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Abstract: We report the results of a series of density functional theory (DFT) calculations of the Mössbauer
quadrupole splittings and isomer shifts in NO heme model compounds, together with the results of
calculations of the Mössbauer quadrupole splittings, isomer shifts, and electron paramagnetic resonance
hyperfine coupling constants in a model Fe(II)(NO)(imidazole) complex as a function of Fe-NO bond length
and Fe-N-O bond angle. The results of the Mössbauer quadrupole splitting and isomer shift calculations
on the NO heme model compounds show good accord between theory and experiment, with the largest
errors being observed for structures having the largest crystallographic R1 values. The results of the property
surface calculations were then used to calculate Fe-NO bond length and Fe-N-O bond angle probability
surfaces (Z-surfaces) for a nitrosyl hemoglobin, using, in addition, an energy filter. The results obtained
yielded a most probable Fe-NO bond length (r) of 1.79 Å and an Fe-N-O bond angle (â) of 136°-137°.
This bond length is somewhat longer than those observed in most model compounds but may be due, at
least in part, to hydrogen bond formation with the distal His residue. Bond elongation was also observed
in a geometry optimized Fe(II)(NO)(imidazole) complex hydrogen bonded to an imidazole residue, in which
we find r ) 1.76-1.78 Å and â ) 137°-138°. The computed bond angles are close to the canonical ∼140°
value found in most model systems. Highly bent Fe-N-O bond angles or very long Fe-NO bond lengths
seem unlikely to occur in proteins, due to their high energies. We also investigated the molecular orbitals
and spin densities in each of the six coordinate systems investigated and found the orbitals and spin densities
to be generally similar those described previously for five coordinate systems. Taken together, these results
show that Mössbauer quadrupole splittings and isomer shifts, in addition to electron paramagnetic resonance
hyperfine coupling constants, can now be calculated for nitrosyl heme systems with relatively good accuracy
and that the results so obtained can be used to determine Fe-N-O geometries in metalloproteins. The
Z-surface approach is thus applicable to both diamagnetic (CO) and paramagnetic (NO) heme proteins
with in both cases the metal-ligand binding geometries found in the proteins being very close to those
seen in model systems.

Introduction

The topic of how small molecule ligands (O2, CO, and NO)
bind to heme proteins and heme model systems has been of
considerable interest for many years,1-4 with particular emphasis
being placed on the geometric structures of these small molecule
ligands bound to iron. In all cases, a wide range of geometries
have been reported in proteins, but this range of geometries
has always been found to be much smaller in model systems.5-7

On one hand, this could indicate interesting and potentially

important interactions between the small molecule ligand and
the protein, but on the other hand, it could simply reflect the
difficulty of accurately determining such bond lengths and bond
angles in protein molecules, due to the much lower resolution
available in proteins versus small molecule (heme model)
structures.2 In previous work,8 we investigated the topic of CO
bonding to myoglobin using a combination of Mo¨ssbauer and
nuclear magnetic resonance spectroscopic techniques, together
with quantum chemical calculations, and we found that CO
bound in a relatively undistorted or linear geometry to myo-
globin, with tilt (τ) and bend (â) angles of ca. 4° and 7°,
respectively. These results were considerably different to those
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obtained in earlier crystallographic (and other) investigations,
but were later verified by a new high-resolution crystallographic
structure obtained by using synchrotron radiation,9 and are of
interest in the context of the question of CO/O2 discrimination
by proteins. In the case of NO binding to heme proteins, there
are again a very wide range of geometries reported for proteins
in the literature10-13 but a much smaller range for NO bound to
heme (or more specifically Fe(II)-porphyrin) model systems,7,14-20

where structures can reasonably be expected to be known with
high accuracy and precision. For example, Fe-N-O bond
angles varying between 110 and 155° have been reported in
metalloproteins, but in metalloporphyrin model systems, the
range is only between 137.4° and 143.7°.7 Likewise, Fe-NO
bond lengths have been reported to vary between 1.72 and 2.0
Å in metalloproteins but only between 1.72 and 1.84 Å in model
systems.7 In this work, we have therefore begun to use a
combination of experimental (Mo¨ssbauer quadrupole splittings
and isomer shifts, together with electron paramagnetic resonance
hyperfine couplings) and quantum chemical techniques to try
to probe in more detail metal-ligand geometries in the
paramagnetic NO heme proteins nitrosylhemoglobin and ni-
trosylmyoglobin, since the topic of NO binding to heme Fe(II)
is of considerable current interest in the context of NO transport
and the regulation of vascular tension.21 The bond angle results
obtained for HbNO and MbNO are found to be very close to
the canonical values found in model compounds, while the Fe-
NO bond distances are somewhat elongated, due we propose
to an electrostatic (hydrogen bond) interaction between NO and
the distal His residue. Highly bent geometries appear to be
unlikely, based on their calculated energies.

