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Abstract: The structural characterizations of the Fe environments in the NO adducts of horse heart ferric
(FeIII ) and ferrous (FeII) nitrosylmyoglobin (MbNO) have been achieved by multiple-scattering (MS) analyses
of XAFS data obtained from frozen aqueous solutions. For MbIINO, the MS analysis resulted in an averaged
Fe-Np (pyrrole) distance of 2.00 Å, an Fe-Nε (imidazole) distance of 2.05 Å, an Fe-NNO distance of 1.75
Å, and an Fe-N-O angle of 150°. For comparison, the MS analysis of the XAFS data of [FeII(TPP)(NO)]
(TPP) tetraphenylporphyrinato) resulted in bond lengths of 2.01 Å for Fe-Np and 1.74 Å for Fe-NNO and
an Fe-N-O bond angle of 155°. The Fe-NNO and N-O distances obtained from the analysis of MbIINO
are in good agreement with those determined crystallographically for [FeII(TPP)(NO)] with and without
1-methylimidazole (1-MeIm) as the sixth ligand. The MS analysis of MbIIINO yielded an average Fe-Np

distance of 2.00 Å, an Fe-Nε distance of 2.04 Å, an Fe-NNO distance of 1.69 Å, and an Fe-N-O angle of
180°. These bond lengths and angles are consistent with the crystal structures of model complexes [FeIII -
(TPP)(NO)(OH2)]+ and [FeIII (OEP)(NO)]+ (OEP) octaethylporphyrinato). The final XAFSR values were
14.5, 14.6, and 12.7% for MbIIINO, MbIINO, and [FeII(TPP)(NO)], respectively.

Introduction

The monoheme protein myoglobin (Mb) consists of a single
polypeptide chain of 153 amino acid residues covalently bound
through an imidazole of the proximal histidine to an Fe of
protoporphyrin IX. In cardiac muscle it stores O2 and facilitates
its diffusion from blood capillaries to the mitochondria.1 In vivo,
it is maintained in the ferrous (FeII) state, being high-spin five-
coordinate in deoxy-Mb and low-spin six-coordinate in oxy-
Mb. In vitro, oxy-Mb is oxidized to the Fe(III) form, met-Mb,
where the sixth ligand is water, which may be hydrogen bonded
with the “distal” histidine.2 Although there are structural
sequence differences between sperm whale (SW) and horse heart
(HH) Mb,1,3 their overall protein structures, spectra, and
reactivities are very similar.2,4-15 The recently established

biological relevance of NO binding to hemeproteins16-21 has
heightened interest in both the Fe(II) and Fe(III) adducts, which
has led to the current study on the XAFS of the NO adducts of
HH Mb. The results of this study are compared with literature
information on the structures of NO adducts of SW and HH
Mb derived from a range of techniques.

Nitric oxide is a secretory product of mammalian cells22 and
plays a role in a large range of physiological processes, including
signal transmission, blood clotting, and blood pressure control,
and has a role in the ability of the immune system to kill tumor
cells and intracellular parasites.16,18,22-31 Since the biological
half-life of NO is short (∼5 s),29 it is somewhat surprising that
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it serves important and diverse biological functions.32 Heme-
proteins involved in these functions include nitric oxide syn-
thases (NOSs), which oxidize arginine to citrulline with
concomitant release of NO;18,26,30,33the human receptor for NO
guanylate cyclase (sGC);28,34-40 and nitrophorins in the saliva
of the bloodsucking insect,Rhodnius prolixus, which bind and
transport NO as the Fe(III) adduct into the host skin to cause
vasodilation and facilitate feeding.21,24,41 The essential role
played by NO in the nervous and vascular systems is in sharp
contrast to its high degree of toxicity that is associated with (1)
coordination to, or oxidation of, the FeII in Hb to generate met-
Hb, thereby decreasing the O2-carrying capacity of the blood,42

(2) binding to ferrous heme and iron-sulfur centers of enzymes,
(3) hydroxyl radical formation, and (4) neurotoxicity arising
from excessive concentrations of NO as a neuromodulator.25

Hb serves as a buffer against NO toxicity, since it coordinates
NO and NO precursors, such as hydroxylamine and nitrite, and
minimizes NO penetration of the blood-brain barrier, thus
protecting the central nervous system.25 Despite their consider-
able physiological interest, very little structural information is
available on NO adducts of heme proteins. The latter is
confined to a single-scattering (SS) XAFS analysis of SW MbII-
NO43 (only average Fe-N bond lengths for the Fe-Np and Fe-
Nε bonds were reported); the X-ray crystal structures of the NO
adducts of horse Hb (HbIINO),44 the plant heme, lupin Lb (LbII-
NO),45 and cytochromec peroxidase;46 and the MS XAFS
analysis of the NO adduct of the ferric hemeprotein, nitric oxide
reductase, fromFusarium oxysporum.47 Very recently, an X-ray
structure of the NO adduct of SW myoglobin (MbIINO) has
also been reported.48

Many of the conclusions about the electronic structures of
NO complexes and Fe-N-O angles in the Fe(II) adducts are

also derived from the interpretation of EPR data.49-57 A single-
crystal EPR study of SW MbNO at 77 K50,52 was used to
estimate the Fe-N-O bond angle to be 108-110°, which was
consistent with the bond angle determined by XRD (112°).48

