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Abstract

Denitrifying NO reductases are transmembrane protein complexes that utilize a heme/nonheme 

diiron center at their active sites to reduce two NO molecules to the innocuous gas N2O. FeBMb 

proteins, with their nonheme iron sites engineered into the heme distal pocket of sperm whale 

myoglobin, are attractive models to study the molecular details of the NO reduction reaction. 

Spectroscopic and structural studies of FeBMb constructs have confirmed that they reproduce the 

metal coordination spheres observed at the active site of the cytochrome-c-dependent NO 

reductase from Pseudomonas aeruginosa. Exposure of FeBMb to excess NO, as examined by 

analytical and spectroscopic techniques, results primarily in the formation of a five-coordinate 

heme-nitrosyl complex without N2O production. However, substitution of the outer-sphere residue 

Ile107 to a glutamic acid (i.e., I107E) decreases the formation rate of the five-coordinate heme-

nitrosyl complex and allows for the sub-stoichiometric production of N2O. Here, we aim to better 

characterize the formation of the five-coordinate heme-nitrosyl complex and to explain why the 

N2O production increases with the I107E substitution. We follow the formation of the five-

coordinate heme-nitrosyl inhibitory complex through the sequential exposure of FeBMb to 

different NO isotopomers using rapid-freeze-quench resonance Raman spectroscopy. The data 

show that the complex is formed by the displacement of the proximal histidine by a new NO 

molecule after the weakening of the Fe(II)-His bond in the intermediate six-coordinate low-spin 

heme-nitrosyl complex. These results lead us to explore diatomic migration within the scaffold of 

myoglobin and whether substitutions at residue 107 can be sufficient to control access to the 

proximal heme cavities. Results on a new FeBMb construct with an I107F substitution (FeBMb3) 

show an increased rate for the formation of the 5cLS heme-nitrosyl complex without N2O 
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production. Taken together, our results suggest that production of N2O from the [6cLS heme 

{FeNO}7/{FeBNO}7] trans iron-nitrosyl dimer intermediate requires a proton transfer event 

facilitated by out-sphere residue such as E107 in FeBMb2 and E280 in Pseudomonas aeruginosa 
cNOR.

The 2-electron reduction of nitric oxide (NO) to nitrous oxide (N2O) by denitrifying ground 

bacteria is an essential step of the global nitrogen cycle and of great significance to global 

warming since agricultural production leads to atmospheric emission of the powerful 

greenhouse gas N2O.(1) The biological reduction of NO is also of direct significance to 

human health since it allows pathogenic bacteria to fend off NO produced by the 

mammalian immune response.(2)

Two denitrifying NO reductases have been structurally characterized by X-ray 

crystallography, (3, 4) and in conjunction with many years of spectroscopic and kinetic 

analyses,(5-7) the basic outline of their catalytic cycle is now broadly accepted. Specifically, 

within the core of a transmembrane protein complex that is analogous to the heme/copper 

terminal oxidases of aerobic respiration,(8, 9) NO reductases anchor a heme/nonheme 

diiron(II) site that can react with two NO molecules to generate N2O before the resulting 

diiron(III) center can be re-reduced by nearby electron-transfer cofactors. The two NOR 

crystal structures studied to date reveal a conserved hydrophobic channel leading to the 

diiron site that presumably permits rapid diffusion of NO and N2O between the active site 

and the lipophilic bilayer of the biological membrane where the solubility of these gases is 

high. Accordingly, kinetic studies suggest that oxidation of the diiron(II) site by NO is a 

submillisecond process.(10)

Since nitroxyl (HNO), in contrast to NO, readily self-dimerizes to produce N2O,(11) most 

proposed NOR mechanisms involve the initial binding of NO to iron(II) (i.e., at the heme or 

nonheme iron, or at both irons), where the NO is partially reduced to a nitroxyl prior to the 

formation of the N-N bond of a hyponitrite species;(12) however, neither the presence of this 

species nor its nitrosyl precursor(s) has been conclusively detected. The subsequent cleavage 

of an N-O bond to generate N2O may proceed through protonation of the hyponitrite 

intermediate, or alternatively, isomerization of the coordinated hyponitrite to position an 

oxygen atom in a bridging coordination could lead to the formation of a bridging μ-oxo and 

the N2O product. In the latter case, protonation of the μ-oxo bridge would occur along with 

the re-reduction of the diiron(III) site. Interestingly, while hydrophilic proton channels to the 

diiron sites have been modeled for both crystallized NORs, they are not conserved, and in 

fact provide access to different sides of the cytoplasmic membrane.(13)

Engineered myoglobins that mimic the heme/nonheme diiron site of NORs are attractive 

models to define the initial steps leading to N2O production. High-resolution crystal 

structures of these constructs have confirmed that the coordination sphere of the two metals 

and the metal-metal distance observed in NORs are adequately reproduced.(14, 15) At the 

nonheme iron FeB site, two engineered distal histidines (L29H and F43H) and a glutamate 

side chain (V68E) complement the native distal histidine (H64) to provide the (3His, 1Glu) 

coordination sphere to the nonheme iron. While one myoglobin construct, FeBMb1, strictly 

provides the required side chains at the FeB site, a second construct, FeBMb2, also includes 
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a peripheral glutamate side chain that is believed to play a role in proton transfer during 

catalysis in NORs (Figure 1).

