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Abstract

A major barrier to understanding the mechanism of nitric oxide reductases (NORs) is the lack of

selective probe of NO binding to the non-heme FeB center. By replacing the heme in a

biosynthetic model of NORs (L29H/F43H/V68E Mb), that structurally and functionally mimics

NORs, with isostructural ZnPP, we report herein a study where the electronic structure and

functional properties of the FeB-nitrosyl complex has been probed selectively. This approach

allowed us to observe the first S=3/2 non-heme {FeNO}7 complex in a protein system. Such feats

are not achievable in native NORs as these are complex membrane proteins containing multiple

hemes. Detailed spectroscopic and computational studies show that the electronic state of the

{FeNO}7 complex is best described as a HS ferrous iron (S=2) antiferromagnetically coupled to

NO radical (S=1/2) [Fe2+-NO•]. The radical nature of the FeB-bound NO would facilitate N-N

bond formation by radical coupling with the heme-bound NO. This finding, therefore, supports the

proposed trans mechanism of NO reduction by NORs.
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Nitric oxide reductases (NORs) catalyze two electron reduction of nitric oxide to nitrous

oxide (2NO + 2H2+ + 2e− ➔ N2O + H2O), a critical step in the biological denitrification

process.[1] Additionally, many pathogenic non-denitrifying bacteria use NORs to inactivate

NO produced by the host’s immune system.[2] Thus, understanding the nitrosyl complexes

of the enzyme and their role in the NO reduction mechanism is not only of biochemical

significance, but also has broad implications for the global nitrogen cycle. Bacterial NORs

are integral membrane proteins that contain a binuclear active site, consisting of a high spin

(HS) heme b3 and a non-heme iron (FeB) center. Three mechanisms of NO reduction to

form N2O have been proposed: the cis-heme b3, cis FeB and trans mechanisms (Scheme

S1).[1a, 3] Important to differentiating these mechanisms is the study of nitrosyl complexes

of either the heme or the FeB center. Spectroscopic features for the heme nitrosyl complexes

in NORs have been probed; however, those of the FeB nitrosyl complexes have been elusive

because its spectroscopic signatures are often masked by those of the heme nitrosyl (Keq for

NO binding to ferrous hemes is ~1010–1012 M−1).[4] Therefore, this issue has become one of

the most critical barriers to our current understanding of the electronic structure and reaction

mechanism of NORs. Because NORs are large membrane proteins, their heme cofactor(s)

cannot be successfully replaced to probe the effect of NO binding to the FeB site selectively.

Several studies have elucidated the electronic and spectroscopic properties of heme-nitrosyl

complexes.[5] In addition, synthetic models of NORs have been reported.[6] To complement
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the studies of native NORs and synthetic models, we have taken advantage of small, easy-

to-prepare and well-characterized proteins such as myoglobin to obtain biosynthetic models

of NORs.[7] Using such an approach, we have successfully engineered an FeB site in the

distal pocket of sperm whale myoglobin (swMb). These designed proteins, FeBMb1 (L29H,

F43H, H64, V68E swMb),[7a] and FeBMb2 (I107E FeBMb1)[7c] not only reproduced the

active site structure of NORs, such as the cytochrome c dependent NOR (cNOR),[8] but also

displayed NOR activity.

One of the major advantages of using the biosynthetic model proteins is that the heme can

be readily replaced with isostructural Zn-protoporphyrin IX (ZnPP), thus allowing us to

spectroscopically probe the effect of NO binding to the FeB site exclusively.

Here, we report the preparation of Fe(II)-ZnPPFeBMb1, where the Fe(II) is in the FeB center

and the heme in FeBMb1 is substituted with ZnPP, as confirmed by X-ray crystallography.

Spectroscopic studies of Fe(II)-ZnPPFeBMb1 and its NO complex by UV-vis absorption,

electron paramagnetic resonance (EPR) and Mössbauer spectroscopic methods, in

conjunction with DFT analysis, have allowed us to gain insight into the NOR reaction

mechanism. This study is the first report where the FeB-nitrosyl complex of NOR or its

models have been probed exclusively in a protein system, and the results support the trans

mechanism of the NOR reaction.

The FeBMb1 was prepared as reported previously.[7a] After extracting its heme using a

slightly modified method from the literature (see the SI),[10] the protein was reconstituted

with ZnPP (Figure 1). The UV-vis spectrum of ZnPP-reconstituted protein, ZnPPFeBMb1,

has absorption peaks at 427 nm, 553 nm, and 595 nm (Figure 2). These spectral features are

different from those of ZnPP alone (Figure S1), or from FeBMb1 that contains heme (Figure

2), suggesting that the non-native cofactor ZnPP was successfully incorporated into

FeBMb1. To obtain further evidence of successful incorporation of the ZnPP into FeBMb1,

an X-ray structure of ZnPPFeBMb1, refined to 1.5 Å resolution, was obtained (Figure S2)

which shows successful incorporation of the non-native cofactor.