This is in contrast with the X-ray crystallographic study of horse
HbNO, which indicated an Fe-N-O bond angle of 145(
10°.44 From these observations, Hori et al.53 suggested that the
metal-ligand geometry in MbNO and HbNO may be different
in solutions and crystals. Phillips also noted that the angle in
the crystals of MbIINO may be influenced by the crystal structure
of met-Mb, since the crystals of MbIINO were grown by NO
diffusion into met-Mb crystals, with subsequent autoreduction
of the Fe(III) adduct.48 Hori et al. have also postulated that the
different EPR spectra of SW MbNO at 77 and 293 K resulted
from a change in conformation of NO bonding upon freezing,
i.e., at ambient temperature (293 K), the Fe-N-O bond angle
was estimated to be 153°, and at 77 K, the Fe-N-O bond angle
was estimated to be 109°.53

Another technique that has been used to obtain information
about the electronic structures and the Fe-N-O bond angles
in NO adducts of a range of hemeproteins (including Mb) is
resonance Raman spectroscopy.47,58-61 These results indicate a
bent Fe-N-O moiety for the Fe(II) adduct and a linear Fe-
N-O moiety with an Fe(II)-NO+ electronic structure for the
Fe(III) adduct.

Studies on MbNO adducts have direct relevance to the
transport and detoxification of NO as well as serving as models
for NO binding to a range of hemeproteins. For instance, it
has been proposed that Fe(III) hemeproteins act as NO carriers24

since they release NO more readily than do Fe(II) hemepro-
teins.8,62 Such species are also intermediates in the reduction
of nitrite by nitrite reductase.63 MS analyses of XAFS data have
been used successfully to determine Fe-N-O bond angles in
non-heme Fe complexes64 and the ferric hemeprotein nitric oxide
reductase.47 Hence, MS XAFS analyses have been undertaken
in an attempt to delineate the apparently contradictory informa-
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tion on the Fe-N-O bond angles in the Fe(II) adducts of
hemeproteins obtained from EPR spectroscopy and XRD and
to provide the first direct structural evidence for this angle in
the NO adduct of met-Mb. Moreover, the errors in bond lengths
and angles in X-ray crystallography are large, even for high-
resolution structures (typicallyg0.1 Å in bond lengths),65 and
hence, MS XAFS analyses have the potential to provide more
accurate and precise Fe-L bond length data than those available
from X-ray crystallography.

Experimental Section

All manipulations during the preparation of the deoxy-Mb and the
NO adducts of Mb were performed using syringe techniques in an Ar-
filled glovebag. A MbIIINO solution (4.6 mM) was prepared66 by
passing NO over the HH met-Mb (Sigma) solution (deoxygenated with
Ar) for 5 min. Glycerol was deoxygenated with Ar, then NO was
bubbled into the glycerol prior to mixing with a solution of MbIIINO
in a sealed vial to give a 40% v/v glycerol/water solution. A glycerol
solution of MbIINO (3.8 mM) was prepared by forming the MbIIINO
adduct (as above) and leaving the solution at 4°C for 24 h to
“autoreduce” to MbIINO,41,62,67prior to the addition of glycerol. The
purities of the NO adducts were determined immediately prior to
freezing by UV/vis spectroscopy41 using a Hewlett-Packard 8452A
diode array spectrophotometer. A fine powder of [Fe(TPP)(NO)]68,69

(37 mg) diluted with BN (∼50 mg) was pressed into a pellet and sealed
between 63.5-µm Mylar windows in a 1-mm Al spacer. Iron K-edge
X-ray absorption spectra (XAS) were recorded at the Stanford
Synchrotron Radiation Laboratory (SSRL) on the unfocused multipole
wiggler beamline 7-3 under dedicated ring conditions (3 GeV, 50-
100 mA), using a Si(220) double-crystal monochromator detuned 50%
(at 8257, 7993, and 8257 eV for MbIIINO, MbIINO, and [Fe(TPP)-
(NO)], respectively). Data were collected as fluorescence spectra using
a 13-element Ge array detector (proteins)70 or with N2-filled ionization
chambers in transmission mode ([Fe(TPP)(NO)]) and were averages
of multiple scans (27 for MbIIINO, 24 for MbIINO, 3 for [Fe(TPP)-
(NO)]) measured from 6790 to 8257, 7993, and 8257 eV, respectively.
The data for the proteins were collected from two different frozen
samples at two spots on each sample to minimize the effects of
photodecomposition. Solutions were syringed into 140-µL Lucite cells
(23 × 2 × 3 mm) with 63.5-µm Mylar tape windows in a N2-filled
glovebag and then were frozen (liquid N2/n-hexane). A constant
temperature (10 K) was maintained using an Oxford Instruments
continuous-flow liquid He CF 1208 cryostat. The energy was calibrated
using an Fe foil standard (first inflection point, 7111.2 eV).71

The model-fitting calculations were performed using the XFIT
program72 and models and procedures described previously (Supporting
Information, Figure S1).73 The only exception was for the [Fe(TPP)-

(NO)] model structure, where a refinement was run in which theR
carbons of the phenyl substituents were included in addition to those
contained in the porphyrin ring. The positions of these carbons were
obtained from the X-ray crystal structure,69 and the following restraints
were applied: CH-CPh ) 1.50 Å{0.05 Å} and C1-CH-CPh ) 118°-
{2°}. The XAFS structures thus obtained probe the environment around
the Fe atom with higher precision and accuracy than is possible from
protein crystallography,74,75 yielding distances accurate to 0.01-0.02
Å.75 Moreover, the ab initio MS calculations involve significant
contributions from pathways involving atoms up to 5 Å from the Fe
center, which include all core porphyrin and exogenous ligand atoms
for the proteins.76 These processes are important in determining the
XAFS of the distant shells and become particularly important at lowk
values or when three atoms are approximately collinear,77 but drop off
very rapidly for intervector angles smaller than ca. 150°.