Using FTIR and resonance Raman (RR) spectroscopy, we have shown that FeBMb1 and 

FeBMb2 can bind one NO molecule with high-affinity at the heme iron(II) and that their 

resulting six-coordinate low-spin (6cLS) heme-nitrosyl complexes (heme {FeNO}7 species 

in the notation of Enemark and Feltham),(16) exhibit exceptionally low N-O stretching 

frequencies between 1545 and 1550 cm−1, which we attribute to a strong nitroxyl-like 

character.(17) In addition, we found that equally low N-O stretching frequencies are 

observed when their FeB sites are occupied with either Fe(II) or Zn(II), but not with Cu(I), 

suggesting that the 6cLS heme nitroxyl-like complexes are stabilized by electrostatic 

interactions with the divalent metal center at their FeB sites. (17)

This semi-bridging nitroxyl-like structure was predicted by theoretical calculations and is 

expected to increase the nucleophilicity of the NO− group to promote a direct electrophilic 

attack by a second NO to produce a diferric-hyponitrite dianion intermediate.(12, 18) 

However, monitoring the reactions of FeBMb constructs with excess NO using UV-vis 

stopped-flow absorption and rapid-freeze-quench resonance Raman (RFQ-RR) 

spectroscopies (between 10 and 90-fold excess NO in stopped-flow experiments and 3- to 4-

fold NO excess in RFQ) and showed that a direct attack of the nitroxyl-like species by NO 

does not occur.(19) Specifically, time-resolved measurements show that the heme and non-

heme iron(II) each binds one NO molecule to form a [6cLS heme {FeNO}7/{FeBNO}7] 

trans iron-nitrosyl dimer complex and that this complex accumulates in the millisecond time 

scale whether the FeBMb constructs are directly exposed to excess NO in their diiron(II) 

forms or if the heme-nitrosyl complex is pre-formed by the addition of 1-equiv NO (Scheme 

1). The formation rates for these trans iron-nitrosyl dimers are complex. The first event 

corresponds to the binding of one NO to FeB(II) within the millisecond time resolution of 

our stopped-flow and RFQ instruments.(19) In wild-type myoglobin, access to the heme in 

the distal pocket is gated by the distal histidine His64,(20) but in the FeBMb constructs, 

His64 is recruited as an FeB(II) ligand, and preferential binding of the first NO to FeB(II) 

rather than to the heme iron(II) may simply reflect a favorable orientation of the open 

coordination site on FeB(II) relative to the entry of NO into the distal pocket. In the absence 

of excess NO, the NO group migrates from FeB(II) to the heme iron(II), indicating a higher 

NO binding constant for the heme iron(II) relative to FeB(II) (Scheme 1). Accordingly, the 

dissociation rate constants for NO in these heme-nitrosyl complexes are low: 0.1 × 10−3 and 

0.5 × 10−5 s−1 in FeBMb1 and FeBMb2, respectively.(19) After binding of a first NO 

molecule at FeB, a second NO molecule binds to the heme iron(II) with a biphasic rate, 

possibly reflecting alternative access routes or alternative geometries at the distal pocket. 

The resulting trans iron-nitrosyl dimer complexes exhibit a single set of heme and nonheme 

N-O stretching frequencies in both FeBMb constructs.(19)

Quantitative detection of N2O in solution by transmittance FTIR spectroscopy indicated that 

the trans iron-nitrosyl dimer in FeBMb1 does not produce N2O but instead decays with the 

formation of a five-coordinate low-spin (5cLS) complex in an NO-concentration dependent 

fashion.(19) The same 5cLS heme-nitrosyl complex forms in FeBMb2 as well, but it does so 

at a slower rate and in a sub-stoichiometric fashion since in contrast to FeBMb1, 
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approximately half an equivalent of N2O is produced with a first order rate constant of 0.7 

s−1 at 4 °C (Scheme 1). Although only 0.5 equivalent of N2O is produced in FeBMb2, it 

nevertheless validates the potential of these models to mimic denitrifying NORs. To further 

engineer these myoglobin constructs toward efficient NO reduction, we must first 

understand the mechanistic pathway for the formation of the 5cLS heme-nitrosyl complex 

and the molecular basis for the increased reactivity of the trans iron-nitrosyl dimer toward 

N-N bond formation in FeBMb2.

