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Materials. (NH4)2Fe(SO4)2, Na2IrCl6, dithionite and chelex-100 sodium form were purchased from Sigma-

Aldrich Chemical Co. and used without further purification. All the primers for site-directed mutagenesis 

were purchased from IDT Inc. and used without further purification. DEA and PROLI NONOates were 

purchased from Cayman Chemical Co. and used without further purification. The water used in all 

experiments was purified by a Milli-Q system (Millipore, Bedford, MA, USA). All buffers were incubated 

with Chelex-100 beads and filtered through a Millipore 0.2 μm filter membrane before use. All other 

chemicals were purchased from Fisher Scientific Inc. and used without further purification.

Site-directed Mutagenesis and Protein Purification. Plasmid containing the M121H/H46E mutations 

was constructed by site-directed mutagenesis using wild-type azurin (pET9a) as the template for the quick 

change mutagenesis procedure with the forward primers 5’-CGA AGA ACG TTA TGG GTG AAA ACT 

GGG TTC TGT CC-3’ (fwd-H46E), 5’-CAC TCC GCA CTG CAT AAA GGT ACC CTG-3’ (fwd-

M121H) and the reverse primers 5’-GGA CAG AAC CCA GTT TTC ACC CAT AAC GTT CTT CG-3’ 

(rev-H46E), 5’-CAG-GGT-ACC-TTT-ATG-CAG-TGC-GGA-GTG-3’ (rev-M121H). The mutations were 

confirmed by sequencing. The protein was expressed in BL-21* E. Coli (Novagen, Madison, WI) and 

purified according to published procedures.1 Electrospray ionization mass spectrometry confirmed the 

identity of the isolated variant (apo-M121H/H46EAz, MWobs = 13944, MWcal = 13943.73).

UV-vis Spectroscopy Measurements. UV-vis absorption spectra were obtained at room temperature on 

an HP Agilent 8453 diode array spectrometer. Extinction coefficient of 9000 M-1cm-1 at 280 nm was used 

to determine apo protein concentration. All UV-vis spectra were recorded in 50 mM Bis(2-hydroxyethyl)-

amino-tris(hydroxymethyl)-methane (BisTris) buffer pH 7.0 unless otherwise stated. Singular value 

decomposition (SVD) analysis on the time dependent optical absorption spectra was carried out by using 

KinTek Global Kinetic Explorer Version 10 2-3 with the established procedure.4 Briefly, the time dependent 

optical absorption spectra were first subject to singular value decomposition. The first three or four SVD 
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components were selected for further kinetic analysis. The kinetic model included in Figure S17 were used 

to simulate the time-dependent traces of the selected SVD components. Based on the kinetic simulations, 

the optical absorption spectra of the potential physical species as well as the time dependent changes of 

these species were reconstructed. Finally, the rate constants derived from the kinetic analysis on the SVD 

components were used to simulate the kinetic traces at 720 nm obtained from the initial time dependent 

optical absorption spectra.

Mass Spectrometry Measurements. The mass spectra of the proteins were acquired using a Waters 

Quattro II spectrometer operating in positive-ion mode. Samples (10 μL of 50 µM protein in 50 mM 

ammonium acetate buffer at pH 6.0) were injected into a flow of 50 µL/min of 50% CH3CN/H2O mobile 

phase. The mass spectra were collected from 500 to 2000 m/z and deconvoluted using the MassLinx 

software package with a 1 Da resolution and a 10,000 – 20,000 Da calculation window.

Electron Paramagnetic Resonance (EPR) Spectroscopy Measurements. All the EPR samples are 

prepared with natural abundance Fe. X-band EPR spectra were collected on a Varian-122 spectrometer 

equipped with an Air Products Helitran cryostat, EIP frequency counter and temperature controller with a 

collection frequency of 9.20 ~ 9.55 GHz, power of 0.2 mW and field modulation of 4.0 G. Samples for 

EPR were typically 0.4 mM  in 50 mM BisTris pH 7.0 buffer. Pulsed ENDOR spectra were obtained on a 

Bruker ElexSys E-580-10 FT-EPR Q-band EPR spectrometer using an ENI A 300RF amplifier and an 

Oxford Instruments CF935 cryostat at 30 K. Davies pulsed ENDOR experiments were carried out using a 

three pulse scheme (πmw-T-π∕2mw-τ-πmw-τ-echo, πrf was applied during T). Samples for ENDOR 

spectroscopy were 2.0 mM protein in 50 mM BisTris pH7.0 buffer.

Resonance Raman spectroscopy measurements. Resonance Raman (RR) spectra of complexes 1 and 2 

(1.5 mM final protein concentration in 50 mM Bis-Tris buffer pH 7.0),  were collected at room temperature 

using a 90 scattering geometry with a McPherson 2061/207 spectrograph equipped with a liquid nitrogen 

cooled CCD detector (LN-1100PB, Princeton instruments). The 457-nm laser line from a Ar laser (Innova 

90, Coherent) was used as the excitation wavelength and was maintained below 20 mW at the samples. A 

long-pass filter (RazorEdge, Semrock) was used to attenuate the Rayleigh scattering. The samples integrity 

was confirmed by collecting UV-vis spectra of the samples inside the Raman capillaries before and after 

exposure to the laser emission. Photosensitivity of the NO adducts was also assessed by collecting rapid 

acquisitions with minimal laser power and continuous sample translation to compare with longer data 

acquisition on static samples. Total acquisition times between 15 and 20 minutes were sufficient to produce 

high-quality RR spectra. Frequencies were calibrated with indene and CD3CN and are accurate to ± 1 cm1. 

FTIR spectroscopy measurements. FTIR films were prepared inside an anaerobic glovebox by loading 

solutions between two CaF2 windows separated by a 25 m Teflon spacer. The protein final concentration 
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was 3.5 mM and that of DEA-NONOate was 5 mM to produce a total of 2 equiv NO per iron center. 

Experiments with higher DEA-NONOate concentrations resulted in excessive build-up of NO beyond 

solubility and resulted in microbubble formation which adversely affected the quality of the FTIR 

transmittance spectra. All solutions were prepared using D2O in order to monitor N-O stretching vibrations 

without the overlapping H-O-H bending mode of water at 1645 cm-1.  The solutions, windows, and cell 

holders were pre-cooled to 10 °C to slow down the decay rate of DEA-NONOate and allow the collection 

of initial FTIR spectra with minimal formation of complex 1. A 22-μL droplet of the protein solution was 

laid in the center of the first CaF2 window before adding 2.5 μL of a DEA-NONOate stock solution and 

placing the second CaF2 window on the droplet to form the IR film. The chilled cell was rapidly taken 

outside of the glovebox and transferred inside the sample chamber of a Vertex 80 Bruker FTIR 

spectrograph. Constant purging of the chamber with dry air contributed to the rise of the cell temperature 

to room temperature within 6 min. FTIR spectra were collected as 1000-scan accumulation with a 4-cm-1 

resolution.