Results

[Fe(TPP)(NO)]. The observed and calculated XAFS,ø(k)
× k3, the corresponding Fourier transforms, the residuals,∆-
[ø(k) × k3], and the window functions used in the Fourier filter
for [Fe(TPP)(NO)] are shown in Figure 1, using the same model
as that for the proteins excluding the axial imidazole ring. When
the R carbons of the phenyl substituents are included in the
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199-202.
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Methods. Phys. Res.1988, A266, 586-591. The data for the Fe(III) adduct
were obtained with a more modern detector, which could take up to 150 000
counts.

(71) Zhang, Y.; Pavlosky, M. A.; Brown, C. A.; Westre, T. E.; Hedman,
B.; Hodgson, K. O.; Solomon, E. I.J. Am. Chem. Soc.1992, 114, 9189-
9191.

(72) Ellis, P. J.; Freeman, H. C.J. Synchrotron Radiat.1995, 2, 190-
195. This program incorporates FEFF 6.01 for MS (Rehr, J. J.; Albers, R.
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Figure 1. (a) XAFS and (b) Fourier transform amplitude of XAFS of
[Fe(TPP)(NO)]: observed (s), calculated from refined model (- - -),
residual (‚‚‚‚), window used in Fourier filter (s).
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model (which are absent in the proteins), there is a significant
improvement in the fit (Figure 2) with theR value decreasing
from 14.2% to 12.7%. The inclusion of these extra carbons
only affected the fit to the second and subsequent shells and
did not have a significant effect on the Fe-ligand bond lengths
and the Fe-N-O bond angle that were determined from the
MS analysis. The structure of [Fe(TPP)(NO)] from the MS
refinement is shown in Figure 3. The Fe-Np(av) and Fe-NNO

bond distances found in the MS analysis are effectively the same
as those determined from the SS analysis (Table 1). All bond
lengths for the SS, MS, and crystal structure analyses were the
same within experimental error. The use of MS instead of SS
to analyze the XAFS data enabled the determination of the Fe-
N-O angle (155°). Despite the small error (2°) in this value,
the angle is somewhat larger than that determined from the
crystal structure (149.2°). This discrepancy could arise from

differences in temperature (XAFS and crystal structure data were
collected at 10 and 293 K, respectively).

X-ray Photodamage Effects on MbIII NO and MbII NO.
The edge spectrum of MbIIINO was sensitive to irradiation. The
effect was negligible during the first three to five scans but
became appreciable in subsequent scans. When data for all 27
scans (five to eight scans in each of two positions for two MbIII -
NO samples) were averaged, there was a shift in the edge to
lower energy by 0.2 eV. The nature of the photodamaged
product is not known; however, the position of the edge shifts
to lower energies than the corresponding edge of MbIINO (edge
shifts,∆E, of up to 0.4 eV were observed for MbIIINO, cf. ∆E
) 0.2 eV between the first scans of MbIINO and MbIIINO).
The model was fitted to the average of 15 scans that were least
affected (individual scans with an edge shift of>0.16 eV were
rejected).

Figure 4 illustrates the edge spectrum of MbIIINO compared
with those of MbIINO, met-Mb73 and deoxy-Mb.73 The edge
position of MbIIINO is very similar to that of the ferrous nitrosyl
adduct. The shift in the edge spectrum of MbIINO was
negligible (average shift to higher energy by 0.1 eV during data
collection of 26 scans). Since the edge shifts were very small,
all 26 scans were used in the analysis.

MS XAFS of MbII NO and MbIII NO. The observed and
calculated MS XAFS, the corresponding Fourier transforms, the
residuals, and the window functions used in the Fourier filters
of MbIINO and MbIIINO are shown in Figures 5 and 6,
respectively. The corresponding heme structures are given in
Figure 7. Table 1 summarizes the results together with
crystallographic and XAFS results from the literature on related
model compounds and proteins.

The good agreement in the coordination geometries deter-
mined by X-ray and MS XAFS for [Fe(TPP)(NO)] gives
confidence in the results obtained from the MS analyses of the
XAFS of the hemeproteins. For MbIINO, the MS analysis gave
Fe-Np(av) as 2.00 Å, Fe-Nε 2.05 Å, and Fe-NNO 1.75 Å and
the Fe-N-O angle as 150° (R ) 14.6%), all of which are in
good agreement with the results obtained from the MS XAFS
analysis of [Fe(TPP)(NO)] and X-ray crystal structures of [Fe-
(TPP)(NO)],69 [Fe(TPP)(NO)(1-MeIm)],78 and LbIINO.45 Simi-
larly, the bond lengths and angles obtained from the MS analysis
of MbIIINO are in close agreement with XRD values obtained
from the crystal structures of [Fe(OEP)(NO)]+ and [Fe(TPP)-
(NO)(OH2)]+.79 The resulting Fe-L bond lengths and angles

(78) Scheidt, W. R.; Piciulo, P. L.J. Am. Chem. Soc.1976, 98, 1913-
1919.

(79) Scheidt, W. R.; Lee, Y. J.; Hatano, K.J. Am. Chem. Soc.1984,
106, 6, 3191-3198.

Figure 2. (a) XAFS and (b) Fourier transform amplitude of XAFS of
[Fe(TPP)(NO)] when theR carbons of the phenyl substituents are
included in the model: observed (s), calculated from refined model
(- - -), residual (‚‚‚‚), window used in Fourier filter (s).

