metalloproteins with H,S.
This can explain, in principle, the different responses that
H,S exerts on hemeproteins and in different tissues and how
they can influence sulfide biological activities within cells.
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