Fe(II) Titration. Apo M121H/H46EAz in 25 mM Tris buffer pH 7.8 was degassed in a Schlenk line and 

transferred to an anaerobic chamber (Coy Laboratories). Aliquots of degassed (NH4)2Fe(SO4)2 stock 

solution with known concentration were added to a solution containing 1 ml of  468 μM apo 

M121H/H46EAz in 25 mM Tris pH 7.8. UV-vis absorption spectra were recorded on an HP Agilent 8453 

diode array spectrometer inside anaerobic chamber. Spectra were corrected for dilution and baseline. The 

dissociation constant (KD) is determined by fitting the plot of absorbance at 330 nm as a function of Fe(II) 

concentration using the following equation:

  𝐴 = 𝐴𝑚𝑎𝑥 × {[(𝑃 + 𝑀 + 𝐾𝐷) ‒ [(𝑃 + 𝑀 + 𝐾𝐷)2 ‒ (4 × 𝑃 × 𝑀)]
1
2} ÷ (2 × 𝑃)

where P = protein concentration, M = Fe2+ concentration and KD = dissociation constant. A dissociation 

constant (Kd) of 8.1 ± 1.0 μM was obtained.

Determination of Extinction Coefficient of Fe(II)-M121H/H46EAz. Apo M121H/H46EAz in 25 mM 

Tris buffer pH 7.8 was degassed in a Schlenk line and transferred to an anaerobic chamber (Coy 

Laboratories). Aliquots of degassed (NH4)2Fe(SO4)2 stock solution with known concentration were added 

to a solution containing 1 ml of  1.2 mM apo M121H/H46EAz in 25 mM Tris pH 7.8 with a final 

concentration of Fe(II) less than 500 μM in the end. UV-vis absorption spectra were recorded on an HP 

Agilent 8453 diode array spectrometer inside anaerobic chamber. Spectra were corrected for dilution and 

baseline. Based on the relatively small KD of Fe(II)-M121H/H46E and the presence of excess apo 

M121H/H46EAz in solution, we correlated the concentration of Fe(II)-M121H/H46EAz with  the 

concentration of Fe(II) added. An extinction coefficient for Fe(II)-M121H/H46EAz at 330 nm is 

determined by fitting the plot of absorbance at 330 nm as a function of Fe(II) concentration using Beer’s 
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law A = εlc where l = 1 cm and c = Fe(II) concentration. An extinction coefficient (ε) of 971 ± 6 M-1cm-1 

was obtained.

Preparation of Fe(II)-M121H/H46EAz. Apo M121H/H46EAz in 25 mM Tris buffer pH 7.8 was degassed 

in a Schlenk line and transferred to an anaerobic chamber (Coy Laboratories). Two equivalents of 

(NH4)2Fe(SO4)2 from 50 mM degassed stock solution were slowly added into the protein solution during 

stirring. After stirring for 30 minutes, the mixture was run down through a PD-10 desalting column (pre-

equilibrated with 50 mM BisTris pH 7.0 buffer) to remove excess Fe(II). The extinction coefficient of 971 

M-1cm-1 at 330 nm was used to determine the concentration of Fe(II) incorporated protein.

Preparation of {FeNO} 7. To 1.0 ml of 0.2 mM Fe(II)-M121H/H46EAz solution, 0.5 eq. Proli NONOate 

(from 50 mM Proli NONOate stock solution in 10 mM NaOH) was added at room temperature under 

stirring. The color of the solution changed from colorless to light yellow in 1 minute. The process is 

monitored with UV-vis spectroscopy by HP Agilent 8453 diode array spectrometer.

Preparation of {Fe(NO)2}9. To 1.0 ml of 0.5 mM Fe(II)-M121H/H46EAz solution, 2 eq. Proli NONOate 

(from 50 mM Proli NONOate stock solution in 10 mM NaOH) was added at room temperature under 

stirring. The process is monitored with UV-vis spectroscopy by HP Agilent 8453 diode array spectrometer.

Freeze-quench Mössbauer Experiment. Freeze-quench experiments were performed using a KinTek 

quench-flow instrument. An NO-saturated buffer solution (~2 mM NO in a 50 mM Tris-HCl, pH 7.5 

prepared by using Proli NONOate) buffer solution was rapidly mixed with an equal volume of an oxygen-

free solution containing 57Fe(II)-M121H/H46EAz (1 mM) to initiate the reaction at 5 °C. The resulting 

reaction was terminated by injection of the solution into liquid ethane maintained at 90 K at various time 

points. The resulting samples were first pumped to remove liquid ethane. Then the dry frozen solution 

powder was packed into in-house designed freeze quench Mössbauer sample cups at 77 K to generate 

Mössbauer samples. The reaction time of a freeze-quenched sample is the sum of the aging time and the 

quench time. The aging time was the transit time for the reaction mixture through the aging hose. The 

quench time corresponded to the time required after injection into the cryosolvent for the reaction mixture 

to be cooled sufficiently to prevent further reaction and was estimated to be ~ 5 ms.

Low Temperature Cryogenic Radiolytic Reduction. Frozen samples containing 57Fe enriched 

M121H/H46EAz containing {FeNO}7 species suitable for Mössbauer spectroscopy were irradiated in the 

γ-irradiation facility of the Breazeale nuclear reactor at the Pennsylvania State University using a 60Co-

source. A total dose of ca. 3 Mrad was delivered. During the γ-irradiation, the sample was kept in liquid 

nitrogen (T = 77 K).

Mössbauer Spectroscopy. All the Mössbauer samples are prepared with isotopically enriched 57Fe. 

Mössbauer spectra were recorded with two spectrometers equipped with constant acceleration velocity 

transducers that use 60 mCi 57Co/Rh γ-ray sources, and Janis Research (Wilmington, MA) SuperVaritemp 
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dewars that allow studies in applied magnetic fields of up to 8 T in the temperature range from 1.5 to 200 

K. A LakeShore Model 331A temperature controller was used to control the temperature in experiments. 

Mössbauer spectral simulations were performed using the WMOSS software package (SEE Co, Edina. 