Here, we show RFQ-RR data that support a proximal attack of the heme iron-histidine bond 

by NO as the mechanistic route to the 5cLS heme-nitrosyl complex. Because prior studies of 

diatomic ligand migration within myoglobin have shown that the heme proximal site is 

accessed primarily through the distal pocket rather than directly from solvent and that 

residue 107 can control ligand migration,(21-23) we also explore a new construct where 

isoleucine 107 is substituted with a phenylalanine (FeBMb3). The I107F substitution in 

swMb was shown to limit diffusion of CO from the heme distal pocket to the proximal side.

(24) However, with the FeBMb framework, we find that the added Phe sidechain does not 

preclude the inhibitory NO attack of the proximal pocket and that in fact it accelerates the 

formation rate of the 5cLS heme-nitrosyl complex. The current study supports the notion 

that the added hydrophilicity the I107E mutation provides to the distal pocket is at the origin 

of the gain in NO reductase activity in FeBMb2 and further supports the importance of 

proton transfer to the formation of the N-N bond in NORs.

Materials and Methods

FeBMbs preparation and Fe(II) loading

FeBMb3 (swMb L29H/F43H/V68E/I107F) was constructed using the procedure described 

previously,(14, 15) and confirmed by DNA sequencing at the Biotechnology Center of the 

University of Illinois. FeBMb1 (swMb L29H/F43H/V68E) and FeBMb3 constructs were 

expressed and purified in the oxidized form (i.e. metMb) with empty FeB sites as described 

previously. The purity and identity were confirmed by SDS-PAGE and protein 

concentrations were calculated on the basis of a 406-nm extinction coefficient, ε406, of 175 

mM−1cm−1 in the oxidized form. 1 mM apo-FeBMbs solutions in 50 mM Bis-Tris buffer, pH 

7, were brought into an anaerobic glovebox containing <1 ppm of O2 (Omnilab System, 

Vacuum Atmospheres Co.). The proteins were reduced by addition of ~5 mM sodium 

dithionite followed by removal of excess reduction agents with desalting spin columns (7K 

MWCO, Zeba, Thermo Scientific). The Fe(II) loading into apo-FeBMbs was performed 

according to the previously described methods. Briefly, 1.3 equivalent Fe(II)Cl2 in 0.01 M 

HCl was added to 1 mM reduced apo-FeBMbs solutions at a rate of 0.5 μL/min with gentle 

stirring and the protein solution was anaerobically incubated at room temperature for 20 

min. After the incubation, the excess iron was removed with a 7K MWCO desalting spin 

column. Iron incorporation into the FeB site of FeBMbs was confirmed by UV-vis 

spectroscopy using a Cary 50 spectrophotometer (Varian Inc).
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Preparation of NO solution and preparation of NO adducts

NO gas (99.5%, Airgas) and 15NO gas (>98% 15N, Cambridge Isotope Laboratory) were 

further purified by bubbling through a 1 M NaOH solution to remove the degradation 

products N2O3 and NO2. The NO-saturated solutions (~2 mM) were prepared by bubbling 

the purified NO gases through 50 mM Bis-Tris buffer with septa inside the anaerobic 

glovebox. The exact concentration of NO solutions was determined by titration against 

deoxymyoglobin in UV-vis cuvettes with septa. To prepare FeBMb samples fully reacted 

with NO, the sample headspace was thoroughly exchanged with the purified NO gases, and 

the completeness of the reaction was checked by UV-vis spectra collected directly in UV-vis 

cuvettes or NMR tubes.

RR Experiments

RR spectra were recorded using a custom McPherson 2061/207 spectrograph (set at 1 m 

focal length with 2400 grooves per millimeter of holographic gratings) equipped with a 

liquid N2-cooled CCD detector (LN-1100PB, Princeton Instruments). The 406-nm excitation 

laser was derived from a Kr laser (Innova 302C, Coherent). A Kaiser Optical supernotch 

filter or a long-pass filter (RazorEdge, Semrock) was used to attenuate Rayleigh scattering. 