Having established that FeBMb1 can be reconstituted with ZnPP, Fe(II) binding to the FeB

site of ZnPPFeBMb1 was probed by UV-vis spectroscopy. As shown in Figure 2, addition of

1.0 eq. FeCl2 to 7 μM ZnPPFeBMb1 in 50 mM Bis-Tris pH 7.3, resulted in a red shift of the

Soret band from 427 nm to 429 nm and concomitant changes in the visible region of the

spectra, with isosbestic points at 432 nm, 562 nm, and 598 nm (Figure S3). As the electronic

environment around the ZnPP framework is being perturbed upon Fe(II) binding at the distal

pocket, only slight changes in the wavelength maxima are expected to be

observed.[7a, 7c, 7d, 11] By following the spectral changes upon Fe(II) addition (Figure S3), a

dissociation constant (Kd) of 7.2 ± 0.4 μM for Fe(II) binding to the FeB site of ZnPPFeBMb1

was obtained. Interestingly, compared to the Kd of 21.5 ± 0.5 μM for the same FeBMb1 but

with heme in the active site (Figure S4), these data suggest that substitution of heme with

ZnPP into FeBMb1 increases Fe(II) binding affinity at the FeB site by ~3-fold.

The Fe(II) binding was further investigated by crystallography. A 1.52 Å resolution X-ray

structure of the FeCl2-soaked crystal of ZnPPFeBMb1 clearly shows that a metal is present
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at the FeB site. Anomalous X-ray scattering data of the crystals collected above Fe K-edge at

7.2 keV unambiguously assigned this metal to be Fe (Figure 3). Furthermore, anomalous

data collected below the Fe K-edge at 7.0 keV did not show the presence of any anomalous

electron density at the FeB site (Figure S5), ruling out the possibility of any other metal ion

at the FeB site. Structural overlays of Fe(II)-ZnPPFeBMb1 with the active sites of Fe(II)-

FeBMb1[7a] and cNOR[8] demonstrated that these structures were strikingly similar to each

other (Figure 4). Therefore, the FeB site of Fe(II)-ZnPPFeBMb1 is a structural analog of the

non-heme site of cNOR and FeBMb1. The close structural similarity between Fe(II)-

ZnPPFeBMb1 and Fe(II)-FeBMb1 also suggests that the ~3-fold higher affinity of Fe(II) in

the former was likely influenced by changes in the electronic environment around the metal

binding site caused by replacement of iron protoporphyrin IX with ZnPP, and not due to

changes in the overall structure of the FeB site.

We next studied NO binding properties of Fe(II)-ZnPPFeBMb1 by EPR spectroscopy. The

sample containing Fe(II)-ZnPPFeBMb1 in the absence of NO had no detectable EPR signal

(Figure S6). With addition of up to 5 eq. of NO, the major peak observed was a radical-like

signal at g ~ 2.01, with no other significant spectral features (Figure S7). However, in the

presence of 10 eq. of NO, an EPR feature at g ~ 4.04 appeared, indicating the formation of a

new species. Similar features were also present in the presence of 20 eq. of NO. Encouraged

by the results, we collected EPR spectrum under the condition to maximize the signal of this

new species (T = 5K, power = 20dB). The resulting spectrum shows two well-resolved

doublets 1x,1y, and 2x,2y at g = 4.36, 3.58, and 4.13, 3.73, respectively (Figure 5, Table 1).

No other features were observed at lower field (Figure S8). The EPR spectrum was

simulated as a {FeNO}7 ferrous-nitrosyl complex with S=3/2 ground state, according to

Enemark-Feltham nomenclature.[13] The sharp outer doublet 1x,1y, accounting for 46% of

the spin, is more rhombic with an E/D = 0.063 than the major (54%) broad inner doublet 2x,

2y which has an E/D of 0.040. The corresponding g‖ components are not well resolved in the

region of g ~ 1.97. The two different components can be ascribed to either different

orientations of NO bound to the FeB site, or slight changes in the orientation of Fe(II)

ligands upon NO binding. Multiple Fe-NO symmetries with different rhombicities are

commonly observed in heme nitrosyls.[5g, 14] To test whether different components of the

FeB-NO complex observed here are a result of hyperfine interaction with 14N nucleus, EPR

simulations were performed taking into consideration this interaction. Figure S9 rules out

this possibility, as a satisfactory fit was not obtained. Detailed characterization of the

saturation behavior of the radical-like signal at g ~ 2.01 shows that it is not a “free” radical

instead it is most likely a radical associated with a metal ion (see the SI, Figures S10–12,

Tables S1–2).