Minnesota). Isomer shifts are quoted relative to α-Fe metal at 298 K. The spectra were plotted by SpinCount 

developed by Prof. Michael Hendrich at Carnegie Mellon University .5 For the simulations of {FeNO}7 

species, an S = 3/2 spin Hamiltonian is utilized, which is expressed as:

�̂� = 𝐷 [(�̂�2
𝑧 ‒

15
12) +

𝐸
𝐷(�̂�2

𝑥 ‒ �̂�2
𝑦)] + 𝛽�̂� ∙ 𝑔 ∙ �⃗� + �̂� ∙ 𝐴 ∙ �̂� ‒ 𝑔𝑛𝛽𝑛�⃗� ∙ �̂� +  �̂�𝑄

�̂�𝑄 =
𝑒𝑄𝑉𝑧𝑧

12 [�̂�2
𝑧 ‒

15
4

+ 𝜂(�̂�2
𝑥 ‒ �̂�2

𝑦)]
where D and E are the axial and rhombic zero-field splitting (ZFS) parameters,  represents the applied �⃗�

magnetic field,  is the nuclear spin of 57Fe, A is the magnetic hyperfine tensor, Vzz is the largest principal �̂�

component of the electric field gradient (EFG) tensor, Q is the 57Fe nuclear excited state quadrupole 

moment, and η (=(Vxx-Vyy)/Vzz) is the asymmetric parameter. For the simulations of {Fe(NO)2}9 species, a 

similar spin Hamiltonian as the one described above but without the zero field splitting terms is used.

 57Fe(II)-M121H/H46EAz was prepared according to the procedure described above except using 57FeCl2 

instead of (NH4)2Fe(SO4)2. Mössbauer samples were flash frozen in liquid nitrogen without adding glycerol. 

Comments on EPR and Mössbauer analysis of {Fe(NO)2}9 species. A sample enriched with {Fe(NO)}9 

exhibited two Mössbauer spectral components. One was from the Fe(II)-M121H/H46EAz complex, 

representing ~30% of the iron in the sample (Fig. S12), and another was from an S = ½ species that must 

belong to the {Fe(NO)}9 species, representing ~ 70% of the iron. Indeed, the spectral simulations on 4.2 K 

Mössbauer spectra collected under multiple field conditions (Fig. S11) revealed that the latter Mössbauer 

signal can be satisfactorily simulated by an S = ½ spin system with Mössbauer parameters resembling those 

of the reported {Fe(NO)2}9 species in the literature (Table S1).

Calculations of Mössbauer properties. The 57Fe quadrupole splitting arises from the non-spherical 

nuclear charge distribution in the I*=3/2 excited state in the presence of an electric field gradient at the 57Fe 

nucleus, while the isomer shift arises from differences in the electron density at the nucleus between the 

absorber (the molecule or system of interest) and a reference compound (usually -Fe at 300K).  The former 

effect is related to the components of the electric field gradient (EFG) tensor at the nucleus as follows:6

(1)
  
EQ 

1
2

eQVzz 1
2

3











1
2

where e is the electron charge, Q is the quadrupole moment of the E*=14.4 keV excited state, and the 

principal components of the EFG tensor are labeled according to the convention:

S5



|Vzz|>|Vyy|>|Vxx| (2)

with the asymmetry parameter being given by:

(3)
  


Vxx Vyy

Vz z

The isomer shift in 57Fe Mössbauer spectroscopy is given by:7 

(4)
𝛿Fe = 𝐸𝐴 ‒ 𝐸Fe =

2π
3

Ze2( < 𝑅2 >∗‒< 𝑅2 > )(|𝜓(0)|2
𝐴 ‒ |𝜓(0)| 2

Fe)
where Z represents the atomic number of the nucleus of interest (iron) and R, R* are average nuclear radii 

of the ground and excited states of 57Fe.  Since  is a constant, the isomer shift (from Fe) can be   

 

 0 
Fe

2

written as:

Fe =  [(0)  c]   (5)

where  is the so-called calibration constant and (0) is the computed charge density at the iron nucleus. 

Both  and c can be obtained from the correlation between experimental Fe values and the corresponding 

computed (0) data in a training set.  Then, one can use equation (5) to predict Fe for a new molecule from 

its computed (0), basically as described in detail elsewhere for a wide variety of heme and other model 

systems.7 The hybrid functional B3LYP8 with a Wachter’s basis for Fe,9 6-311G* for all the other heavy 

atoms and 6-31G* for hydrogens was used to predict Mössbauer quadrupole splittings and isomer shifts, 

the same approach used in the previous work for >50 iron-containing proteins and models with experiment-

versus-theory linear correlation coefficients R2=0.98 and 0.97, respectively.6-7, 10-19 These systems cover a 

broad range of iron systems, including all iron spin states and all coordination states. To calculate ∆EQ, we 

first evaluated the principal components of the electric field gradient tensor at the 57Fe nucleus (Vii), then 

we used equation (1) to deduce ∆EQ, using a precise recent determination of Q = 0.16 (±5%) x 10-28m2,20 a 

value previously found to permit excellent accord between theory and experiment in a broad range of 

systems.6-7, 10-19 To calculate Fe values, we read the Kohn-Sham orbitals from the Gaussian 0921 results into 

the AIM 2000 program,22 to evaluate the charge density at the iron nucleus, (0). Then, we evaluated the 

isomer shifts by using the equation derived previously:7

Fe = -0.404 [(0) - 11614.16] (6)

