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Abstract

It is now well established that mammalian heme proteins are reactive with various nitrogen oxide
species and that these reactions may play significant roles in mammalian physiology. For example
the ferrous heme protein myoglobin (Mb) has been shown to reduce nitrite (NO2

−) to nitric oxide
(NO) under hypoxic conditions. We demonstrate here that the distal pocket histidine residue (His64)
of horse heart metMbIII (i.e., ferric MbIII) has marked effects on the mode of nitrite ion coordination
to the iron center. X-ray crystal structures were determined for the mutant proteins metMbIII H64V
(2.0 Å resolution) and its nitrite ion adduct metMbIII H64V-nitrite (1.95 Å resolution), and
metMbIII H64V/V67R (1.9 Å resolution) and its nitrite ion adduct metMbIII H64V/V67R-nitrite (2.0
Å resolution). These are compared to the known structures of wild type hh metMbIII and its nitrite
ion adduct hh metMbIII-nitrite, which binds NO2

− via an O-atom in a trans-FeONO configuration.
Unlike wt metMbIII, no axial H2O is evident in either of the metMbIII mutant structures. In the ferric
H64V-nitrite structure, replacement of the distal His residue with Val alters the binding mode of
nitrite from the nitrito (O-binding) form in the wild-type protein to a weakly bound nitro (N-binding)
form. Reintroducing a H-bonding residue in the H64V/V67R double mutant restores the O-binding
mode of nitrite. We have also examined the effects of these mutations on reactivities of the
metMbIIIs with cysteine as a reducing agent and of the (ferrous) MbIIs with nitrite ion under anaerobic
conditions. The MbIIs were generated by reduction of the MbIII precursors in a second order reaction
with cysteine, the rate constants for this step following the order H64V/V67R > H64V >> wt. The
rate constants for the oxidation of the MbIIs by nitrite (giving NO as the other product) follow the
order wt > H64V/V67R >> H64V and suggest a significant role of the distal pocket H-bonding residue
in nitrite reduction.

Introduction

The reduction of nitrite (NO2
−; pKa 3.2 at 20 °C)1 to nitric oxide (NO) by denitrifying

metalloenzymes is an important component of the global nitrogen cycle (eq. 1).2–5

(1)

Such nitrite reduction by the heme-containing nitrite reductase (NiR) enzymes is generally
believed to be preceded by the direct binding of nitrite anion to the heme iron centers in these
proteins. Historically, biological nitrite reduction to NO has been primarily associated with
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denitrifying bacteria. However, it is now known that certain mammalian tissues contain
metalloproteins that reduce nitrite to NO.6–10 The relevance of these mammalian proteins to
physiological hypoxic NO production that circumvents the O2-dependent NO synthase
pathway is currently being debated. Hendgen-Cotta et al have, however, demonstrated that
nitrite protects against myocardial infarction in Mb+/+ mice, but does not in Mb−/− knockout
mice, thus implicating Mb as an in vivo NiR.11

The nitrite anion binds to bacterial heme-containing NiRs via the N-binding "nitro" mode (Fig.
1, left).12, 13 In contrast, we recently showed that nitrite binds to the ferric centers of horse
heart myoglobin (hh MbIII)14 and human Hb15 not through this nitro mode, but rather through
the rather unusual (for heme proteins) O-binding "nitrite" mode (Fig. 1, middle). There is an
alternative O,O-bidentate binding mode (Fig. 1, right), seen in the copper-containing NiRs
from Alcaligenes xylosoxidans (the H313G mutant)16 and Achromobacter cycloclastes,17 but
this has not yet been observed for any heme protein.

A key question is: What controls the O-binding mode of nitrite to the mammalian protein Mb?
We hypothesized that the single H-bonding His64 distal pocket residue in hh MbIII directs the
nitrite ligand towards this O-binding mode and influences any subsequent nitrite reduction
kinetics. In this context, we speculated that removing this His64 residue (e.g., the H64V mutant;
Fig. 2) should allow the nitrite ligand to adopt the nitro N-binding mode, thus altering the rate
of nitrite reduction, and that reintroducing a single H-bonding distal pocket residue (e.g., the
H64V/V67R double mutant) could restore O-binding and reactivity. In this article, we report
our findings on the structures of these systems and describe some of the chemical reactivity
consequences of such mutations.

Materials and Methods

Materials

The plasmid of horse heart Mb H64V was a kind gift from Dr. Grant A. Mauk (University of
British Columbia, Canada). The site-directed mutagenesis method was employed for
preparation of the hh Mb H64V/V67R mutant using pGYM-H64V as the DNA template. The
hh Mb H64V and H64V/V64R mutant proteins were expressed and purified according to the
published method of Guillemette et al.18 EDTA, DTPA, 3,4-dihydroxybenzoic acid, and
Sephadex G-25 were purchased from Aldrich. Sodium nitrite (≥99.5%) was purchased from
Fluka, and protocatechuate 3,4 dioxygenase was purchased from Sigma.