Figure 3. Molecular structure at 10 K for the non-hydrogen atoms
within 5 Å of the Featom of [Fe(TPP)(NO)].

Figure 4. Edge spectra obtained at 10 K of (a) MbIIINO compared
with those of (b) MbIINO, (c) met-Mb, and (d) deoxy-Mb.
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Table 1. Comparison of Fe-Ligand Bond Lengths and Angles in MbIINO and MbIIINO Obtained from MS XAFS Analyses with Those Determined from Other XAFS Analyses or X-ray Crystal
Structure Data

Fe-Ligand distances (Å) Debye-Waller factors,σ2 (Å2)
other refinement

parameters

species method Np Nε/OH2/S NNO N-O
av

Fe-Na (Å)
Fe-N-O
angle (deg) Np Nε NNO ONO E0 (eV) S0

2 R (%)

MbIINO SSb 2.02(2) 1.76(6) - 2.02 -
MSc,d 1.99(2) 2.05(3) 1.76(2) 1.12(2) 2.00 150(2) 0.002 0.001 0.005 0.005 7125.0 0.865 13.8
MSc,e 2.00(2) 2.05(3) 1.75(2) 1.12(2) 2.01 150(2) 0.002 0.001 0.005 0.005 7125.2 0.859 14.6
crystalf 2.077 2.18(3) 1.89(4) 1.15 2.097 112

LbIINO crystalg 1.99(7) 2.20(7) 1.72(7) 1.35h 2.03 147(4) 18.4
HbIINO crystali - - 1.74 1.1 - 145(10) -
Cyt c peroxidase (NO) crystalj - 2.04 1.82 125, 135
[Fe(TPP)(NO)] crystalk 2.001(3) - 1.717(7) 1.12(1) 2.00 149.2(6) 6.1

MSc 2.01(2) - 1.74(2) 1.12(2) 2.01 155(2) 0.003 - 0.005 0.007 7126.8 0.991 14.2
MSc,l 2.00(2) - 1.73(3) 1.12(2) 2.00 156(2) 0.003 - 0.005 0.007 7126.3 0.970 12.7

[Fe(TPP)(NO)(1-MeIm)] crystalm,n 2.008(4) 2.180(4) 1.743(4) 1.121(8) 2.04 142.1(6) 7.4
1.14(1) 138(1)

MbIIINO MSc,o 2.00(2) 2.04(3) 1.68(2) 1.13(2) 2.01 180(4) 0.001 0.001 0.006 0.006 7128.8 0.946 14.3
P450nor-NO MSp 2.00(2) 2.26(2) 1.66(2) 170(10)
P450cam-NO MSp 2.00(2) 2.26(2) 1.76(2) 170(10)
[Fe(TPP)(NO)(OH2)]+ crystalq,r 1.999(6) 2.001(5) 1.652(5) 1.150 2.00 174(1) 7.9
[Fe(OEP)(NO)]+ crystalq,s 1.994(3) - 1.644(3) 1.112(4) 1.99 176.9(3) 6.3

a The average Fe-N distance includes the four Fe-Np’s and Fe-Nε, if applicable.b The Fe-Np and Fe-Nε bonds were not distinguished in the SS analyses.43 c This work. Data were collected at 10(
1 K and were analyzed using the TPP model. Errors inE0 andS0

2 were 0.2 eV and 0.014, respectively.d Data were refined withRmax ) 5.1 Å (Reff ) 10.2 Å), number of legs) 6, and no filters∴ 285 unique
paths were examined and included in the refinement.e Data were refined with two filters in place, so that paths contributing less than 2% relative to the strongest path are rejected∴ 104 unique paths were
included in the refinement. Errors inE0 andS0

2 were 0.5 eV and 0.033, respectively.f1.7-Å resolution SW MbIINO.48 g 1.8-Å resolution.45b Errors were estimated by analogy with the uncertainties in the
M-L bond lengths for a small Cu protein as a function of resolution.65 h The error estimate in L-L bond lengths is uncertain.i 2.8-Å resolution.44 The structure of horse HbIINO was deduced by a difference
Fourier map of HbNO minus met-Hb, calculated using the refined phases of met-Hb, (Ladner, R. C.; Heidner, E. J.; Perutz, M. F.J. Mol. Biol. 1977, 114, 385-414); hence,R was not reported; error in
Fe-NNO bond length is estimated to be at least 0.2 Å. Deatherage and Moffat44 estimate the error in∠Fe-N-O to be(10°. j Reference 46.k Distances and angles obtained from ref 69. Data were collected
at 293 K. l Model included theR carbons of the phenyl substitutents.m Distances and angles obtained from ref 78. Data were collected at 293 K.n The two angles represent the major and minor orientations
of the nitrosyl oxygen; the occupancy factors of the oxygen atoms were 0.67(3) and 0.32(2), respectively.o 15-scan average; 105 unique paths included in the refinement. Errors inE0 andS0

2 were 0.2 eV
and 0.014, respectively.p P450nor refers to the nitric oxide reductase (nor) enzyme fromFusarium oxysporum, which has been designated as a cytochrome P450 system because of its similarity to this class
of enzymes. P450cam refers to thed-camphor-bound form of cytochrome P450 fromPseudomonas putida.47 q Scheidt et al.79 r Data were collected at 96 K.s Data were collected at 292 K.
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for both the 15-scan and 27-scan averages were the same within
experimental error. Therefore, the small amount of photodam-
age averaged over all of the scans for MbIIINO did not result in
a significant change in bond lengths. This is reflected in the
E0 value: a 0.6-eV decrease inE0 resulted in a 0.005-Å decrease
in Fe-NNO.80 The small R value (14.3%) and the cor-
respondence of the model complexes with the protein again give
confidence in the accuracy of the XAFS-derived structure.