All the quantum chemical calculations were performed using Gaussian 09.21

As there are no X-ray structures of the studied iron proteins in this work, we used geometry-

optimized models to investigate their Mössbauer properties. The related Cu-containing azurin mutant x-ray 

structure (PDB ID: 4WKX) was used to build corresponding Fe-containing models by replacement of Cu 

with Fe, since previous work shows that the Fe-containing non-heme site and Cu-containing non-heme site 

in similar biosynthetic systems are quite similar.23 There are two chains in this protein and the following 
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study is focused on models built from Chain A, with a few calculations in the end of this section to show 

that models built from Chain B yield basically the same results. To account for the protein environment 

effect to a reasonable extent, based on the previous quantum chemical investigations of various 

metalloprotein models,24-30 we kept the ligands around the metal center, with these protein residues modeled 

up to the backbone C positions which are fixed at the X-ray crystal structure positions to mimic protein 

environment. All other atomic positions were allowed to be optimized, using the BPW91 method31-32 with 

the same basis described above, which was used previously in structural investigations for a number of iron 

proteins.12, 18, 33-36 In addition, frequency calculations were performed at the same level to provide zero-point 

energy corrected electronic energies (EZPE’s), enthalpies (H’s), and Gibbs free energies (G’s) at 1 atm and 

room temperature to estimate the energy changes along possible reaction pathways, and electronic energies 

were further corrected by using the PCM method37 with a solvent dielectric constant of 20 to simulate the 

bulk environment effect on this active site that is close to protein surface as done for similar 

metalloproteins.38 

All of the iron-containing systems with experimental Mössbauer data were investigated to help 

reveal possible structural models. Here, because we do not have exact iron protein x-ray structures, we 

focused on possible first coordination shell models, without any secondary coordination spheres. This 

simplification may introduce some errors in calculations. Therefore, prediction errors < ~one standard 

deviation () and occasionally < ~two standard deviations from our previous >50 calculations of isomer 

shifts (0.07 mm/s) and quadrupole splittings (0.3 mm/s) were accepted to help choose each structural 

model.6-7, 10-19  

As shown in Table 1, regarding the NO-free iron model, the four coordinate Fe(His)2(Cys)(Glu) 

(A, see Fig. 8A) has an excellent prediction of Fe compared with the experimentally observed major species 

(86%), with an error of 0.05 mm/s, well within one . Its predicted ∆EQ has <2 error. In contrast, the 

corresponding five coordinate model with a coordinated water as seen in other non-heme iron proteins,12, 36 

Fe(His)2(Cys)(Glu)(H2O) (B, see Fig. S1), has 1.6  in Fe prediction and 1 in ∆EQ prediction. So, it is 

also likely, but is a little less probable regarding isomer shift comparison and also less probable because 

this does not help yield good NO-bound models as discussed below. Because the errors of isomer shift 

predictions for both of these models compared with the experimental minor species (14%) are well >2, 

the minor species may be due to structural heterogeneity (e.g. chain B has two different Glu conformations). 

Here, the Mulliken spin density (Fe) of ~ 4 unpaired electrons clearly show the Fe(II) high spin nature.

We then studied the S=3/2 {FeNO}7 models. From the starting Fe(His)2(Cys)(Glu) model, three 

four-coordinate mononitrosyl structures could be built by replacing respectively His/Glu/Cys by the 

incoming NO, see Fig. 8C-E: C Fe(NO)(His)(Cys)(Glu), D Fe(NO)(His)2(Cys), E Fe(NO)(His)2(Glu). As 
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shown in Table 1, the spin density results show that all these three models have basically the Fe(II) (S=2) 

center anti-ferromagnetically coupled with NO (S=1/2), in good accord with previous work of similar S=3/2 

{FeNO}7 protein and models with excellent Mössbauer property predictions.12, 14, 36 Interestingly, for the 

relatively major species (40%), the Fe(NO)(His)2(Glu) model has only 0.01 mm/s error for Fe calculation 

and 0.00 mm/s error for ∆EQ prediction, both well within one . For the relatively minor species (30%), 

both Fe(NO)(His)(Cys)(Glu) (C) and Fe(NO)(His)2(Cys) (D) models have excellent isomer shift 

predictions (0.03 mm/s error), but the prediction error of absolute value of ∆EQ for C is only half of that for 

D, although both errors are small (<~0.30 mm/s, Table 1). It should also be noted that for this species, the 

experimental asymmetry value is about 1.0 and thus its ∆EQ sign is uncertain and the comparison was 

focused on the absolute value. In addition, we also investigated a five coordinate model, 

Fe(NO)(His)2(Cys)(Glu), which may be built by adding NO to the starting Fe(His)2(Cys)(Glu) species, or 

replacing labile water in the relatively less likely starting model of Fe(His)2(Cys)(Glu)(H2O). However, one 

His (His 121, the more loosely bound His, compared to His 117) went out of the iron first coordination 

shell after geometry optimization, with a Fe-N distance of 5.262 Å, so it becomes effectively a four-

coordinate Fe(NO)(His)(Cys)(Glu) studied above. Moreover, a six-coordinate 

Fe(NO)(His)2(Cys)(Glu)(H2O) model was also studied, which may be considered by adding NO to the less 

likely starting model of Fe(His)2(Cys)(Glu)(H2O). Again, this model ended up with an effectively four-

coordinate Fe(NO)(His)(Cys)(Glu) studied above, with the Fe-His121 distance of 6.598 Å and Fe-water 

distance of 3.936 Å. These results suggest that the {FeNO}7 complexes shall be four-coordinate, and 

Fe(NO)(His)(Cys)(Glu) and Fe(NO)(His)2(Glu) may be the axial and rhombic species, as detected 

experimentally. The negative Gibbs free energy changes as shown in Table S5 indicate that the formation 

of these species are thermodynamically favorable, which are consistent with experimental detection. 

Species C might be more likely than D to be the axial species, because its corresponding reduction product 

in the next step has slightly better agreement with experimental Mössbauer data (vide infra), and its 

formation is thermodynamically more favorable by ∆G of 19.74 kcal/mol, see Table S5. Other kinds of 

DFT methods such as B3LYP and the hybrid DFT method with dispersion correction B97XD39 were also 

used together with a large basis set of 6-311++G(2d,2p) for all atoms to compare the formation energies 

between C and D,  which all show the more favorable formation of C than D by ∆G of 13.64 and 10.82 

kcal/mol respectively. This consistent energy trend from different computational methods is perhaps a result 

of less energy cost of the loss of the neutral ligand His for C formation than the loss of the negatively 

charged Glu ligand for D formation, since the latter involves breaking the relatively stronger electrostatic 

interaction between positively charged Fe and negatively charged Glu.

Before we investigated the more elusive {Fe(NO)2}8 or {FeNO}8 species, we studied the 

{Fe(NO)2}9 system which has more certain experimental evidence of its coordination structure as 
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Fe(NO)2(His)(Cys), F. Indeed, for this structure, as seen from Table 1, both experimental isomer shift and 

quadrupole splitting were well reproduced in the calculations. As demonstrated in Fig. 9F, this two NO 

moieties are bent toward each other, which is similar to the NO orientations seen in x-ray structures of small 

dinitrosyl iron complexes.40-41 The spin density analysis indicates basically an antiferromagnetic coupling 

of Fe(I) (S=3/2) with two NO radicals (S=1/2), see Table 1. In addition to this four-coordinate model, we 

also examined two five-coordinate models with another His or Glu added, and a six-coordinate model with 

both His and Glu added: Fe(NO)2(His)2(Cys), Fe(NO)2(His)(Cys)(Glu), Fe(NO)2(His)2(Cys)(Glu). 