Crystallization

Crystals of the proteins were grown by the hanging drop vapor diffusion method at room
temperature (~22 °C).

hh MbIII H64V—A hanging drop containing an equal volume of 15 mg/mL protein solution
and well solution was suspended over wells containing 2.8–3.3 M phosphate and 1 mM EDTA
with pH from 6.4 to 7.2. The crystals appeared within one week in the drops containing 3.1–
3.3 M phosphate at pH 6.4. Suitable sized crystals were harvested using cryo-loops and soaked
in artificial mother liquor containing 10% glycerol as a cryoprotectant. The crystals were then
flash-frozen in liquid nitrogen prior to data collection.

hh MbIII H64V nitrite adduct—The hanging drops contained an equal volume of (i) 15 mg/
mL protein solution in the presence of excess sodium nitrite and (ii) well solution. The drop
was suspended over wells containing 2.8–3.3 M phosphate and 1 mM EDTA with pH from
6.4 to 7.2. The crystals appeared after one month in the drops containing 3.1–3.3 M phosphate
at pH 6.4. Suitable sized crystals were harvested by cryo-loops and soaked in artificial mother
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liquor containing 10% glycerol as a cryoprotectant. The crystals were then flash-frozen in liquid
nitrogen prior to data collection.

hh MbIII H64V/V67R—A hanging drop containing equal volume of 30 mg/mL protein
solution and well solution was suspended over wells containing 2.8–3.3 M phosphate and 1
mM EDTA with pH from 6.4 to 7.2. The crystals appeared within one week in the drops
containing 3.1–3.3 M phosphate at pH 6.4. Suitable sized crystals were harvested using cryo-
loops and soaked in artificial mother liquor containing 10% glycerol as a cryoprotectant. The
crystals were then flash-frozen in liquid nitrogen prior to data collection.

hh MbIII H64V/V67R nitrite adduct—Crystals of hh MbIII H64V/V67R were soaked in
artificial mother liquor containing 25 mM sodium nitrite and 10% glycerol as a cryoprotectant.
The crystals was soaked with nitrite for one day and then flash-frozen in liquid nitrogen prior
to data collection.

X-ray Data Collection and Processing

X-ray diffraction data for crystals of the hh MbIII H64V and hh MbIII H64V/V67R mutants
were collected at 104 K on a RigakuMSC RU-H3R X-ray generator (Moore laboratory,
OUHSC) operated at 50 kV/100 mA to produce Cu/Kα radiation (λ= 1.5418 Å). For the hh
MbIII H64V crystal, 1° oscillation images were collected over a range of 197° with an exposure
time of 7 min per image and a crystal-to-detector distance of 120 mm. For the hh MbIII H64V/
V67R crystal, 1° oscillation images were collected over a range of 200° with an exposure time
of 7 min per image and a crystal-to-detector distance of 120 mm.

X-ray diffraction data for the hh MbIII H64V nitrite and hh MbIII H64V/V67R nitrite complexes
were collected at 100 K on a RigakuMSC RU-H3R X-ray generator operated at 48 kV/98 mA
to produce Cu/Kα radiation (λ= 1.5418 Å). For the hh MbIII H64V nitrite crystal, 1° oscillation
images were collected over a range of 190° with an exposure time of 6 min per image and a
crystal-to-detector distance of 110 mm. For the hh MbIII H64V/V67R nitrite crystal, 1°
oscillation images were collected over a range of 210° with an exposure time of 5 min per
image and a crystal-to-detector distance of 105 mm. All data sets were collected and processed
using the stand-alone d*TREK program (Macintosh v.99D) from Molecular Structure
Corporation.19

Structure Solution and Refinement

The phase information for the structures were obtained using the molecular replacement
method as implemented in PHASER (v1.3.3).20 A non-standard space group P21221 suggested
by the program PHASER was not recognized by the refinement software REFMAC521 as
implemented in CCP4 (v6.0.2).22 The SFTOOL, as implemented in CCP4 (v6.0.2), was used
to manually change the header information from P21221 to a standard space group P21212,
followed by a process of re-indexing reflections. The model was refined using REFMAC5. For
the nitrite complexes, the Fe–(nitrite) bond distance and angle parameters were unrestrained
throughout the refinement; however, internal restraints of 1.25(2) Å (for d(N-O)) and 119(3)°
(for ∠ONO) were applied to the nitrite groups. COOT was used for visualization and model
building/correction between refinement cycles.23 The water molecules were added into all four
structures using ARP/wARP24 as implemented in CCP4. After completion of the refinement
process, the interactive macromolecular structure validation tool MolPROBITY (available
online from the Richardson Lab at Duke University at http://molprobity.biochem.duke.edu/)
was utilized to assign the final rotamer orientations of Asn, Gln, and His sidechains, and to
test for any unusual sidechain contacts.25
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hh MbIII H64V—The hh MbIII H64V protein crystallizes with one molecule in the asymmetric
unit, and the final model of its structure contains 153 amino acid residues, one heme group,
one sodium cation, and 112 water molecules. One phosphate anion was modeled in the
crystallographic lattice with 70% occupancy. The crystallographic R and Rfree for the final
model are 18.6% and 23.7%, respectively, in the 21.4–2.0 Å range.

hh MbIII H64V nitrite complex—The hh MbIII H64V nitrite complex crystallizes with one
molecule in the asymmetric unit, and the final model of its structure contains 153 amino acid
residues, one heme group, and 122 water molecules. Two nitrite anions were modeled in the
structure. One was modeled in the active site with 65% occupancy and the other nitrite anion
was modeled in the crystallographic lattice with full occupancy. A water molecule in the active
site (labeled wat1) was modeled at 70% occupancy, and a second water molecule (labeled
wat2) was modeled with a full occupancy. The crystallographic R and Rfree for the final model
are 19.8% and 25.0%, respectively, in the 23.2–1.95 Å range.

hh MbIII H64V/V67R—The hh MbIII H64V/V67R protein crystallizes with one molecule in
the asymmetric unit, and the final model of its structure contains 153 amino acid residues, one
heme group, and 153 water molecules. One phosphate anion was modeled in the
crystallographic lattice with 60% occupancy. The crystallographic R and Rfree for the final
model are 18.0% and 23.3%, respectively, in the 24.4–1.90 Å range.

hh MbIII H64V/V67R nitrite complex—The hh MbIII H64V/V67R nitrite complex
crystallizes with one molecule in the asymmetric unit, and the final model of its structure
contains 153 amino acid residues, one heme group, and 92 water molecules. Three nitrite anions
were modeled in the final structure. One was modeled in the active site with 65% occupancy,
and the other two were in the crystallographic lattice with full occupancies. The sidechain of
the Arg67 was modeled 65% occupancy due to disorder of the sidechain. One water molecule
at full occupancy was modeled at the active site close to the protein surface; this water molecule
H-bonds to the guanylyl group from the Arg67 residue. The crystallographic R and Rfree for
the final model are 20.2% and 25.8%, respectively, in the 20.6–2.0 Å range.