Low temperature spectra were recorded in a backscattering geometry on samples maintained 

at 110 K with a coldfinger dipped in a liquid nitrogen Dewar. Frequencies were calibrated 

relative to aspirin and are accurate to ±1 cm−1. To assess the photosensitivity of the NO 

adducts, rapid acquisitions within a range of laser powers and continuous sample spinning 

were compared with longer data acquisitions on static samples. Because none of the RFQ 

samples showed evidence of photosensitivity under laser illumination at 110 K, RR spectra 

could be obtained on static samples with laser power as high as 100 mW defocused on a 0.5 

mm width by 1 mm height sample area. Each RR spectra correspond to CCD total exposure 

times of 5 min. Background subtractions were strictly limited to 2-point linear baselines 

applied to the entire 1100-pixel window.

Rapid-Freeze-Quench (RFQ) Experiments

RFQ experiments were conducted according to our previously described protocol with some 

modifications.(25) 14NO-mononitrosyl complex of FeBMb1 was prepared by stoichiometric 

addition of 14NO to fully reduced protein using 14NO-saturated stock solution and checked 

by UV-vis spectra just prior to the sample loading. Glass syringes (1 mL) were loaded with 

protein solutions (0.6 mM 14NO-mononitrosyl complex of FeMb1 in 50 mM Bis-Tris, pH 

7.0) and 2 mM NO solution (50 mM Bis-Tris, pH 7.0) inside the anaerobic glovebox. The 

sample syringes were mounted to a System 1000 Chemical/Freeze Quench Apparatus 

(Update Instruments) and equilibrated at 4 °C. Reaction times were controlled by varying 

the syringe displacement rate from 1 to 8 cm/s or by varying the length of the reactor hose 

between the mixer and the exit nozzle. Five milliseconds were added to the calculated 

reaction times to account for the time-of-flight and the freezing time in liquid ethane. Mixed 

volumes of 300 μL were ejected into a glass funnel attached to NMR tubes filled with liquid 

ethane, and the frozen samples were packed into the tube as the assembly sat within a Teflon 

block cooled to −120 °C. The cryosolvent was allowed to evaporate from packed samples by 

incubation at −80 °C for 2 h before RR measurements.
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Stopped-Flow UV-vis Spectroscopy

Stopped-flow experiments were performed with an SX20 apparatus (Applied Photophysics) 

with a 1-cm path length cell equilibrated at 4 °C inside an anaerobic glovebox. FeBMb stock 

solutions were diluted to obtain a final concentration of 10 μM in 50 mM Bis-Tris buffer, pH 

7.0. NO solutions ranging from 0.1 to 2 mM in the same buffer were prepared in 1.2 mL 

glass vials capped with septa and were used immediately. After each experiment, remaining 

premixed solutions were recovered from the stopped-flow apparatus to confirm the 

concentration of the reactants. The single-wavelength data at 388, 420, and 440 nm were fit 

using Pro-Data software from Applied Photophysics or Origin 9.0 software by Origin Lab 

Corporation. Initial estimates of rate constants and amplitudes were derived from either 

single- or multiple- exponential fits to these single wavelength data sets. The kinetics data 

were better fit to triple exponential leading to pseudo-first-order rate constants kobs1, kobs2, 

and kobs3. The reported rate constants are from global analyses and are the average of at 

least three different rapid mixing experiments. Second-order rate constants were obtained 

from linear regression analyses of kobs versus NO concentration plots.

Results and Discussion

RFQ-RR evidence for the formation of the 5cLS heme-nitrosyl complex through a proximal 
attack of the heme 6cLS heme-nitrosyl by NO

Our previous stopped-flow and RFQ-RR study of the reaction of reduced FeBMb1 with a 3- 

to 4-fold NO excess demonstrated that a [6cLS heme {FeNO}7/{FeBNO}7] trans iron-

nitrosyl dimer complex forms within the millisecond scale before it decays to a [5cLS heme 

{FeNO}7/{FeBNO}7] complex.(19) Stopped-flow absorption data revealed that the 

conversion of the heme-nitrosyl complex from a six- to five-coordinate number is linearly 

dependent on NO concentrations with a 2.1 mM−1s−1 second order rate constant that implies 

the involvement of a third NO molecule.(19) However, it is unknown if this third NO acts in 

an allosteric fashion to destabilize the 6cLS heme-NO complex and promote the iron-

histidine bond cleavage (Scheme 1, allosteric effect), or if NO directly attacks the heme 

proximal pocket to displace the proximal histidine (Scheme 1, proximal attack). 

Unfortunately, the RR signature of the 5cLS heme-nitrosyl does not provide any direct 

insight as to whether the nitrosyl group is bound on the distal or proximal side.