However, during geometry optimization, the five-coordinate Fe(NO)2(His)2(Cys) becomes effectively the 

four-coordinate Fe(NO)2(His)(Cys) with His121 going out of first coordination shell, similar to above 

studies. For the five-coordinate Fe(NO)2(His)(Cys)(Glu) and six-coordinate Fe(NO)2(His)2(Cys)(Glu), 

again, during geometry optimization, all the Histidines become non-coordinated to form an effectively four-

coordinate Fe(NO)2(Cys)(Glu) system, which is inconsistent with the experimental evidence of the presence 

of His and thus not further studied. These results together with above studies show that this protein 

environment strongly prefers four-coordination for iron, and the best model for the {Fe(NO)2}9 system is 

Fe(NO)2(His)(Cys), as proposed experimentally.

In principle, both {Fe(NO)2}8 or {FeNO}8 species could mediate the change from the {FeNO}7 

species to the {Fe(NO)2}9 system. We first investigated the {Fe(NO)2}8 model, building from the product 

{Fe(NO)2}9 system: four-coordinate Fe(NO)2(His)(Cys). As shown in Fig. 9G, the S=1 {Fe(NO)2}8 model 

(G) optimized with a similar structure to its {Fe(NO)2}9 counterpart, with two end-on NO bent toward each 

other. However, both the predicted isomer shift and quadrupole splitting were quite off the experimental 

values, with ~4-5  errors, see Table 1. We then tried other possible NO orientations, including two linear 

NO, two NO bent away from each other, and even side-on NO. In addition, we tried different initial spin 

coupling setups as Fe (S=2) anti-ferromagnetically coupled to NO- (S=1) and NO+ (S=0), Fe (S=2) anti-

ferromagnetically coupled to two NO (S=1/2). However, all of these trials ended up with the same result as 

for G, which has a spin density distribution similar to its {Fe(NO)2}9 counterpart, F, see Table 1. We then 

studied the S=0 state for this four-coordinate system, H, which, as seen from Table 1, has even worse isomer 

shift prediction (9) and still a bad quadrupole splitting prediction (>2). Therefore, we then examined 

other S=1 five- and six-coordinate models. The original His121 and Glu46 ligand in the starting non-heme 

iron site were respectively included to build the initial two different five-coordinate models: 

Fe(NO)2(His)2(Cys) and Fe(NO)2(His)(Cys)(Glu). However, during the geometry optimization for 

Fe(NO)2(His)2(Cys), the His121 again went out of iron coordination to resume the effectively four-

coordinate Fe(NO)2(His)(Cys) structure studied above. In contrast, the five-coordinate 

Fe(NO)2(His)(Cys)(Glu) models have been successfully obtained with two NO orientations. In one 

structure (I), as demonstrated in Fig. 9I, the two NO bent toward to the same side (one is more bent with 
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140 Fe-N-O angle, the other is less bent with 173 bond angle), which is different from the two NO bent 

toward each other conformation found for four-coordinate Fe(NO)2(His)(Cys). Interestingly, using initially 

two NO bent toward each other or side-on NO also finished with this same structure after geometry 

optimization. In addition, using different initial spin coupling patterns as Fe (S=2) anti-ferromagnetically 

coupled to NO- (S=1) and NO+ (S=0), Fe (S=2) anti-ferromagnetically coupled to two NO (S=1/2), Fe 

(S=3/2) anti-ferromagnetically coupled to NO (S=1/2), NO- (S=0), and Fe (S=5/2) anti-ferromagnetically 

coupled to NO- (S=1) and NO (S=1/2)) all ended up with the same result after geometry optimization. 

However, using initially two NO bent away from each other was optimized as the initial conformation (J), 

see Fig. 9J. So, there are two optimized five-coordinate Fe(NO)2(His)(Cys)(Glu) structures with the two 

NO bent toward the same side (I) and opposite side (J) respectively, both different from the two NO bent 

toward each other conformation found for four-coordinate Fe(NO)2(His)(Cys). Their spin density 

distribution patterns are also different from that of the four-coordinate G. Unfortunately, as seen from Table 

1, none of these five-coordinate structures yielded good Mössbauer data predictions, with errors of ~3-4 . 

Lastly, we tried the six-coordinate {Fe(NO)2}8 S=1 structure with both the original His121 and Glu46 

ligands in the starting non-heme iron site added to the four-coordinate Fe(NO)2(His)(Cys). Nevertheless, 

during the geometry optimization, His121 again lost the iron coordination, so there is no stable six-

coordinate {Fe(NO)2}8 S=1 structure.

Since above studies show that basically all possible structures with a {Fe(NO)2}8 motif do not agree 

with experimental Mössbauer data, we then examined structures with the {FeNO}8 motif. Because this 

motif differs from the four-coordinate {FeNO}7 precursor by basically one electron and such iron proteins 

have been repeatedly found in the above studies to prefer the four-coordination, we evaluated three four-

coordinate {FeNO}8 models from the three four-coordinate {FeNO}7 precursors (C-E) to furnish a 

comprehensive comparison. Interestingly, Fe(NO)(His)(Cys)(Glu) (K, see Fig. 9K), which could be a 

precursor of the {Fe(NO)2}9 species (Fe(NO)2(His)(Cys)) and is a product of the axial  {FeNO}7 species 

C, produced only 0.05 mm/s error  (< one standard deviation) in  prediction (Expt’, 3’, Table 1), which 

has clearly better agreement with experiment compared with the 0.13 mm/s error (twice standard deviation) 

for Fe(NO)(His)2(Cys) (L),  another likely precursor for the subsequent {Fe(NO)2}9 species F. While ∆EQ 

predictions for both possible precursors are in good agreement with experiment, the formation of K is 

thermodynamically more favorable than L by ∆G of 10.20 kcal/mol, see Table S5. The other S=1 {FeNO}8 

species (M) with a ligand set from the rhombic {FeNO}7 precursor (E) has  and ∆EQ predictions close to 

the experimental data for species 3 (labeled as Expt in Table 1), with errors of 0.14 and 0.13 mm/s 

respectively. Because of the ligand set difference, this species is not involved in the formation of the 

subsequent {Fe(NO)2}9 species Fe(NO)2(His)(Cys). For these elusive {FeNO}8 intermediates, calculations 

with other NO conformations including both NO orientations in other inter-residue spaces and linear vs. 
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nonlinear Fe-N-O angles compared to the final structures shown in Fig.9 were performed, which resulted 

in basically the same structures.