Effect of Varying N-O on the Fe-N-O Angle in Ferrous
and Ferric MbNO. To determine the effect of varying the
N-O bond distance on the Fe-N-O angle in ferrous and ferric
MbNO, refinements were performed where this restraint was
lowered or raised by 0.01 Å (Table S1, Supporting Information).
A variation of (0.02 Å in the N-O distance used in the
refinement of the structure derived from the XAFS of MbIINO
results in a variation of 2.2° in the Fe-N-O angle. Hence, if
the estimated standard deviation (esd) in the N-O bond distance
is 0.01 Å, then the esd in the Fe-N-O angle is 1.1°. In the
refinement of MbIIINO, a variation of the N-O distance by
(0.01 Å results in a 4.8° difference and, thus, an esd of 2.4° in
the Fe-N-O angle. These esd values were used in calculating
the overall estimate of the root-mean-square (rms) error in∠Fe-
N-O.

Accuracy and Precision in Fe-L Bond Lengths and the
Fe-N-O Angle from XAFS. Monte Carlo calculations of
error due to noise in the data yielded rms errors for [Fe(TPP)-

(NO)] of 0.001 Å for Fe-Np, 0.002 Å for Fe-NNO, and 0.86°
for ∠Fe-N-O. The respective errors estimated for MbIINO
and MbIIINO were 0.004 and 0.002 Å for Fe-Np, 0.004 and
0.003 Å for Fe-Nε, and 0.010 and 0.003 Å for Fe-ΝNO. These
statistical errors were combined with typical systematic errors
((0.01-0.02 Å)75 to obtain the estimated maximum rms errors
in the reported bond lengths (Table 1).

Monte Carlo calculations yielded respective rms errors of 2.1°
and 2.8° for the Fe-N-O bond angles in MbIINO and MbIII -
NO, which were combined with the rms errors of 1.1° and 2.4°,
resulting from varying the N-O distance (Table S1, Supporting
Information), to give estimated maximum rms errors of 2.4°
and 3.7°, respectively.83

Effect of Varying Fe-NE on the Fe-N-O Angle in
MbII NO. Some test refinements were performed to determine
the effect of varying the Fe-Nε bond length on the derived
Fe-N-O angle and Fe-NNO bond distance in HH MbIINO.
The Fe-Nε bond distance was increased from 1.96 to 2.30 Å
in 0.02-Å increments. The parameters refined included all
Debye-Waller temperature factors, positional coordinates for
all atoms except the Nε coordinates,E0, and S0

2 (Table S2,

(80) This observed decrease is consistent with the estimation of a(0.005
Å change in Fe-L for every 1-eV change inE0.81,82

(81) Ellis, P. J. Ph.D. Thesis, University of Sydney, 1995.
(82) Penner-Hahn, J. E.; Hodgson, K. O. InIron Porphyrins, Part III;

Lever, A. B. P., Gray, H. B., Eds.; VCH Publishers: New York, 1989;
Vol. 4, Chapter 3 and references therein.

(83) Estimate of rms error in the Fe-N-O angle for MbIINO: error in
∠Fe-N-O ) [(1.1°)2 + (2.1°)2]1/2 ) 2.4°. Estimate of rms error in the
Fe-N-O angle for MbIIINO: error in∠Fe-N-O ) [(2.4°)2 + (2.8°)2]1/2

) 3.7°.

Figure 5. (a) XAFS for MbIINO: observed (s), calculated from refined
model (- - -), residual (‚‚‚‚), window used in Fourier filter (s). (b)
Fourier transform amplitude of XAFS for MbIINO: observed (s),
calculated from refined model (- - -), residual (‚‚‚‚), window used in
Fourier filter (s).

Figure 6. (a) XAFS for MbIIINO: observed (s), calculated from
refined model (- - -), residual (‚‚‚‚), window used in Fourier filter (s).
(b) Fourier transform amplitude of XAFS for MbIIINO: observed (s),
calculated from refined model (- - -), residual (‚‚‚), window used in
Fourier filter (s).
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Supporting Information). There were no significant changes
in the Fe-NNO bond distance in the refinements. The changes
in the resulting Fe-N-O bond angles, relative to the minimum
obtained without constrained or restrained Fe-L bond lengths,
ranged from+4.3° to -2° (Figure 8). The best refinement
resulted from an Fe-Nε bond distance of 2.04 Å (R ) 14.4%),
which corresponds to the original minimum.

Refinements with Restrained Fe-N-O Bond Angles.
Refinements were performed where the Fe-N-O angle was
tightly restrained to be 109°, 115°, 120°, 125°, 130°, 140°, 160°,
or 170° (σres ) 1°) for MbIINO; and 109°, 120°, 130°, 140°,
150°, 160°, or 170° (σres ) 1°) for MbIIINO, to determine
whether another minimum could be detected. These restraints
were then removed, and the data were re-refined (Tables S3
and S4, Supporting Information). For MbIINO, when the initial
bond angle was 109°-120°, the Fe-N-O angle refined to an

angle of 120° after restraints were removed. For 125°, the angle
remained at 125° after the restraints were removed, whereas
for angles of 130° or higher, the Fe-N-O angle refined to an
angle of 150°. However, theR values for the minima where
Fe-N-O refined to an angle of 120° or 125° are 0.6% and
2.1% higher, respectively, than that where the angle refined to
150°. In the refinements with Fe-N-O restraints, the bond
lengths did not deviate significantly from those obtained from
the true minimum. However, the Fe-N-O bond angles
differed significantly due to the tight restraints. The further
the angle was restrained from the global minimum, the higher
was theR factor for angles of 130° or higher (130°, R) 16.7%;
170°, R ) 15.5%). Hence, MS XAFS analysis can distinguish
Fe-N-O angles between 130° and 170°.