Freeze-quench EPR studies of the reaction of reduced NOR from Ps. Aeruginosa[15] with

NO-saturated buffer showed a peak at g = 4 within 0.5 ms of mixing, corresponding to

~30% population of the FeB-nitrosyl {FeNO}7 complex with S=3/2 ground state. Similar

EPR features have been reported for the reaction of NO with various non-heme iron

proteins,[16] as well as model complexes.[6b, 17] ICP-MS analysis and spin quantification

against Fe(III)-EDTA gave 61% of total S=3/2 species in Fe(II)-ZnPPFeBMb1-NO. These

results, therefore, suggest that the S=3/2 FeB-NO complex can be formed in heme
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substituted Fe(II)-ZnPPFeBMb1. Control experiments containing ZnPPFeBMb1 and NO in

the absence of Fe(II) in the FeB site did not show any EPR feature (Figure S13), confirming

that the aforementioned EPR feature of S=3/2 ferrous-nitrosyl species can be observed only

when NO is present with the FeB site reconstituted by Fe(II).

To understand the electronic and spin state of the FeB-nitrosyl species further, we carried out

field-dependent Mössbauer measurements at 4.2K. In the absence of NO, a sample

containing 3.5 mM 57Fe(II)-ZnPPFeBMb1 shows a single quadrupole doublet at 0.01 Tesla

(T) (Figure S14). In the presence of magnetic field (1–9 T) the doublet splits into multiplets,

resulting from magnetic hyperfine interaction with the electron spin. A quadrupole splitting

(ΔEQ) = 2.85 ± 0.01 mm/s, and isomer shift δFe = 1.13 ± 0.01 mm/s are obtained from fits

indicative of a high spin ferrous (S = 2) species (Tables 2 and S3).[18] Similar parameters

have been reported for non-heme ferrous sites in proteins.[16a] In the presence of 20 eq. NO,

the Mössbauer spectrum (Figure 6) of 57Fe(II)-ZnPPFeBMb1-NO at low field (0.01T) shows

two doublets (solid and dashed gray lines), and a magnetically split component (short gray

dots). The solid gray line in the 0.01T field spectrum represents 35% of unreacted Fe(II)

species. To simplify the high-field spectra, this unreacted component was subtracted, and the

splitting pattern of the 65% iron-nitrosyl component is shown in Figure 6. Simultaneous

least-squares fits to the three applied field spectra gave Mössbauer parameters (ΔEQ) =

−1.70± 0.01 mm/s, and δFe = 0.69 ± 0.01 mm/s, indicative of S=3/2 six-coordinate {FeNO}7

species (Tables 2 and S3), found in other proteins as well as small molecule

models.[16a, 16d, 17d, 19]

Some of the S=3/2 species (gray dashed line) is in intermediate relaxation at low field

(0.01T), which is most likely due to the proximity to the small population of the metal-

associated radical species detected by EPR (vide supra, SI). In applied field, this S=3/2

component is in the slow relaxation limit and is therefore indistinguishable to the other

S=3/2 center (short gray dots, 0.01T) that is already in the slow relaxation regime.

Simulations to the high-field spectra show excellent matches to the positions and intensity of

all the spectral features, thus supporting that there is only a single type of S=3/2 species.

These conclusions are supported by low-field Mössbauer data obtained under lower NO

equivalents at higher temperatures (Figure S16, Table S4).

The electronic state of the S=3/2 {FeNO}7 species in both proteins and model complexes

has been most frequently described as a result of antiferromagnetic coupling of HS ferric

(S=5/2) to NO− (S=1) [Fe3+-NO−][16f, 17b, 17d] or as antiferromagnetic coupling of HS

ferrous (S=2) to NO radical (S=1/2) [Fe2+-NO•].[16a, 19c, 20] To obtain further insight into

the electronic structure of the {FeNO}7 moiety, we calculated the Mulliken spin populations

(Table 2) at the Fe and NO centers of the structures obtained from quantum mechanical/

molecular mechanical (QM/MM) calculations as well as partially optimized active site

structures (Figures S17–18). In these structures, NO occupies the vacant axial coordination

site as the sixth ligand to FeB. The Mulliken spin population on the FeB center remains

virtually the same in the absence and presence of NO, at 3.75 and 3.66, respectively,

indicating four unpaired electrons, while the spin population on NO is found to be −0.90,

indicating one unpaired electron. These results unambiguously support the assignment of HS

ferrous center (S=2) antiferromagnetically coupled to NO radical (S=1/2) [Fe2+-NO•].
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Furthermore, we computed the Mössbauer parameters at the FeB site in the absence and

presence of NO for partially optimized active site structures (see the SI for details). As can

be seen from Table 2, both the calculated ΔEQ and δFe values agree well with the

experimental data.