Since the experimental Mössbauer experiment alone cannot firmly determine its spin state, the S=0 

four-coordinate {FeNO}8 complex (N) with the same coordination ligands as in L, was also investigated. 

However, this structure has much worse predictions for both Fe and ∆EQ, see Table 1, and with a higher 

electronic energy by 10.48 kcal/mol. Similarly, an additional S=0 structure (O, with the same ligand set of 

the S=1 M) again has even worse Mössbauer data predictions and higher electronic energy by 16.86 

kcal/mol. So the S=0 system with the same ligand set of S=1 K was not calculated.

Overall, the average computational errors of the six isomer shifts and six quadrupole splittings 

experimentally measured for the starting Fe(II) system, the axial and rhombic {FeNO}7 species, the axial 

and rhombic {FeNO}8 species, and the {Fe(NO)2}9 species, are 0.06 and 0.18 mm/s respectively, well 

within one standard deviations of our previous >50 calculations of isomer shifts (0.07 mm/s) and 

quadrupole splittings (0.3 mm/s). 6-7, 10-19

In addition to above calculations using models based on the Chain A structure, additional 

calculations using Chain B starting geometry for a subset of the models for the starting Fe(II) system (model 

A), the {FeNO}7 species (model D), the {FeNO}8 species (model L), and the {Fe(NO)2}9 species (model 

F) were also performed, which resulted in basically the same predictions of both Mössbauer properties with 

the following respective differences for Fe and ∆EQ: 0.01 and 0.11 mm/s for model A, 0.00 and 0.01 mm/s 

for model D, 0.00 and 0.04 mm/s for model L, and 0.00 and 0.01 mm/s for model F. These data further 

support above results. Since Chain B has one conformation with Glu not coordinated, two structures for the 

starting model A were studied. The one containing this initially non-coordinated Glu in the ligand set 

becomes basically the same as this model based on Chain A after geometry optimization, as indicated by 

0.01 and 0.11 mm/s respective differences for Fe and ∆EQ and 0.012 Å difference of Fe-Glu distance. This 

is due to strong interaction between positively charged Fe(II) and negatively charged Glu in this isolated 

model. In contrast, the model without this non-coordinated Glu in the ligand set, i.e. FeII(His)2(Cys), has 

the predicted Fe and ∆EQ of 0.64 and -1.61 mm/s, which are very different from the experimentally 

measured Mössbauer data for both major and minor species (see Table 1) and thus suggest that this 

conformation was not detected in the Mössbauer experiment due possibly to different experimental 

conditions compared to the x-ray crystallography. However, this flexible Glu conformation does support 

the most favorable pathway for {Fe(NO)2}9 formation from the axial species as shown in Fig.10 involving 

the loss of Glu coordination. The more favorable formation of this axial {FeNO}8 precursor than the 

rhombic one (by G of 9.31 kcal/mol, see Table S5) may facilitate its subsequent transformation to the 

{Fe(NO)2}9 species. This helps qualitatively to understand only the rhombic {FeNO}8 intermediate was 
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observed in the chemical reduction at room temperature, while both the axial and rhombic {FeNO}8 

intermediates were detected in the cyroreduction experiment.

Previous work shows that the quantitative effect may be small for Mössbauer parameters even with 

a strong hydrogen bond, like the one between O2 and second sphere distal His residue in myoglobin with a 

calculated energy of ~7 kcal/mol: it only improves the calculated Mössbauer isomer shift and quadrupole 

splitting by 0.03 and 0.11 mm/s respectively,17 which are about half of the average computational errors 

here. Here, since there are three residues (M13, N47, F114) with distances close to hydrogen bonding 

interactions with the first sphere coordination ligands (H121 and C112, see Fig.1b), we chose the model 

(D) that retains both H121 and C112 and thus could potentially have all these three second-sphere 

interactions, as an example, to evaluate their potential effects on Mössbauer property predictions. As shown 

in Table S6, the calculated Mössbauer isomer shift and quadrupole splitting from D‘ which has all these 

three residues in addition to model D are affected by only 0.02 and 0.11 mm/s respectively, basically the 

same level of small effect as mentioned above. The influence on the predicted NO frequency is 0.4% and 

the calculated spin densities are changed by ~1%, which all indicate an insignificant effect. In addition, to 

find out if the second sphere residues could affect the Mössbauer property predictions through inducing 

different NO conformations, we performed calculations on the elusive {FeNO}8 intermediates with other 

NO conformations including both NO orientations in other inter-residue spaces and linear vs. nonlinear Fe-

N-O angles compared to the final structures shown in Fig. 9. The calculations resulted in basically the same 

structures. We then conducted additional single point Mössbauer property predictions using the optimized 

structures but with just NO manually rotated to other inter-residue spaces (the energy cost for rotation is 

small, which can usually be accommodated by the protein environment). Results show that the calculated 

Mössbauer isomer shifts and quadrupole splittings are affected on average by 0.02 and 0.12 mm/s 

respectively, which are again at the same level of small effect as from hydrogen bonding mentioned above. 

Therefore, the second sphere residues may be unlikely to significantly alter the computed data here.
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Figure S1. Metal-binding site in Cu-M121H/H46EAz (Chain B). Glu46 adopts two different conformations. (PDB: 
4WKX)
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Fig. S2 | Fe2+ Titration of apo-M121H/H46EAz. (A) UV-vis absorption spectral of titrating 0.1 – 5.0 eq. of Fe2+ 
to apo-M121H/H46E in 50mM BisTris pH7.0. (B) Titration curve monitored by the increased absorbance at 330 
nm versus the equivalents of Fe2+. (C) The dissociation constant (KD) is determined by fitting the plot of Abs at 
330 nm vs. Fe2+ concentration using the following equation:  

 where P = protein concentration, M 𝐴 = 𝐴𝑚𝑎𝑥 × {[(𝑃 + 𝑀 + 𝐾𝐷) ‒ [(𝑃 + 𝑀 + 𝐾𝐷)2 ‒ (4 × 𝑃 × 𝑀)]
1
2} ÷ (2 × 𝑃)

= Fe2+ concentration and KD = dissociation constant. (D) Extinction coefficient of Fe(II)-M121H/H46EAz at 330 
nm is determined by fitting the plot of Abs at 330 nm vs. Fe2+ concentration using Beer’s law A = εlc where l = 1 
cm and c = Fe2+ concentration.
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Fig. S3 | 4.2 K zero field Mössbauer spectrum of 57Fe(II)-M121H/H46EAz (black) and the spectral simulation 
(red). The simulated parameters of two quadrupole doublets: δ1 = 0.94 mm/s, |ΔEQ1| = 2.66 mm/s, area =86%; δ2 = 
1.23 mm/s, |ΔEQ2| = 3.55 mm/s, area =14%.