The crystal data are shown in Table 1. The 2Fo−Fc and Fo−Fc maps were generated using
FFT) as implemented in CCP4. Figures were drawn using PyMOL (http://www.pymol.org)
26 and labels were added using Adobe®Photoshop.

Kinetics of MbIII Reductions by Cysteine

All reactions were run under pseudo first order conditions in anaerobic, 25 °C, pH 7.41
phosphate buffer (100 mM) solutions containing 0.1 mM EDTA to chelate adventitious metal
ions. The reaction kinetics were followed by recording the temporal absorbance changes using
a Shimadzu Model UV2401-PC spectrophotometer. The protein concentrations were typically
~3–4 µM.

The cysteine reductions were initiated by using a gastight syringe to add deaerated stock
solutions of cysteine to deaerated solutions of the proteins to give the final concentrations noted
above and the desired cysteine concentration (1.0 mM in most cases). The temporal absorption
changes were then recorded. These reactions followed simple (pseudo) first order decays from
which kobs values could be determined. For consistency, an initial rates method was used to
determine the rate constants reported in this article; however, second order rate constants
determined from the kobs values were essentially the same.
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Kinetics of MbII Oxidations by Nitrite

The nitrite reductase (NiR) activities of the reduced proteins were studied by using a gastight
syringe to add deaerated stock solutions of sodium nitrite to product solutions of the cysteine
reaction once completed. In most cases this gave an initial nitrite concentration of 1.0 mM as
well as a cysteine concentration of 1.0 mM.

Dithionite (5 mM) was also used to reduce the ferric wt and mutant proteins. In the case where
excess reductant (cysteine or dithionite) was removed before MbII oxidation, the solution was
run over a G-25 Sephadex column. For these reactions, protocatechuate dioxygenase (0.05 µ/
mL) was used with its substrate 3,4 dihydroxybenzoic acid (1 mM) to consume any adventitious
O2 and avoid protein autoxidation.28 Sodium nitrite was then added as described for the systems
with cysteine still present.

Results

We reported previously that the nitrite anion binds to wt metMbIII via the η1-O binding nitrito
mode.14 We now report our X-ray crystal structural determinations of the nitrite adduct of the
single mutant metMbIII H64V that does not possess a distal pocket H-bonding residue, and the
structural determinations of the nitrite adduct of the double-mutant H64V/V67R that has an
Arg residue that can reintroduce H-bonding capacity to the distal pocket. We also report the
cysteine reduction of the metMbIII derivatives and the rates of nitrite reduction by the wt
MbII and the ferrous mutants.

The hh metMbIII H64V Single Mutant Complexed with Nitrite

Addition of nitrite to metMbIII H64V in phosphate buffer resulted in a small blue shift of the
Soret band from 395 nm to 392 nm. This blue shift is in an opposite direction to that observed
when nitrite is added to wt metMbIII to form the MbIII-nitrite adduct; in this latter case, the
Soret band shifts from 409 nm to 412 nm.29 In the Q band regions there was a decrease in the
band at 500 nm and an increase at 572 nm. Suitable crystals of the nitrite adduct of the
metMbIII H64V mutant for an X-ray structural determination grew after one month using the
hanging-drop method, and the crystal structure at 100 K was obtained at 1.95 Å resolution. A
superposition of the Cα chains of the wt metMbIII and the H64V mutant gives an average rmsd
of 0.8 Å; the largest rmsds are in the GH loop region on the surface of the protein away from
the heme site, namely for the residues His119-Pro120-Gly121-Asp122 with rmsds that range
from 2.0–4.8 Å. In any event, the general α-helical fold of the protein is very similar to that
for wt metMbIII and will not be discussed further.

The 2Fo−Fc electron density map and Fo−Fc omit map of the heme site of this H64V nitrite
adduct is shown in Figs. 3A and 3B together with the final crystallographic model. The
Fo−Fc omit map clearly reveals the presence of new electron density in the distal pocket. The
nitrite ligand was modeled into this electron density and refines best in the N-binding mode at
65% occupancy. The axial (His93)N–Fe–N(nitrite) bond angle is near linear at 177°.

The Fe–N(nitrite) bond distance of 2.6 Å is rather long and suggests that the nitrite ligand is
held in the distal pocket by an electrostatic interaction with the ferric center. This is consistent
with the observation that there is no continuous electron density from the Fe center to the nitrite
ligand when the 2Fo−Fc electron density map is contoured at 1σ (Fig. 3A). When contoured
at 0.9σ, however, continuous electron density linking these groups becomes evident (not
shown). Such relatively weak binding of the NO2

− suggests that the nitrite anion would be only
weakly activated upon coordination to the ferric center of this H64V mutant in the absence of
distal pocket H-bonding residues. Indeed, the bound nitrite is stabilized in the hydrophobic
distal pocket by a water channel from the exterior of the protein as evidenced by a H2O molecule
(wat1 in Figs. 3A & B, that is best modeled at 70% occupancy) with a (nitrite)O…O(wat1)
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distance of 2.9 Å. This wat1 molecule is further H-bonded to a second H2O molecule (wat2;
full occupancy) close to the surface of the protein with a (wat1)O…O(wat2) distance of 3.0 Å
and a (wat2)O…O(nearest heme priopionate) distance of 3.3 Å.