To define the route of formation of the 5cLS heme-nitrosyl complex in FeBMb1, we 

prepared RFQ samples with different freezing times in the course of the reaction of 

FeBMb1(14NO) with excess 15NO for analysis by low-temperature RR spectroscopy. We 

previously reported that exposure of reduced FeBMb1 to 1 equiv NO produces a 6cLS heme-

nitrosyl adduct with a half-life of 2 h at room temperature which gives ample time to prepare 

the mononitrosyl complex and test its reaction with isotopically labeled 15NO excess by 

RFQ-RR.(17, 19) The slow NO dissociation rate of the 6cLS heme-nitrosyl complex in 

FeBMb1(NO) also precludes exchange of the distal NO with free NO within the millisecond 

to second timescale explored by RFQ. Indeed, the exchange of NO from the 6cLS heme 

{FeNO}7 complex of horse heart myoglobin with free NO was shown to depend on a 

dissociative mechanism and to proceed very slowly with a half-life of ~2 h at 40 °C.(26, 27) 

Thus, if the end-product results from an allosteric effect of NO, the 14NO from the 6cLS 
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heme-nitrosyl complex should be retained in the 5cLS heme-nitrosyl complex, but if the 

dissociation of the proximal histidine occurs through a displacement mechanism by a third 

NO molecule, a 5cLS heme-15NO complex is expected.

Figure 2 compares the RR spectra of three RFQ samples trapped 40 ms, 280 ms, and 2 min 

after mixing FeBMb1(14NO) with excess 15NO. The spectrum of the 40-ms RFQ sample 

exhibits prominent porphyrin skeletal modes ν4, ν3, ν2, and ν10 at 1376, 1506, 1586, and 

1644 cm−1, respectively, characteristic of a 6cLS heme-nitrosyl species,(28) with only a 

minor ν4 at 1354 cm−1 corresponding to a small population of unreacted ferrous 5cHS 

porphyrin (Figure 2, middle panel). In the low-frequency region, the RR spectrum of the 40-

ms RFQ sample shows a 572-cm−1 band previous assigned to the ν(Fe14NO) from the 6cLS 

heme {FeNO}7 complex based on its 20-cm−1 downshift with 15NO (Figure 2, left panel).

(19) In the high-frequency region, beyond the porphyrin skeletal modes, a very weak signal 

at 1726 cm−1 assigned in our previous work(19) to a ν(15NO) from a nonheme {FeB
15NO}7 

species is also observed with unchanged intensity for all three spectra of different RFQ 

samples (Figure 2, right panel). Thus, these RR spectra are consistent with the rapid binding 

of 15NO to the nonheme iron to formation a trans [6cLS heme {Fe14NO}7/{FeB
15NO}7] 

complex.

The RR spectrum of the 280-ms RFQ sample shows porphyrin ν3 and ν10 modes at 1506 

and 1644 cm−1 that gains further intensity in the RR spectrum of the 2-min RFQ sample and 

reflect the conversion of the 6cLS heme-nitrosyl to a 5cLS heme-nitrosyl species.(19) Most 

importantly, in the low-frequency region, the 572 cm−1 band from the initial 6cLS heme 

{FeNO}7 species is replaced by a 511 cm−1 band previously assigned to the ν(Fe15NO) 

from the 5cLS heme-nitrosyl complex (Table 1).(19) Thus, the RFQ-RR data demonstrate 

that after binding of a first 15NO molecule to the nonheme FeB site to form the trans iron-

nitrosyl dimer complex, i.e., [6cLS heme {Fe14NO}7/{FeB
15NO}7], a second 15NO 

molecule binds at the proximal heme iron site, displacing the histidine ligand before release 

of the distal 14NO molecules (Scheme 1, proximal attack pathway).

Characterization of FeBMb3, an I107 variant that fails to produce N2O

RFQ-RR spectroscopy of the reaction of 14NO-mononitrosyl FeBMb1 with 15NO strongly 

suggests a proximal NO as the driving force for the 6cLS to 5cLS conversion of the heme-

nitrosyl complex. As previously reported,(14, 19) substituting the outer sphere residue 

Ile107 to a glutamate affects the fate of the NO reaction at the heme/nonheme diiron site. 

Specifically, the binding sequence for the first two NO molecules generating the trans [6cLS 

heme {FeNO}7/{FeBNO}7] iron-nitrosyl dimer complex remains unchanged in this FeBMb2 

construct compared to FeBMb1, but conversion of this intermediate to the 5cLS heme-

nitrosyl complex is not complete and instead half the iron-nitrosyl dimer decays with 

production of N2O.(14, 19) There is no significant change in van der Waals volume for an 