Figure S4. X-band EPR spectra of {FeNO}7 and the spectral simulations. Left panel: the experimental spectrum 
(black), the overall simulation (red), and two S = 3/2 component simulations (blue and purple). The zero-field splitting 
parameters are listed in the figure. Right panel, the experimental spectra (black) and the overall simulations (red) on 
the data collected under various temperatures indicated in the figure. These simulations were used to determine the 
axial zero field splitting parameter, D, for each S = 3/2 species shown in the spectra.
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Fig. S5 | 4.2 K variable field Mössbauer spectra of {FeNO}7. The spectra of Fe(II)-M121H/H46EAz complex (0.9 
mM) treated with 0.7 eq. NO (black hash lines) and the Fe(II)-M121H/H46EAz complex scaled to 20% of the 
absorption area of the NO treated spectra (black solid lines).
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Fig. S6. 4.2 K Mössbauer spectra of the Fe(II)-M121H/H46EAz complex (0.9 mM) reacted with NO saturated 

buffer at different times. The spectrum measured on a sample quenched at 10 s is shown at the top (black hash line), 

the corresponding simulation (black) including the axial {FeNO}7 species (~ 90%) and the rhombic {FeNO}7 species 

(< 10%, purple line). The spectrum measured on a sample quenched at 100 s is shown at the bottom (black hash line), 

the corresponding simulation (black) including the axial {FeNO}7 species (~ 70%, blue line) and the rhombic {FeNO}7 

species (~ 30%, purple line).
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Fig. S7 | UV-Vis spectrum characterization of dinitrosyl iron complexes formation in engineered non heme iron 
site in Az. (A) Kinetic UV-Vis spectra of {FeNO}7 being reduced with 1 eq. dithionite in the presence of excess 
amount of NO. UV-Vis spectra of isolated {FeNO}7 species (blue) and {Fe(NO)2}9 species (red). (B) The time traces 
of absorbance at 650 nm (black) and 720 nm (red).
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Fig. S8 | The EPR spectra of {Fe(NO)2}9 species after three times buffer exchange using Amicon® Ultra-4 
centrifugal filter devices with a 10 kDa molecular weight cutoff.
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Fig. S9 | The EPR spectra of the {Fe(NO)2}9 under different temperature. 

S17



3150 3200 3250 3300 3350

Magnetic Field (G)

 0dB
 5dB
 10dB
 15dB
 20dB
 25dB
 30dB
 35dB
 40dB
 45dB

0.01 0.1 1 10 100

0.1

1

N
or

m
al

iz
ed

 I/
sq

rt(
P

)

Microwave power (mW)

Fig. S10 | EPR power saturation study of the {Fe(NO)2}9 species. (A) EPR spectra of the {Fe(NO)2}9 species in 50 
mM BisTris pH 7, recorded at 30 K under varying microwave power from 0 dB to 45 dB. Microwave frequency = 
9.244 GHz, modulation amplitude = 2 G. (B) Plots of intensity/  vs. microwave power (mW) of the sharpest peak 𝑃

at g ~ 2.04. The plot is analyzed by using the equation:   where I = peak intensity, 

𝐼
𝑃

=  
𝐾

[1 + (2
(2
𝐵)

‒ 1) × (
𝑃

𝑃1/2
)]

𝑏
2

K = constant, P = microwave power in mW, b = measure of homogeneity of the line shape with a value varying 
between 1 and 3, P1/2 is the microwave frequency power at which the amplitude of the EPR signal is one-half of its 
unsaturated value.

Fig. S11 | 4.2 K variable field Mössbauer spectra of {Fe(NO)2}9. The spectra of {Fe(NO)2}9 species are shown in 

black and the spectral simulation are in red. The arrows indicate the spectral features belong to the subspectra 

originated from the spin-up sub-level of the S = 1/2 spin system. The spectral component representing 30% of the 

Fe(II)-M121H/H46EAz complex was removed, see Fig. S12.
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Fig. S12 | 4.2 K variable field Mössbauer spectra of the sample enriched with {Fe(NO)2}9 species. The spectra 
of the {Fe(NO)2}9 species scaled to 70 % of the absorption area (black hash lines) and the spectra of Fe(II)-
M121H/H46EAz scaled to 30% of absorption area (black solid lines).
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Fig. S13 | N-ENDOR investigation of dinitrosyl iron species formed in engineered non heme iron Az. (A) Q-
band 14N-ENDOR spectra of {Fe(NO)2}9 species collected at different magnetic fields at 30 K (black). The 
simulated spectra were shown in red. (B) Q-band 15N-ENDOR spectra of {Fe(15NO)2}9 species collected at different 
magnetic fields at 30 K. The simulated spectra were shown in red.
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Fig. S14 | The NO dependent spin concentrations of various EPR active species. Black: overall of the two 
{FeNO}7 species; Red: the S = 1/2 {Fe(NO)2}9 species; Blue: the percentage of EPR-silent species by subtracting the 
concentrations of {FeNO}7 and {Fe(NO)2}9 from the total spin concentration.

Fig. S15 | 4.2 K zero field Mössbauer spectrum of a NONOate treated Fe(II)-M121H/H46EAz complex 
illustrating the existence of {FeNO}8 species. Red: experimental spectrum; Blue: the spectral simulation of the 
{FeNO}8 species with δ = 0.66 mm/s, |ΔEQ| = 1.82 mm/s.
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Fig. S16 | Spectral analysis of time-dependent optical absorption spectra shown in Figure 2 using single value 
decomposition (SVD) method. (A) Model that includes {FeNO}8 species as an intermediate. (B) Model that excludes 
{FeNO}8 as an intermediate. The identified spectra from SVD, time-dependent speciation, the experimental and 
simulated time traces at 720 nm, and differential absorption trace at 720nm are plotted respectively.