Experimental evidence for linkage isomerization of the nitrite ligand to the iron center has not
been reported for any heme protein. The observation here of an N-bound nitrite in a MbIII

mutant when the wt MbIII derivative displays O-binding preference is thus unprecedented. To
help understand the likely origin of the weak binding of nitrite in the H64V adduct, we
determined the X-ray crystal structure of the ferric H64V mutant without added nitrite. The
H64V mutant has been widely used to study distal pocket H-bonding effects in Mbs,30,31 and
the structure of the related sperm whale metMbIII H64V mutant is known.32,33 However, the
crystal structure of the hh metMbIII H64V mutant has not been reported. We therefore similarly
obtained its crystal structure at 2.0 Å resolution. The electron density maps do not show the
presence of electron density that can be assigned to a fixed H2O molecule bound to the ferric
center. In contrast, the reported X-ray crystal structure of the analogous sw ferric H64V mutant
at 110 K shows a bound H2O molecule to Fe with a long Fe–O(water) bond distance of 2.4 Å.
32 In this latter low temperature sw H64V structure, the bound H2O ligand (modeled at 50%
occupancy) was held in place by a water channel similar to that observed in our hh MbIII H64V
nitrite structure. We conclude, therefore, that the nitrite ligand in the hh H64V nitrite complex
is indeed only weakly bound to the ferric center, and that the general structure of the protein
does not change significantly upon nitrite binding (an average rmsd of 0.2 Å is obtained when
the Cα chains of the ferric H64V and the nitrite adduct are compared).

The hh MbIII H64V/V67R Double Mutant Complexed with Nitrite

When NaNO2 was added to a solution of MbIII H64V/V67R, changes in the absorption
spectrum in the Q band region were similar to those observed with the single mutant and wt
metMb; there was a decrease at 500 nm and an increase in a band at 574 nm. We obtained X-
ray diffraction-quality crystals of the nitrite adduct of the H64V/V67R double mutant by
soaking crystals of the ferric precursor with sodium nitrite solution. The crystal structure of
this adduct in the P21212 space group was determined to 2.0 Å resolution. The 2Fo−Fc electron
density map and Fo−Fc omit map of the heme site are shown in Figs. 4A and 4B. The maps
clearly show electron density in the distal pocket due to the bound nitrite that was best modeled
at 65% occupancy. The nitrite ligand is bound to the ferric center via the O-binding nitrito
mode, with an Fe–O bond distance of 2.1 Å. Notably, the FeONO moiety in this double-mutant
H64V/V67R complex is best modeled with a distorted cis-like conformation (Fig. 5) similar
to that observed for the FeONO moiety in the β subunit of human R-state HbIIIONO,15 in
contrast to the wt MbIII(ONO) complex where the nitrite is modeled in the trans-FeONO
conformation. Furthermore, for the double mutant, the NO2

− ligand is H-bonded to the distal
Arg67 residue with an (Fe)O…N(Arg67) distance of 3.2 Å indicative of a moderate-to-weak
H-bond.

The 2.0 Å resolution structure of the ferric H64V/V67R mutant without added nitrite is shown
in Figs. 4C and 4D. As with the ferric H64V protein, no electron density is observed in the
2Fo−Fc map for an H2O axially bound to the ferric center. Further, the Arg67 side-chain points
out towards the solvent in this precursor compound.

A comparison of the structure of the nitrite adduct of the H64V/V67R double mutant with the
structure of the ferric protein without nitrite reveals three very interesting structural
consequences of nitrite binding to this protein, and these are illustrated in Fig. 6. First, upon
nitrite binding, the Arg67 side-chain points inward to H-bond with the O1 atom of the nitrite
ligand. Such a movement of a distal pocket Arg residue to H-bond with axially-bound ligands
such as cyanide has been observed in its complex with MbIII from the Mediterranean mollusc
Aplysia limacina which contains a natural "H64V/V67R" configuration.34 Second, the
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swinging in of the Arg67 side-chain likely creates a steric conflict with a propionate (initially
pointing up) in the precursor crystal that is relieved by a change in conformation to point
downwards towards the proximal side of the heme. In doing so, however, the side-chain of the
proximal (but non-Fe bound) His97 residue adopts a new position with its imidazole Cγ atom
moving 2.9 Å from its initial position; thus, this His97 residue loses its initial H-bonding
interaction with a propionate group. Indeed, the largest rmsds (avg of 0.2 Å) when the Cα chains
of the ferric H64V/V67R and the nitrite adduct are compared are for the Lys96 (rmsd 1.3 Å)
and the His97 (rmsd 1.1 Å) residues located at the end of the F-helix which suggests a partial
unwinding of this region. Third, these motions result in a saddled heme group in the nitrite
adduct that further distorts by bending towards the proximal side. Such movements upon
binding a ligand are indeed remarkable given that these occurred after soaking nitrite into pre-
formed crystals of the ferric H64V/V67R double mutant (Fig. 4C), and this reveals the
flexibility of the heme environment even in this P21212 crystal.

Reduction of the MbIIIs by Cysteine

Various reducing agents such as dithionite, ascorbate, and NADH have been used to reduce
metMbIIIs to their MbII derivatives.35–39 However, the use of these reducing agents when
nitrite is present has been shown to be problematic, as the reducing agents may react directly
with nitrite.35 Furthermore, using an excess of dithionite may have deleterious effects on the
heme proteins.36, 39, 40

We find that cysteine (E° (RSSR/RSH) = −245 mV)41 is an effective, mild reducing agent for
the clean generation of the ferrous myoglobins and, while being a more biologically relevant
reductant than dithionite, it does not react with nitrite under our reaction conditions. To the
best of our knowledge, this is the first report of the use of cysteine to reduce ferric heme proteins
to their ferrous derivatives.