In conclusion, we have succeeded in probing the NO binding properties of the FeB site in a

biosynthetic model protein of NOR by replacing the high affinity heme with isostructural

ZnPP in the protein ZnPPFeBMb1. Such feats are not easily achievable in native NORs, as

these are complex membrane proteins with multiple heme cofactors. Structural overlays

with cNOR clearly show that the FeB site in Fe(II)-ZnPPFeBMb1 is a structural mimic of the

FeB site in the native enzyme. EPR spectral studies show that NO binding to the FeB site

yields rhombic signals corresponding to a {FeNO}7 S=3/2 ferrous-nitrosyl complex.

Mössbauer, and QM/MM studies confirmed the electronic properties of the {FeNO}7

complex in Fe(II)-ZnPPFeBMb1-NO as HS ferrous (S=2) antiferromagnetically coupled

with NO radical (S=1/2) [Fe2+-NO•]. This exciting finding indicates that the radical nature

of the NO would facilitate the radical coupling of the second heme-bound NO to promote N-

N bond formation, supporting the proposed trans mechanism of NO reduction by NORs.

Experimental Section

Details of protein expression and purification, reconstitution of FeBMb1 with ZnPP,

experimental details of determination of molar absorptivity, synthesis of 57FeCl2, Fe(II)

titration, EPR, Mössbauer sample preparation and data analysis, X-ray crystallography, ICP,

and QM/MM calculations are provided in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the replacement of heme from FeBMb1 with ZnPP, yielding

ZnPPFeBMb1. Figures were generated in PyMol[9] using PDB codes 3K9Z[7a], and 4MXL,

respectively.

Chakraborty et al. Page 9

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 February 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
UV-vis spectra of FeBMb1 (solid line), ZnPPFeBMb1 (dotted line), and ZnPPFeBMb1 in the

presence of 1.0 equivalent (eq.) Fe(II) (dashed line) in 50 mM Bis-Tris buffer pH 7.3. Peak

positions in the Soret and visible region of ZnPPFeBMb1 and Fe(II)-ZnPPFeBMb1 are

shown as insets.
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Figure 3.
1.52 Å X-ray structure of Fe(II)-ZnPPFeBMb1. ZnPP, and the coordinating residues are

shown as sticks. Fe is shown as gray sphere, the water molecule is shown as black sphere.

The anomalous map generated in PHENIX[12] from the data collected at the Fe K-edge at

7.2 keV is drawn at 7σ and shown as gray mesh. Rfac=0.18, Rf=0.22. Figure was generated

using PyMol.[9] PDB ID 4MXK.
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Figure 4.
Overlay of Fe(II)-ZnPPFeBMb1 (PDB ID: 4MXK, dark gray) with Fe(II)-FeBMb1 (PDB

ID: 3K9Z, light gray) (A), and cNOR (PDB ID: 3O0R, light gray) (B). Figures were

generated using PyMol.

Chakraborty et al. Page 12

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 February 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
X-band EPR spectrum of a sample containing 0.7 mM ZnPPFeBMb1 in the presence of 1.0

eq. FeCl2 and 20 eq. of NO in 50 mM Bis-Tris buffer pH 7.3, and the simulated spectrum.

Excess NO was used to ensure saturation of the FeB site. Experimental parameters: T = 5 K,

microwave frequency = 9.053 GHz, microwave power = 20 dB, modulation amplitude = 4

G. g values and the components are labeled. *A radical type peak (<1%).
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Figure 6.
Field-dependent Mössbauer spectra of a sample containing 7 mM 57Fe(II)-ZnPPFeBMb1,

and 20 eq. of NO in 50 mM Bis-Tris pH 7.3, collected at 4.2K. Black dots: experimental

data; black lines: sum of fit; gray solid line: ferrous S=2 starting material; gray dashes:

S=3/2 {FeNO}7 component in intermediate relaxation; gray short dots: magnetically split

S=3/2 {FeNO}7 component. Only the splitting pattern of 65% S=3/2 {FeNO}7 species is

shown in high field. The S=3/2 species at all fields was simulated using a slow relaxation

model. The S=2 species in low-field was simulated as Lorentzian. (See Figure S15 for a

color representation of this figure).
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