For MbIIINO, the fit obtained when low initial angles were
used (109°-130°) and the restraints were released was a false
minimum. For this minimum, an Fe-N-O angle of 122° was
obtained, but theRvalue was 4.9% higher than for the structure
of best fit (Fe-N-O angle of∼180°) obtained from higher
starting angles. In the refinements with Fe-N-O restraints,
the bond lengths did not deviate by more than 0.03 Å from
those obtained from the true minimum, but the Fe-N-O bond
angle differed significantly. However, the refinements where
the restraint was far from the true value (e.g., 140°) resulted in
Fe-N-O angles that did not “obey” the restraint, althoughσres

was 1°. This was reflected in the refinement parameters, since
the further the angle deviated from the minimum, the higher
theS0

2 andR factors (140°: S0
2 ) 1.09,R ) 18.6%; 150°: S0

2

) 1.04,R ) 15.6%) were. The values of theS0
2 andR factors

decrease as the restraining angle approaches the ideal value of
180°. This confirms the sensitivity of the MS XAFS analysis
to the Fe-N-O bond angles. The results show that MS
analyses of XAFS data are capable of determining Fe-N-O
bond angles in hemeproteins and that the major differences
between the structures of MbIIINO and MbIINO lie in the Fe-
NNO bond lengths and Fe-N-O bond angles.

To test further the validity of the above analyses, MS
refinements were performed where the Fourier transform XAFS
window was limited to include only the peak due to the Fe-
N-O angle (∼2.0-2.3 Å window). The Fe-N-O angle was
restrained to values ranging from 109° to 180° and the XAFS
data were refined. TheR values plotted as a function of Fe-
N-O angle are illustrated in Figures 9 (for the proteins) and
S2 (for [Fe(TPP)(NO)]). From these results, the Fe-N-O
moiety is bent in ferrous MbIINO and [Fe(TPP)(NO)], while in
the ferric nitrosyl complex, the angle is close to being linear.

Similar calculations were performed on the XAFS data
obtained for [Fe(TPP)(NO)] to test the effect of the axial
imidazole group of the proteins in causing a false minimum
(Table S5, Supporting Information). A second minimum with
an Fe-N-O angle of∼120° was also observed (Figure S2),
but this was not as deep as that for MbIINO.

Can MS Distinguish Fe-Np from Fe-NE? The MS XAFS
analyses of MbIINO and MbIIINO result in similar Fe-Np and
Fe-Nε bond lengths (Table 1). The bond distances differ by
only 0.05 and 0.04 Å in MbIINO and MbIIINO, respectively.
Since the rms error estimates are 0.02 and 0.03 Å for Fe-Np

and Fe-Nε, respectively, these differences may be insignificant.
To determine whether MS can distinguish between these two
bonds, refinements were performed where the five Fe-Np and
Fe-Nε bond lengths were constrained to be identical (Table
S6, Supporting Information). In both MbIINO and MbIIINO,
the Fe-Nav and Fe-NNO bond lengths and Fe-N-O angles
are the same as those determined in the original refinements,

Figure 7. Molecular structures (determined at 10 K) for the non-
hydrogen atoms within 5 Å of the Featom of (a) MbIINO and (b) MbIII -
NO at 10 K.

Figure 8. MS XAFS analyses of HH MbIINO with a constrained Fe-
Nε distance: effect on the residual,R (2), and the Fe-N-O angle (9)
as a function of distance.
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within the errors of the analyses. The residual,R, increased by
0.6% when the Fe-Np and Fe-Nε bond lengths were con-
strained to be identical. However, when these constraints were
removed, the bond lengths and angles reverted to their original
values. While, it is uncertain whether the MS analysis can
resolve the Fe-Np and Fe-Nε bond lengths, one distinguishing
feature of the Fe-Np and Fe-Nε bonds is the contributions of
the methine carbons of the porphyrin to the MS analysis. The
Fe f C(methine) f Fe path, which is absent from the
imidazole, has a SS importance factor (26%) that is the same
as that due to the SS Fef Nε f Fe path (26%) as outlined in
the Supporting Information (Table S7). This SS contribution,
together with the MS contributions involving the methine
carbons, is likely to be the reason the two Fe-N bond lengths
are differentiated in the MS pathways when restraints are
removed. The limited XAFS resolution of SS analyses cannot
resolve such bond lengths.84 Irrespective of whether these
refinements (and the refinements illustrated in Figure 8) resolve
the two bond lengths, it is evident that they are similar and that
the results are inconsistent with substantial axial elongation of
the Fe-Nε bond.