Anaerobic addition of excess cysteine to a solution of wt metMbIII in phosphate buffer at pH
7.41 results in the slow absorbance decrease of the Soret band at 408 nm due to the metMbIII

and the concomitant appearance of a new Soret band at 433 nm (Fig. 7A). These spectral
changes are accompanied by decreases in the Q bands of metMbIII at 500 and 630 nm and
appearance of a new band at 557 nm consistent with reduction of the wt metMbIII to the
deoxyMbII form. The rate of the reduction of the wt metMbIII in this manner is first order in
the concentrations of protein and of cysteine, and the second order rate constant k2 for this
reaction, determined by the initial rates method, is 0.069 M−1 s−1 at 25 °C.

The spectral changes that result from addition of excess cysteine to the ferric H64V single
mutant (Fig. 7B) are also consistent with the reduction of the protein to its ferrous derivative.
In this case, the second order rate constant is 0.60 M−1s−1, which is an order of magnitude
larger than that measured for the wt protein. The faster rate is consistent with the more positive
reduction potential of the H64V mutant (E° = 87 mV) relative to the wt metMbIII (E° = 61
mV).42 The spectral changes accompanying reduction of the H64V/V67R double mutant are
shown in Fig. 7C, and the k2 for cysteine reduction was determined to be 2.3 M−1 s−1.

Overall, therefore, the second order rate constants for the reduction of the ferric wt and mutant
proteins follow the order H64V/V67R > H64V >> wt. Importantly, the ferrous proteins were
stable in the presence of excess cysteine, thus allowing for the follow-up reactions with nitrite
to be carried out in the presence or absence of excess cysteine.

Nitrite Reduction by the Ferrous wt and Mutant Proteins

The rates of nitrite reduction by the wt and mutant deoxyMbIIs were measured by monitoring
the disappearance of the absorption bands due to the deoxyMbIIs. The general sequence of
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reactions involved may be defined by Scheme 1, and we use wt deoxyMbII as an example to
illustrate the nitrite reduction reaction. In earlier studies,11 it was shown that addition of excess
nitrite to a buffered solution of wt deoxyMbII leads to the formation of a mixture of the ferrous
nitrosyl MbII(NO) and metMbIII. These products were rationalized in terms of the proton
assisted nitrite oxidation of deoxyMbII to give the ferric nitrosyl complex MbIII(NO) (the first
step shown in Scheme 1). The latter is labile to NO dissociation,43 and any NO released is
rapidly scavenged by deoxyMbII to give MbII(NO), which has a much stronger binding
constant (KNO= 1.4 × 1011 and 1.4 × 104 M−1 for wt deoxyMbII and wt metMbIII, respectively)
31, 44 and is not readily oxidized by aqueous NO2

−. These processes are occurring in the present
case as well and are responsible for the temporal decrease in absorbance first seen at the Soret
band maximum of deoxyMbII (433 nm). However, since the reaction illustrated by Fig. 8 was
carried out with ferrous solutions generated by excess cysteine (designated as CysSH in
Scheme 1), any metMbIII so formed is susceptible to further reduction, albeit more slowly. As
a consequence, all of the deoxyMbII is eventually converted to the nitrosyl complex MbII(NO).
This sequence of events explains the shape of the temporal absorbance changes seen in Fig. 8,
since the molar absorbance of deoxyMbII at 433 nm is less than that of MbII(NO).

As noted above, the rate constants k2 for the cysteine reduction of wt metMbIII and the
analogous ferric mutant proteins were measured independently by following the absorbance
decrease at the λmax of the ferric derivatives in the absence of added nitrite. Since this step is
slower than the nitrite reductase rates under the reaction conditions, and k2

' values for the NiR
reactions indicated in Scheme 1 could be determined by monitoring the change in absorbance
at the Soret band λmax of deoxyMbII. The second order rate constants in both cases were
calculated from the initial rates as shown below. A single concentration of NO2

− (1 mM) was
used in these experiments; however, previous studies with hh Mb have shown the reaction rate
to be linear in [NO2

−] to 5 mM.45

A legitimate concern is whether excess cysteine affects the rate of nitrite reduction. In order
to test this, the wt metMbIII was first reduced then the excess cysteine was removed from its
solution with wt deoxyMb by passing the solution over a G-25 Sephadex column. The rates of
nitrite reduction by the ferrous protein were then investigated as described above. Notably, we
found no significant difference between the initial rates of the nitrite reduction reactions when
excess cysteine was present (k2

' = 5.5 M−1 s−1) and when it was absent (k2
' = 6.0 M−1 s−1). The

latter nitrite reduction rate obtained was similar to that obtained for dithionite-reduced wt
deoxyMbII (k2

' = 5.8 M−1s−1) obtained here and the previously reported value of 6 M−1s−1

under analogous conditions.45 Similar results were obtained for the two mutant proteins as
well. It is also notable that we did not detect (using electrospray ionization mass spectrometry)
any S-nitrosocysteine in the reaction mixture when excess cysteine was employed as the
reductant. Nor could we detect any reaction between cysteine and free NO under our reaction
conditions with 0.1 mM of the stronger metal chelator DTPA (diethylenetriamminepentaacetic
acid), which was used to prevent Fe2+ and Cu2+ mediated decomposition of nitrosothiols.46

Fig. 8 illustrates the temporal absorbance changes at 433 nm occurring upon adding nitrite to
a solution of wt deoxyMbII and shows the two stages of the overall reaction as described above.
The faster first stage (nitrite reduction) can be fit to an exponential function giving a kobs value
consistent with the rates determined by the initial rates method. However, the situation is
different for the mutant proteins where the values of k2[CysSH] and k2

'[NO2
−] are more

comparable under the reaction conditions, thus making it complicated to separate the two
processes. For this reason, the nitrite reduction kinetics for each of these systems were analyzed
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by the initial rates method, where the initial rates were calculated from the absorbance changes
over the first 10% of the each reaction.