Fig. S17 | Possible reaction pathways. Color scheme: C – cyan, Fe – black, N – blue, O – red, S – yellow, H – 
grey.
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Table S1. Spin Hamiltonian parameters of the various observed iron-nitrosyl complexes.a

Species {FeNO}7 {FeNO}8 {FeNO}8’ {Fe(NO)2}9

S 3/2 3/2 - - 1/2

D (cm-1) 10 (1) 6 (1) - - -

E/D 0.033(3) 0.007(2) - - -

g [2.024, 2.024, 2.00] [2.012 2.012 2.00] - - [2.040, 2.034, 2.012]

δ (mm/s) 0.60(2) 0.47(2) 0.66(1) 0.77(1) 0.26

ΔEQ (mm/s) -1.60(5) -1.00(5) 1.82(2) b 2.20(2) b 0.83

η 0 1.2 - - 0.9

[Ax Ay Az]/gnβn (T) [-22.0(5), -23.0(5), -

30(2) ]

[-19.2(5), -19.0(5), 

-25(5)]

- - [-36.5(5), -31.8(5), -

10(1)]

α β γ (degree) c - - - - 70, 25, 0

a the numerical values in the parentheses indicate the uncertainty of the last digit of the entry.
b The sign of ΔEQ is not determined
c The y-z-y convention is used for the definition of Euler angles

Table S2 | The simulation parameters for the 14N-ENDOR fittings.
x y z α β γ

A (14N His) 9.7 11.1 15.3 16 32 -19
Q (14N His) 0.59 0.42 -1.01 8 20 2
A(14N NO) 0.5 3.5 15.7 109 -95 -114
Q (14N NO) -0.01 0.54 -0.53 110 -94 -101
A(14N NO) 0.5 3.5 15.7 -109 -95 114
Q (14N NO) -0.01 0.54 -0.53 -110 -94 101

g 2.040 2.034 2.012
Note:
1) Hyperfine and quadrupole coupling in MHz. For 15N hyperfine couplings, multiply by 1.402.
2) Euler angles rotate the diagonal A matrix into the coordinate system in which g is diagonal. The Euler angles that diagonalize A are given by -
γ, β, -α.
3) The coupling matrixes for the two NO’s are assumed to be symmetric about the yz plane.
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Table S3. Vibrational frequencies (in cm-1) of the {FeNO}7 and {Fe(NO)2}9 species.

Table S4. Spin concentrations of various species observed in EPR (units: mM)
{FeNO}7 S= 3/2

eq. of NO*
E/D = 0.033 E/D = 0.006

{Fe(NO)2}9 S = ½ Total

0.5 0.14 0.11 0.00 0.25

1 0.20 0.15 0.02 0.37

1.5 0.18 0.15 0.04 0.37

2 0.14 0.12 0.08 0.34

2.5 0.13 0.12 0.11 0.36

3 0.13 0.13 0.13 0.39

3.5 0.11 0.13 0.14 0.38

4 0.10 0.12 0.14 0.36

5 0.08 0.11 0.16 0.35

3 + 2 eq. NaDT ~ 0 ~ 0.005 0.30 0.30

* Assuming each Proli NONOate molecule gives 2 molecules of NO.

Table S5. Reaction Energies in Different Pathways Shown in Fig. S17 (Unit: kcal/mol).
Pathway Step ∆E ∆EZPE ∆H ∆G

I AC -32.06 -29.11 -28.74 -33.30

CK a) 0.00 0.00 0.00 0.00

KF -34.35 -30.65 -30.98 -33.03

II AD -12.54 -9.66 -9.26 -13.56

DL a) 10.73 10.69 10.79 10.20

LF -45.08 -41.34 -41.77 -43.23

III AE -12.94 -9.38 -9.31 -11.51

EM a) 6.00 6.85 6.56 9.31
a) As the detailed NO reduction in this {FeNO}7 to {FeNO}8 process needs further study, here the relative reaction energies of this step in the three 
pathways were calculated with respect to the Pathway I CK step, assuming the same fate for the oxidized NO in this step of reaction.
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(Fe-SCys) 
(Δ15N)

(Fe-NO) 
(Δ15N)

(Fe-N-O) 
(Δ15N)

(N-O) (Δ15N) References

M121H/H46EAz {FeNO}7 362/394 (0) 519 (-3) 535 (-18) 1795 (-32) This work
Superoxide reductase {FeNO}7 291 (0) 475 (-7) 1721 (-31) 42

R2-RNR {FeNO}7  445(-7) 434 (-9) 1742 (-29) 43

M121H/H46EAz {Fe(NO)2}9 360 (0) 534 (-6), 594 (-6) 423 (-12) 1781 (-32), 1724 This work
Ferric uptake regulator {Fe(NO)2}9 1762 (-32), 1715 (-27) 44

R2-RNR {Fe(NO)2}9 1761, 1785 43

[(SPh)2{Fe(NO)2}9]- 525 (-6), 598 (-4) 440 (-11) 1731 (-37), 1692 (-31) 45



Table S6. Comparison of Calculated Spectroscopic Properties and Spin Densities from the First-sphere and Second-
sphere Models for a {FeNO}7 system

Model System S δFe (mm/s) ΔEQ (mm/s) νNO (cm-1) ραβ
Fe (e) ραβ

NO (e)

D Fe(NO)(His)2(Cys) 3/2 0.44 0.68 1820 3.426 -0.946

D’ 2nd sphere model a) 3/2 0.42 0.57 1813 3.468 -0.963
a) The three residues that have backbone moieties H-bonded to the first sphere residues are included, using the short models of CH3NHCHO to 
represent the N-H…S hydrogen bonds with Cys from F114 and N47, and CH3CONH2 to represent the O(M13)…H-N(H121) hydrogen bond. 
Heave atoms in these backbone models are fixed in the x-ray structure positions along with the C atoms of first sphere residues to mimic the 
protein environment effect during geometry optimization. The optimized structure is shown below. After optimization, the H121…M13 
interaction is strengthened as indicated by a shorted N…O distance from 3.02 Å to 2.69 Å, and the N47…C112 interaction is not significantly 
changed (the N…S distance is 3.56 Å, similar to 3.48 Å in the original x-ray structure), while the F114…C112 interaction is lost because the 
N…S distance is changed from 3.47 Å to 4.80 Å. 
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