Are Four- and Five-Leg MS Paths Important in the
Analysis of MbNO? MS paths up to five legs with total
distancesR e 5 Å85 were incorporated into the refinements of
the XAFS data. Of the 104 MS paths incorporated into the
refinement of MbIINO (Table S7, Supporting Information), 20
involve five legs. The most significant five-leg path, Fef C1D

f ND f C1D f ND f Fe, has an importance factor of 16%
relative to the strongest paths and anR value of 4.6 Å. To
determine the significance of these five-leg paths, refinements
of MbIINO and MbIIINO were repeated where paths up to four
legs only were included in the calculation (Table S8, Supporting
Information). The resulting calculations included 84 and 83
paths for MbIINO and MbIIINO, respectively (cf. 104 and 105
paths in the corresponding five-leg calculations). The Fe-L
bond lengths and Fe-N-O angles determined from the four-
leg refinements were the same as those derived using up to five
legs within the error estimates of the MS analyses. Thus, the
arbitrary inclusion of five-leg MS paths is insignificant with
respect to the Fe-L bond lengths and Fe-N-O angles obtained.
It does, however, cause a significant effect on the cor-
respondence between the observed and calculated XAFS,
although this is manifested mainly at lowk values and in the
second and subsequent shells of the Fourier transform (Figure
10). When the XAFS contributions of two-, three-, and four-
leg paths involving the NO ligand to the MS are compared
(Figures S3 and S4), it is clear that paths up to four legs make
significant contributions to the XAFS.

Discussion

[Fe(TPP)(NO)]. The Fe-Np(av) and Fe-NNO distances in
[Fe(TPP)(NO)] are within experimental error of the bond lengths
determined by X-ray crystallography. The bond angle of 155°
is 6° larger than that determined by X-ray crystallography;
however, they are almost the same within experimental error.
It is unclear if the different temperatures of the determinations
or the NO disorder in the crystal structure69 may contribute to
these differences. Nonetheless, the coordination geometries
determined by X-ray and MS XAFS are in good agreement and
give confidence as to the XAFS analyses of the proteins.

The results also show that quite distant carbons can have a
significant contribution to the XAFS at lowk values. This is
shown by the importance of theR carbons of the phenyl
substituents, which are 4.9 Å away from the Fe center. The
inclusion of such contributions decreases theR factor by 1.5%
due to the 4-fold degenerate SS pathway and the 8-fold
degenerate linear MS pathway involving the meso carbons.

MbII NO and MbIII NO. For MbIINO, values of the bond
lengths and angles (Fe-Np(av), 2.00 Å; Fe-Nε, 2.05 Å; Fe-
NNO, 1.75 Å; Fe-N-O angle, 150°) are consistent with X-ray
crystal and MS XAFS structures of the model complexes, [Fe-
(TPP)(NO)] and [Fe(TPP)(NO)(1-MeIm)], and the crystal
structures of HbIINO44 and LbIINO.45 The angle is also consistent
with the angle of 153° deduced from room-temperature EPR
experiments but is inconsistent with the much smaller value of
109° that has been deduced from EPR measurements at 77 K53

and the angle of 112° determined in the 1.7-Å resolution XRD
structure of SW MbIINO.48 It is clear from Table S3 that such a
small angle cannot be accommodated while retaining a reason-
able fit to the XAFS data. Such a restraint results in an increase
in the R factor by 2.2% and a 5-fold increase in the Debye-
Waller factor for the terminal oxygen of the NO ligand,
compared to that obtained for the structure of best fit. It is not
clear why the low-temperature EPR and the XRD values
determined for the Fe-N-O angle are inconsistent with all of
the other structural and room-temperature EPR data on FeII-
NO heme adducts, but this may be a result of the way in which
they were prepared. As pointed out by Phillips, the distal

(84) Riggs-Gelasco, P. J.; Stemmler, T. L.; Penner-Hahn, J. E.Coord.
Chem. ReV. 1995, 144, 245-286 and references therein.

(85)R is half the effective path length, which is the length of the route
by which a photoelectron proceeds from the absorber to neighboring atoms
and back to the absorber.

Figure 9. MS XAFS analyses of HH (a) MbIINO and (b) MbIIINO
using a Fourier transform windowed from∼2.0-2.3 Å. The closed
circles correspond to calculations where the Fe-N-O angle was
restrained and the Fourier transform peak due to this angle was refined.
The open circles correspond to the minimum obtained when no restraints
were applied to the Fe-N-O angle.
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histidine in the crystals of met-Mb used to prepare the MbIINO
crystals is hydrogen-bonded to the aqua ligand in met-Mb.48

This forces the NO to adopt a small angle when it replaces the
aqua ligand in the crystal structure. These packing forces do
not necessarily apply when the NO adduct is prepared in
aqueous solutions, as was the case for the XAFS experiments
reported here, where the adduct appears to adopt a more normal
bonding angle. It is clear that the aqueous preparative method
is more biologically relevant than substitution in and reduction
of crystals, and hence, we believe that the XAFS structure is
likely to be that adopted in vivo when Mb reacts with NO.

The false minima in the fit to the data can be explained readily
by considering the degenerate Fe-Nε-CR and Fe-Np-Cm

angles of 127.6° and 127.0°, respectively. These angles are
close to the second minimum at 125.1° found in the plot of the
Fe-N-O angle versusR for the second shell (Figure 9a).
Several pieces of evidence point to the deduction that this value
does not correspond to the actual Fe-N-O angle. The first is
that, when all MS paths are considered, theR factor is 2.1%
higher when the angle is restrained to 125° compared to the
true minimum at 150°. The second is that the Debye-Waller
factor for the terminal O of the NO group is a factor of 20
higher when the angle is 125° versus 150°. This large Debye-
Waller factor is to be expected if the Fe-N-O moiety is being
treated in the fit as an Fe-N-C moiety. A similar explanation
may apply to the other false minimum at 120°. If the
explanation for the minima around 120° were correct, then
similar but more shallow minima around 120° would be
expected for both [Fe(TPP)(NO)] and MbIIINO. The fact that
this was found in the analysis strengthens the arguments outlined
above. In the case of [Fe(TPP)(NO)], the lack of an axial

imidazole means that there are fewer Fe-N-C angles of 120-
130°, and hence, the Fe-N-O angle is more easily distin-
guished from the Fe-N-C angles than in MbIINO. For
MbIIINO, the nearly linear Fe-N-O moiety results in much
larger MS contributions than for the same moiety in the Fe-
(II)-NO adducts, and hence, it is much more easily distin-
guished from the false minimum where it is fitted to the Fe-
N-C angles.