In this manner the second order rate constants (in units of M−1s−1) for the nitrite reduction of
the wt and mutant proteins were determined to be wt (5.5) > H64V/V67R (1.8) > H64V (0.35)
(the analogous experiments done in dithionite reduced, reductant-free solutions were 5.8, 1.6
and 0.29 M−1 s−1 for wt Mb, H64V/V67R, and H64V, respectively). The nitrite reduction
activity of the H64V MbII mutant is only ~ 1/16th that of wt MbII. This suggests that the weaker
binding-/activation of the N-bound nitrite and/or the absence of a distal H-bonding residue
slows the nitrite reduction by the ferrous myoglobin H64V mutants. Consistent with this view
is the observation that nitrite reduction by the H64V/V67R double mutant is five-fold faster
than that by the single H64V mutant, although still somewhat slower than that by the wt protein.
The kinetics data for the second-order rate constants described in this section are summarized
in Table 2.

Discussion

Nitrite Linkage Isomerism in Synthetic Heme Models

Both the nitro and nitrito binding modes shown in Fig. 1 have been determined
crystallographically for metalloporphyrin nitrite complexes. The nitro binding mode is, with
one exception, the only binding mode established to date for both ferric and ferrous porphyrins.
47–49 The exception is that for the [(TpivPP)Fe(NO2)(NO)]− (TpivPP = tetra
(pivalamidophenyl)porphyrinato dianion) complex that exhibits a 60:40 disorder of the
FeONO:FeNO2 binding modes in the same crystal.48

Without exception, the X-ray crystal structures of cobalt porphyrins complexed with nitrite
reveal the N-binding mode of nitrite.47, 50–53 However, laser flash photolysis of the nitro
complex (TPP)Co(NO2) (TPP = tetraphenylporphyrinato dianion) in benzene results in
photodissociation of the NO2 ligand which recombines to give the metastable nitrito species
(TPP)Co(ONO). A nitrito-to-nitro linkage isomerization occurs to regenerate the
thermodynamically more stable nitro complex (TPP)Co(NO2).54

The nitrito binding mode has been the only one determined to date in crystal structures of nitrite
adducts of synthetic metalloporphyrins of Mn,55 Ru,56–59 and Os.60 Interestingly, however,
flash photolysis of the (TPP)Mn(ONO) complex in toluene results in the dissociation of the
nitrite ligand, and recombination follows second-order kinetics to generate the intermediate
nitro complex (TPP)Mn(NO2), which then isomerizes to the stable nitrito species (TPP)Mn
(ONO).61

Are the N-bound and O-bound nitrite linkage isomers close in energy in

synthetic iron porphyrins?—Results from experimental investigations and theoretical
calculations suggest this to be the case. The low temperature photolysis of the six-coordinate
(TPP)Fe(NO)(NO2) complex as a KBr pellet results in IR spectral changes associated with a
nitro-to-nitrito linkage isomerization process to yield the metastable (TPP)Fe(NO)(ONO)
species.62, 63 The existence of this metastable linkage isomer was confirmed by 15N isotope-
labeling experiments and by extensive DFT calculations on the model porphine system. The
theoretical calculations on the model (P)Fe(NO)(NO2) compound predicted that the nitrito
FeONO isomer was only ~4.3 kcal/mol higher in energy than the nitro FeNO2 isomer. Such
linkage isomerization was also observed during the reactions of the in situ generated (por)Fe
(ONO) (por = TPP, TTP; TTP = tetratolylporphyrinato dianion) compounds with NO64, 65 or
NH3

;66 the low temperature reactions gave the intermediate six-coordinate (por)Fe(L)(ONO)
(por = TPP, TTP; L = NO, NH3) compounds that underwent linkage isomerization upon
warming to the thermodynamically more stable nitro (por)Fe(L)(NO2) derivatives. DFT
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calculations on the model (P)Fe(ONO) compound (P = porphinato dianion) predicted near-
identical energies for the experimentally observed nitrito and the not-yet-observed nitro
isomers.64

Related DFT theoretical calculations on the six-coordinate model compound (P)Fe(NO2)
(ImdH) reveal a thermodynamic preference for the nitro binding mode in these compounds by
4.5 kcal/mol in the ferric form and 6 kcal/mol in the ferrous form;67 similar energy differences
of 5–10 kcal/mol, depending on the basis sets used, were obtained for the same system in a
recent study.68 These results are not inconsistent with an earlier calculation on the model
compound (P)Fe(NO2)(NH3) that showed a thermodynamic preference, by over 10 kcal/mol,
for the nitro binding mode in the ferric form.69

Nitrite Linkage Isomerism in Heme Proteins

There were no reports of linkage isomerization involving nitrite ligands in any heme protein
prior to our results presented in this article. The N-binding mode of nitrite has been observed
in the crystal structures of the nitrite adducts of cyt cd1 NiR from P. pantotrophus,12 the sulfite
reductase hemoprotein from E. coli,70 and cyt c NiR from W. succinogenes.69 This N-binding
mode is retained in the nitrite adduct of the Y218F mutant of cyt c NiR that has a conserved
and critical H-bonding (to nitrite) residue mutated to a non-H-bonding residue.13