Ile-to-Glu substitution, but perturbations in electrostatic and hydrogen bond interactions are 

expected, and interestingly, the crystal structure of FeBMb2 indicates that the added 

glutamate side chain stabilizes a coordinating water molecule at the FeB site. Thus, a 

possible explanation for the impact of the I107E substitution on the fate of the reaction is 

that it facilitates protonation steps required for NO reduction.(14)
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An alternative explanation is that the I107E substitution limits the migration of diatomic 

ligands from the distal to proximal side of the heme pocket and protects the heme Fe-His 

bond from NO. Indeed, the second order rate constant for the formation of the 5cLS heme-

nitrosyl complex in FeBMb2 is 2-times lower than in FeBMb1, and this change may suffice 

to allow the productive reaction to proceed. Spectroscopic and crystallographic studies of 

wild-type swMb have shown that Ile107 lines the heme cavity and controls the migration of 

diatomic ligands from the distal pocket to proximal cavities that are otherwise mostly 

inaccessible from outside the protein matrix.(24, 29, 30) Specifically, an I107F mutation was 

shown to limit migration of CO from the distal side to the proximal cavities.(24) Thus, we 

tested a new FeBMb construct with an I107F substitution (FeBMb3) by stopped-flow and RR 

spectroscopy.

As with FeBMb1 and FeBMb2, incorporation of Fe(II) at the FeB site of FeBMb3 can be 

monitored by UV-vis spectroscopy at it induced the appearance of prominent shoulders at 

524 and 578 nm in the α/β bands region of the visible spectrum (Figure 3). Exposure of 

reduced FeBMb3 to excess NO results in a major blue shift of the Soret absorption to 406 

nm, suggesting formation of a 5cLS heme nitrosyl species as in FeBMb1 (Figure 3). This 

product was further characterized by low-temperature RR spectroscopy. The high frequency 

RR spectra show ν4, ν3, ν2, and ν10 modes at 1377, 1507, 1587, and 1610 cm−1, 

respectively, characteristic of a 5cLS heme-nitrosyl species (Figure 4). RR bands at 1658 

and 524 cm−1 that shift to 1626 and 512 cm−1 with 15NO are assigned to the ν(NO) and 

ν(FeNO) modes, respectively. These vibrational frequencies are typical of a 5cLS heme 

{FeNO}7 species and within a few wavenumbers from those observed in FeBMb1.(19) 

Beyond the range of porphyrin skeletal modes, a very weak bands at 1752 cm−1 that shifts to 

1720 cm−1 with 15NO is assigned to the ν(NO) from {FeBNO}7, within 3-cm−1 of the 1755 

cm−1 frequency previously measured in FeBMb1.(19) Thus, FeBMb3 forms equivalent 

[5cLS heme {FeNO}7/{FeBNO}7] nitrosyl dimer complexes as FeBMb1 and FeBMb2 when 

exposed to 3 or more NO equivalents.

RR spectra of RFQ samples for the reaction of FeBMb3 with a 3-fold NO excess indicates 

that, as with other FeBMbs, a first NO molecule binds to the nonheme iron with a ν(NO) at 

1753 cm−1, before binding of a second NO to the 5cHS ferrous heme which shift the 

porphyrin ν4 mode from 1354 to 1377 cm−1 (Figure 5). In the low-frequency region, the 

ν(FeNO) mode from the transient 6cLS heme-nitrosyl complex is only weakly enhanced but 

detectable through its 14NO/15NO isotope dependence at 563 cm−1 before its conversion to 

the 5cLS heme {FeNO}7 end-product (Figure 5). The reaction of reduced FeBMb3 with NO 

was also monitored by stopped-flow absorption at 4 °C, with a fixed protein concentration of 

5 μM and varying NO concentrations of ~50 μM to 1 mM under pseudo-first-order 

conditions. Initial kinetic phases show a blue-shift of the ferrous HS heme Soret absorption 

from 434 nm to 425 nm followed by a further blue shift to 408 nm on a second time scale 

(Figure 6). As previously observed with FeBMb1 and FeBMb2,(19) the initial Soret blue 

shift is multiphasic with single wavelength analyses leading to observed rates with linear 

dependence on NO concentration and second-order rate constants k1 ~463 mM−1 s−1 and k2 

= 11 mM−1 s−1. The last kinetic phase corresponds to a further blue shift of the Soret 

absorption from 425 to 408 nm and is monophasic with a second-order rate k3 = 5.3 mM−1 

s−1. Thus, this last step which corresponds to the conversion of the 6cLS heme-nitrosyl 
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complex to a 5cLS heme-nitrosyl occurs more than twice as fast with the I107F substitution 

(i.e., k3 = 2.1 mM−1 s−1 in FeBMb1).