The bond lengths and angles obtained for MbIIINO are
consistent with analogous bonding parameters in the crystal
structures of [Fe(OEP)(NO)]+ and [Fe(TPP)(NO)(OH2)]+.79 The
small R value (14.5%) and the correspondence of the model
complexes with the protein both give confidence in the accuracy
of the XAFS-derived structure. It is difficult to study the effects
of temperature (10 K versus ambient temperature) on the bond
angle information because of the instability of the Fe(III) adduct
to “autoreduction” at ambient temperature.41,67 The ability to
obtain accurate and precise bond angle data at higher temper-
ature is complicated, for both oxidation states, by increased
photodamage and smaller contributions due to MS pathways
because of increased thermal motion. The linear Fe-N-O
moiety is also consistent with recent resonance Raman spec-
troscopic results and MS XAFS analysis of the NO adduct of
Fe(III) in ferric hemeprotein, nitric oxide reductase.47 In addition,
the resonance Raman spectrum of MbIIINO has oxidation and
spin state marker bands similar to those of MbIINO,60 suggesting
that the former complex is best considered as FeII-NO+,41,61

which is consistent with the XAFS structure.

It is interesting to compare the results obtained from the
current MS XAFS analysis of MbIIINO and MbIINO with the
only other MS XAFS analysis of NO adducts of hemeproteins
(i.e., the Fe(III)-NO adducts of cyt P450nor and P450cam).47

The latter experiments differ in at least two ways from those
reported here. The first is that the experiments were performed
at a higher temperature (80 K) over 8-10 h. If these proteins
are anywhere near as sensitive to photoreduction as MbIIINO,
then such conditions would result in substantial degradation of
the proteins, since we have found that even at much lower
temperatures (10 vs 80 K) and shorter exposure times (3-4 h
vs 8-10 h) substantial photoreduction of MbIIINO occurs. Since
there is no evidence in the previous publication47 that the data
were examined for photodamage to the proteins (and ap-
propriately affected data rejected), this could lead to substantial
problems in interpretation of the previous data. This is evident
in the bond length data of cyt P450norNO and P450camNO
where the Fe-NO bond lengths were determined to be 1.66(2)
and 1.76(2) Å, respectively. While the former is consistent with
all of the other Fe-NO bond lengths of Fe(III)-NO adducts
contained in Table 1, the latter is typical of the bond lengths of
the Fe(II)-NO adducts (1.72-1.76 Å). This is also consistent
with the report that cyt P450camNO is much more easily
reduced than cyt P450norNO and that the Fe-N-O bond angle
for the former is smaller than for the latter. The second problem
with the previous analysis is that data were only analyzed over
a smallk range (4-12.5 Å-1), which makes the determination
of precise bond lengths and bond angles more difficult. These,
combined with the photoreduction effects, are the likely reasons
for the poorly determined Fe-N-O bond angles in the previous
MS XAFS analyses of NO adducts of hemeproteins. These
emphasize the caution that must be taken in ensuring the
integrity of such readily reduced proteins in the MS XAFS
analyses of hemeproteins.

Figure 10. (a) Calculated XAFS and (b) Fourier transform amplitude
of the calculated XAFS of HH MbIINO: two- to five-leg paths (s),
two- to four-leg paths (- - -), five-leg paths (‚‚‚).
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Conclusions

The results show that MS analyses of XAFS data are capable
of determining Fe-N-O bond angles in hemeproteins and that
the major differences between the structures of MbIIINO and
MbIINO lie in the Fe-N-O bond angles. It is clear, however,
that caution is required in the selection of the starting bond angle
for the Fe-N-O moiety to avoid obtaining an incorrect
structure. The results also point to the care that needs to be
taken in interpreting XRD and spectroscopic data based on
single-crystal measurements where the NO is forced to replace
a smaller ligand on the coordination site. When NO replaces
OH2 in the crowded heme pocket of met-Mb, it may force an
unusual geometry on the NO binding, which would not be the
case when the same adducts are allowed to form in solution
free from crystal packing forces (as indicated by the XAFS
results). Another potential problem with the XRD and other
single-crystal measurements would be incomplete binding of
NO to met-Mb. This would lead to structural inaccuracies due
to the presence of the two species. In the cases of HbIINO and
LbIINO, the heme pockets are more open and similar preparative
methods involving substitution reactions in crystals do not force
unusual geometries on the NO bonding. From our results, it is
clear that the bondings of NO to Lb, Hb, and Mb are similar
and that this bent structure, with a typical angle of 140-150°,
is likely to be found in a range of biologically relevant
hemeproteins in vivo. In contrast to the proteins discussed here,
it is not clear why the bond to the proximal histidine in GC is
substantially elongated on NO binding. Finally, it is evident
that four-leg paths are also important in determining the MS
contributions of bound NO. In previous experiments of NO
bonding to non-heme iron complexes, only paths up to three
legs were considered.64 It is not clear how these may have
affected the accuracy of the previous results.
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