Our determination of the O-binding mode of nitrite in crystals of hh MbIII(ONO) was thus
unexpected.14 Importantly, this O-binding was the sole binding mode found when crystals of
metMbIII were soaked with nitrite, or when crystals of the product were grown from preformed
MbIII(ONO) in solution, indicating that this binding mode was not due to an artificial constraint
of the distal pocket of preformed metMbIII crystals. In this compound, the FeONO moiety was
found in the classical trans conformation (Fig. 5). A similar trans-FeONO conformation was
determined for the nitrite ligand in the Mn-substituted derivative MnIIIMb(ONO).71 In the case
of the nitrite adduct of human tetrameric hemoglobin that also exhibits O-binding of nitrite,
the FeONO moiety was found in the trans conformation in the α subunit, but was found in a
distorted cis-like conformation in the β subunit.15

Our attempts to date at generating a MbII(ONO) complex have not been successful. For
example, we have attempted to generate such a ferrous complex through (i) the stoichiometric
addition of nitrite to ferrous deoxyMbII crystals, and (ii) the addition of sub-stoichiometric to
stoichiometric amounts of reducing agents to crystals of MbIII(ONO).14 In the case of the
former attempts, it is known that nitrite will oxidize MbIIs, and we observed this as well. In
the case of the latter attempts, our crystal structural results showed a reduced occupancy of the
nitrite in the distal pocket; not surprisingly, the nitrite occupancy was inversely related to the
amount of reducing agent added, and the final structures obtained were those for the MbIINO
compound.

We previously reported a different approach to gain insight into the possible N-binding mode
of nitrite to MbII. As mentioned earlier, all crystal structures of cobalt porphyrins with nitrite
ligands published to date display the N-binding mode of nitrite to the cobalt center.
Furthermore, CoIII-substituted Mb is formally valence isoelectronic with MbII. Surprisingly,
the crystal structure of the CoIIIMb(ONO) complex also reveals the O-binding mode of nitrite
to the metal center.71 This remains the only published report of O-binding of nitrite to any
cobalt porphyrin, and clearly demonstrates the strong influence of the single H-bonding His64
residue in directing the O-binding of nitrite in Mbs.
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Nitrite Binding to Mb Mutants

Given our observations described above, and given the fact that the calculated energy
differences between the N-bonded and O-bonded forms of nitrite to hemes were on the order
of H-bond stabilization energies, we hypothesized that the single His64 residue in Mb did
indeed exert a strong influence in directing the O-binding mode of nitrite. Our crystal structure
of the nitrite adduct of the MbIII H64V single mutant, shown at the top of Fig. 3, confirms our
hypothesis. Surprisingly, this is the first report of a change in nitrite conformation in any heme
protein due to a mutation of a distal pocket residue, and is the first report of a variable
coordination mode of nitrite in a heme protein. We also hypothesized that reintroducing a H-
bonding residue into the distal pocket will restore the O-binding mode of nitrite to MbIII. Our
crystal structure of the nitrite adduct of the H64V/V67R double mutant, shown at the top of
Fig. 4, also confirms this hypothesis. In this latter case, the O-bonded nitrite ligand is best
modeled in a distorted cis-like conformation, rather than in the trans conformation observed
in the wt MbIII(ONO) structure.

Additional important clues on any preferential binding of nitrite to wt MbIII are obtained from
two recent computational studies. Basu et al. have reported that in a truncated Hb mono-subunit
system containing the Fe-porphine, imidazole side chain H-bonded to an acetic acid group,
and the distal His, the N-bonded nitro form was calculated to be more stable than the O-bonded
nitrito form by ~7 kcal/mol.72 Perissinotti et al. have similarly reported that for truncated
subunits of HbII, the N-bound isomer of nitrite is favored over the O-bound form (by 9 kcal/
mol for the α subunit, but by only 3 kcal/mol for the β subunit).68 In the latter study, the authors
concluded that both N- and O-bonded nitrite modes in the ferrous systems could contribute to
NiR activity. This is consistent with an earlier proposal by Silaghi-Dumitrescu who suggested,
based on DFT calculations, that both N- and O-bonded nitrite groups were catalytically
competent in the related NiR activity of the ferrous cyt cd1 NiR enzyme.67

It has been proposed that in both the Hb and cyt cd1 NiR proteins, nitrite reduction can in
principle occur by either of the energetically feasible N-bonded nitro or O-bonded nitrito
modes.67, 68 For the nitro mode, it still widely accepted that a formal double protonation of a
nitro O-atom precedes the release of a H2O molecule and the generation of a FeIII-bound NO
(structure I). In contrast, protonation of an O-bonded nitrito ligand would generate the ferric-
hydroxo species and NO through an ON-O bond homolysis reaction (structure II).

Chemical precedent for the latter reaction has been provided for the reactions of alkyl nitrites
with group 8 metalloporphyrins, in which NO is generated together with metal alkoxide
products.73–75

As described in the Results section, the second order rate constants for nitrite reduction by the
wt and mutant MbIIs follow the order wt > H64V/V67R >> H64V. Given the calculated small
energy differences between the N- and O-bonded modes of nitrite, we speculate that the
presence of a distal H-bonding residue in the distal pocket is primarily responsible for this
order. Thus, the double-mutant H64V/V67R is closest to the wt Mb protein in providing a
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distal pocket H-bonding environment to the nitrite ligand, and this is reflected in a similar order
of magnitude in the rate of nitrite reduction. In contrast, the nitrite ligand in its H64V adduct
is missing this critical H-bonding residue. Indeed, the NiR activity of the H64V MbII mutant
is only ~ 1/16th that of wt MbII.