In view of the increased rate of conversion of the heme-nitrosyl complex from six- to five-

coordinate in FeBMb3, we collected low-frequency RR spectra of reduced FeBMb3 with a 

442 nm excitation to measure the ν(Fe-NHis) mode. The spectrum reveals a relatively minor 

2-cm−1 downshift of the ν(Fe-NHis) mode in FeBMb3 relative to FeBMb1 and FeBMb2 

(Figure 7).(17) A more substantial shift is observed in the 450-cm−1 region where porphyrin 

vinyl C-C-C bending modes are detected. Specifically, a mode observed at 435 cm−1 in 

wild-type smMb and that is unchanged in FeBMb1 is detected at 420 cm−1 in FeBMb3. 

Correlating this 15-cm−1 downshift to a precise structural perturbation is not straightforward 

since RR analyses of heme isotopomers in swMb have assigned this mode to the C2-vinyl 

bending mode with some coupling with the bending of the nearby C1-methyl.(31) 

Nevertheless, the spectral downshifts of the δ(CβCaCb)2 mode in FeBMb3 and FeBMb2 (−15 

and −4 cm−1, respectively) are consistent with the close vicinity of residue 107 with the 

porphyrin’s pyrrole ring A.

Overall, these RR data indicate that the increased rate of six- to five-coordinate heme-

nitrosyl conversion in FeBMb3 is not due to a weakening of the iron-histidine bond but 

rather to a configuration of the Phe side chain that facilitates migration of NO from the distal 

to proximal pocket. Thus, the previously reported effect of the I107F substitution on 

diatomic migration within the Mb framework is not observed here, which a posteriori is not 

too surprising when one consider the extent of distal pocket rearrangement resulting from 

the engineering of the FeB site.

Conclusion

Using RFQ-RR spectroscopy, we have defined the route of formation of the 5cLS heme-

nitrosyl complex in FeBMb constructs. Specifically, the RFQ-RR analysis shows that the 

distal NO group of the 6cLS heme-nitrosyl precursor is not retained in the 5cLS heme-

nitrosyl complex. Because NO ligand exchange at the heme distal coordination site is 

expected to be kinetically inert,(27) the RFQ-RR data imply that the 5cLS heme-nitrosyl 

complex is formed through a proximal attack of the iron-histidine bond by a new NO 

molecule. Such displacement of proximal histidine by a second NO molecule through a bis-

nitrosyl transition state have been proposed previously in soluble guanylate cyclase and in 

cytochrome c’.(32-35) While evidence for the formation of transient bis-nitrosyl heme 

complexes are lacking in heme proteins, evidence for the formation of such complexes in 

synthetic heme systems have been reported.(36)

Clearly, a proximal 5cLS heme-nitrosyl complex will not react with the nonheme {FeBNO}7 

complex on the opposite side of the heme plane to produce N2O. This lack of reactivity is 

consistent with the high stability of the [5cLS heme {FeNO}7/{FeBNO}7] complex which 

we characterized by RR at both ambient and cryogenic temperatures in FeBMb1(14, 19) and 

FeBMb3 (Figure 6). Preventing NO access to the proximal pocket could improve the 

production of N2O from these FeBMb systems. However, filling the proximal cavity through 

point mutations is not a simple option since, apart from the heme and proximal histidine, the 
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cavity is lined by one isoleucine and two leucine residues rather than small hydrophobic 

residues.(29, 30) Increasing the dielectric constant of the proximal cavity by substitution of 

one Leu/Ile with a hydrophilic residue may allow solvent molecules to fill the cavity, but it 

would also decrease the hydrophobicity of the heme pocket and weaken the heme binding 

affinity of the construct. Mutation at the I107 residues are known to affect the migrations of 

diatomic ligands from the heme distal pocket to the heme proximal cavity, and accordingly 

the rate of formation of the 5cLS heme-nitrosyl complex in FeBMb2 and FeBMb3 differs 

significantly from that of FeBMb1, but they do not fully suppress the proximal histidine 

displacement.

Cleavage of the covalent bond between the heme iron and the proximal histidine also occur 

at the diiron active site of denitrifying NO reductases. In the resting state of oxidized 

Paracoccus dentrificans cNOR, the catalytic heme is a five-coordinate high-spin heme 

iron(III) bridged to FeB(III) by a μ-oxo ligand.(37, 38) RFQ-EPR monitoring of the reaction 

of NO with Pseudomonas aeruginosa cNOR revealed a signal at g ~ 2 with 14N-hypefine 

splitting parameter suggestive of a 5cLS heme-nitrosyl species that decayed within 10 ms.