Summary

In this article, we demonstrate using site-directed mutagenesis that the single H-bonding distal
pocket residue in hh MbIII directs the bound nitrite anion towards the O-nitrito binding mode.
Further, we have demonstrated the use of cysteine as a reducing agent for MbIIIs, and have
shown that the NiR activity of the H64V Mb mutant lacking a distal H-bonding residue is
markedly diminished, suggesting that the single His64 residue is a crucial factor in Mb-enabled
nitrite reduction. We note that these results represent the first demonstration of a variation of
nitrite binding mode as a function of distal pocket changes in a metalloprotein.
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Figure 1.

Crystallographically determined binding modes of nitrite to heme proteins and copper
enzymes.
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Figure 2.

Sketches of the active sites of wild-type (wt) and mutant Mbs.
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Figure 3.

The 2Fo−Fc electron density maps (left; contoured at 1σ) and Fo−Fc electron density map
(right; contoured at 3σ) and final models of the heme environments in the crystal structures of
the ferric hh Mb H64V single mutant. The 1.95 Å resolution crystal structure of the nitrite
adduct of this H64V mutant is shown in A and B (PDB access code 3HEP). The 2.0 Å resolution
crystal structure of the ferric H64V mutant without nitrite is shown in C and D (PDB access
code 3HC9).
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Figure 4.

The 2Fo−Fc electron density maps (left; contoured at 1σ) and Fo−Fc electron density map
(right; contoured at 3σ) and final models of the heme environments in the crystal structures of
the ferric hh Mb H64V/V67R double mutant. The 2.0 Å resolution crystal structure of the nitrite
adduct of this H64V/V67R mutant is shown in A and B (PDB access code 3HEO). The 1.90
Å resolution crystal structure of the ferric H64V/V67R double mutant without nitrite is shown
in C and D (PDB access code 3HEN).
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Figure 5.

The trans-FeONO and cis-FeONO conformations.
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Figure 6.

Superposition of the final models of the active sites of the ferric hh Mb H64V/V67R (light
gray) and that of the ferric hh Mb H64V/V67R-nitrite complex (dark gray) structures. The
nitrite ligand is not shown.
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Figure 7.

UV-vis spectroscopic monitoring of the reactions of the metMbs with excess cysteine (1 mM)
under anaerobic conditions in 0.1 M phosphate buffer at pH 7.41 at 25 °C. A: [wt] = 3.7 µM.
B: [H64V] = 3.7 µM. C: [H64V/V67R] = 3.5 µM.
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Figure 8.

The reaction between cysteine reduced wt MbII (2.5 µM) and nitrite (1 mM) was monitored
by UV/vis at 25 °C in 0.1 M phosphate buffer at pH 7.41. The loss in absorbance for FeII at
433 nm was used to calculate the initial rates. After FeII oxidation in excess cysteine the reaction
proceeds to form FeII(NO) on the same timescale as the rate limiting cysteine reduction.
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Scheme 1.
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Table 1

X-ray data collection and refinement statistics

H64V MbIII H64V MbIII nitrite H64V/V67R MbIII H64V/V67R MbIII nitrite

PDB access code 3HC9 3HEP 3HEN 3HEO

A. Crystal parameters

Space Group P21212 P21212 P21212 P21212

Unit cell dimensions

a, b, c (Å) 30.64, 119.24, 56.68 30.39, 119.39, 57.15 30.32, 119.00, 56.78 29.84, 118.05, 57.36

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Solvent content (%) 54.07 54.24 54.35 53.83

B. Data collection

Wavelength (Å) 1.5418 1.5418 1.5418 1.5418

Temperature (K) 104 100 104 100

Resolution range (Å) 20.8-2.0 23.2-1.95 24.4-1.9 20.6-2.0

Number of observations 109483 110170 108894 98292

Unique reflections 15752 15767 15394 13595

Multiplicity 7.42(7.44) 6.99(7.07) 7.07(7.32) 7.23(7.17)

Completeness (%) 100(100) 100(99.1) 91.0(91.5) 93.9(91.0)

Mean I/σ(I) 9.4(2.9) 7.1(2.8) 11.0(3.3) 9.9(3.3)

Rmerge (%)b 9.8(49.0) 12.5(50.3) 7.6(46.2) 9.6(57.1)

C. Refinement

Resolution (Å) 2.0 1.95 1.90 2.0

Number of protein atoms 1239 1239 1243 1243

Number of heteroatoms 118 128 158 101

R-factor (%)c 18.6 19.8 18.0 20.2

Rfree (%)d 23.7 25.0 23.3 25.8

Average B-factors (Å2) 27.2 26.6 27.7 29.9

R.m.s.d. from standard
geometry

Bond lengths (Å) 0.028 0.028 0.024 0.027

Bond angles (°) 2.10 2.09 1.92 2.13

Ramachandran plot (%)e

  Most favored region 96.03 94.04 95.24 94.7

  Allowed region 3.97 5.96 4.76 5.3

  Disallowed region 0 0 0 0

a
The data in brackets refer to the highest resolution shell.

b
Rmerge = Σ| I − <I>||/Σ(I) Where I is the individual intensity observation and <I> is the mean of all measurements of I.

c
R = Σ||Fo|− |Fc||/Σ|Fo| where Fo and Fc are the observed and calculated structure factors, respectively.

d
Rfree was calculated using 5% of the randomly selected diffraction data which were excluded from the refinement.
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e
As calculated using PROCHECK.27
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Table 2

Second order rate constants (25 °C) for the anaerobic reduction of the metMbIIIs and anaerobic nitrite reduction
by the MbIIs.

MbIII plus cysteine MbII plus nitrite

k2(M−1s−1) k2
' (M−1s−1)

wt 0.069 5.5

H64V 0.60 0.35

H64V/V67R 2.3 1.8
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