(10) Moreover, the reduced FeBMb constructs exhibit heme ν(Fe-NHis) stretching modes 

between 211 and 213 cm−1 which closely match the 218 cm−1 frequency observed in 

Paracoccus denitrificans cNOR.(37) Thus, nothing suggests that the heme proximal histidine 

in the FeBMb constructs might be excessively labile relative to that of the catalytic heme in 

cNORs. Instead, and despite the close structural similarity of the diiron sites of the FeBMb 

constructs and cNORs, it is evident that FeBMb2 produces N2O too slowly to prevent free 

NO to access the heme distal pocket and prevent the completion of the NO reduction 

reaction. Indeed, while steady-state turnover numbers for cNORs can reach 40 s−1,(39-41) 

FeBMb2 produces N2O only at a rate of 0.7 s−1 at 4 °C.

Blomberg and Siegbahn have used computational calculations to modeled the generation of 

N2O at the heme/nonheme diiron site of cNOR and concluded that the diferrous center could 

reduce two NO molecules without requirement for additional proton or electron;(12) in this 

mechanistic model, the conserved peripheral glutamate, mimicked by I107E in FeBMb2, is 

only involved in proton transfer to the diferric μ-oxo bridged cluster as it is re-reduced 

though internal electron transfer by the low-spin heme b and c.(12) However, the total lack 

of NO reduction in FeBMb1 and in FeBMb3 with the I107F substitution suggests that the 

production of N2O in FeBMb2 with the I107E substitution might benefit from the increased 

hydrophilicity at the distal pocket. Since all three constructs transit through the [6cLS heme 

{FeNO}7/{FeBNO}7] trans iron-nitrosyl dimer complex, it is tempting to suggest that 

protonating {FeNO}8 and/or iron-hyponitrite species is essential to the formation of the N-N 

bond and cleavage of the N-O bond required to produce N2O.

Abbreviations

NOR nitric oxide reductase

swMb sperm whale myoglobin

FeBMb1 swMb L29H/F43H/V68E variant
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FeBMb2 swMb L29H/F43H/V68E/I107E variant

FeBMb3 swMb L29H/F43H/V68E/I107F variant

RR resonance Raman

RFQ rapid-freeze-quench

FTIR Fourier transform infra-red
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Figure 1. 
Active site structures of FeBMb1 (PDB entry 3K9Z) and FeBMb2 (PDB entry 3M39).(14, 

15)
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Figure 2. 
RR spectra of RFQ samples of the reaction of FeBMb1(14NO) with a 3-fold 15NO excess 

(excitation wavelength 406 nm, sample temperature 110 K).
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Figure 3. 
Room temperature UV-vis absorption spectra of reduced FeBMb3 after loading of the FeB 

site with Fe(II) (black) and of the resting complex formed after exposure to 100 μM NO 

(red).
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Figure 4. 
RR spectra of the reaction end product of reduced FeBMb3 with 4-fold 14NO excess (black 

traces) and 15NO (red traces). Also shown are 14NO – 15NO differential signals for the 

nonheme ν(NO), heme ν(NO), and heme ν(FeNO) modes (blue traces) (excitation 

wavelength 406 nm, sample temperature 110 K).
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Figure 5. 
RR spectra of RFQ samples of the reaction of reduced FeBMb3 with 3-fold 14NO excess 

(black traces) or 15NO (red traces) compared with those of resting reduced FeBMb3 (gray 

traces) (excitation wavelength 406 nm, sample temperature 110 K). Also shown are 

selected 14NO – 15NO differential signals for the nonheme ν(NO) and heme ν(FeNO) 

modes (blue traces).
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Figure 6. 
Stopped-flow UV-vis absorption spectra of the reaction of reduced FeBMb3 with 70 μM and 

1 mM NO at 4 °C. Also shown are the dependence of observed rate constants on NO 

concentrations.
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Figure 7. 
Room-temperature RR spectra of the iron(II)-loaded reduced protein FeBMb1 (black), 

FeBMb2 (red), and FeBMb3 (blue) obtained with a 442-nm laser excitation.
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Scheme 1. 
Reaction of reduced FeBMbs with NO.
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Table 1

Rate constants for NO binding (mM−1s−1) at 4 °C and observed vibrational frequencies (cm−1 ) of heme and 

nonheme {FeNO}7 species in FeBMb constructs.

Proteins NO association rates 6 to 5c nitrosyl conversion 5cLS heme {FeNO}7 {FeBNO}7 Reference

ν(FeNO) (Δ15N) ν(NO) (Δ15N) ν(NO) (Δ15N)

FeBMb1 k1 = 580, k2 = 6.1 2.1 522 (−12) 1660 (−30) 1755 (−32) JACS

FeBMb2 k1 = 377, k2 = 18 >1 - - 1759 (−33) JACS

FeBMb3 k1 = 463, k2 = 11 5.3 524 (−12) 1658 (−32) 1752 (−32) This work
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