Computational Aspects

The 57Fe quadrupole splitting arises from the nonspherical nuclear
charge distribution in theI* ) 3/2 excited state in the presence of an
electric field gradient at the57Fe 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
(usuallyR-Fe at 300 K). The former effect is related to the components
of the electric field gradient tensor at the nucleus as follows:22

wheree is the electron charge,Q is the quadrupole moment of theE*
) 14.4 keV excited state, and the principal components of the EFG
tensor are labeled according to the convention

with the asymmetry parameter being given by

The isomer shift in57Fe Mössbauer spectroscopy is given by22

whereZ represents the atomic number of the nucleus of interest (iron)
andR, R* are average nuclear radii of the ground and excited states of
57Fe. Since|ψ(0)|Fe

2 is a constant, the isomer shift (from Fe) can be
written as

whereR is the so-called calibration constant andF(0) is the computed
charge density at the iron nucleus. BothR andc can be obtained from
the correlation between experimentalδFe values and the corresponding
computedF(0) data in a training set. Then, one can use eq 5 to predict
δFe for a new molecule from its computedF(0), basically as described
in detail elsewhere for a wide variety of heme and other model
systems.23

The hyperfine interaction tensor A˜ is a second rank tensor, which
can be separated into isotropic/Fermi-contact (Aiso) and anisotropic/
dipolar (T̃) components:

where Ĩis a unit matrix. The isotropic hyperfine coupling constant (Aiso)
of a given nucleus can be computed from the spin density at that nucleus
(FRâ), using the relation:24

where p is Plank’s constant divided by 2π, γn is the nuclear
gyromagnetic ratio,ge is the free electrong-factor, andâe is the Bohr
magneton. The dipolar term (T˜ -tensor) is traceless and its elements
are given by24

where r is the distance between the atom containing the unpaired
electron and the nucleus with nonzero spin and ri is the i-th space
coordinate. Therefore, each principal component of the hyperfine
interaction tensor (Aii, i ) 1, 2, 3) is evaluated as the sum of Aiso and
Tii.

To calculate∆EQ, we used the Gaussian 98 program25 to evaluate
the principal components of the electric field gradient tensor at the
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57Fe nucleus (Vii), and then we used eq 1 to deduce∆EQ, using a precise
recent determination ofQ ) 0.16((5%) × 10-28 m2,26 a value
previously found to permit excellent accord between theory and
experiment in a broad range of systems.27,28 We used the same
computational approach as in our previous studies, which enabled
accurate predictions of Mo¨ssbauer quadrupole splittings27 and isomer
shifts23 as well as NMR hyperfine shifts29 in iron complexes containing
d2 to d8 iron and in all spin states (S) 0, 1/2, 1, 3/2, 2, 5/2): a Wachter’s
basis (62111111/3311111/3111) for Fe,30 6-311G* for all the other
heavy atoms, and 6-31G* for hydrogens. We investigated use of both
the pure density functional BPW91 (the Becke 88 exchange31 and PW91
correlation functionals32) and the hybrid functional B3LYP (Becke’s
three-parameter functional33 with the LYP correlation functional34),
which includes the effects of Hartree-Fock exchange.

To calculateδFe values, we read the wave functions from the
Gaussian 98 calculations into the AIM 2000 program,35 in order to
evaluate the charge density at the iron nucleus,F(0). Then, we evaluated
the isomer shifts by using the two equations derived previously:23

Spin unrestricted and spin restricted methods were used for the
paramagnetic and diamagnetic systems, respectively. For the Aii

calculations, the Aiso and Tii hyperfine (dipolar interaction) values are
taken directly from the output of the Gaussian 98 program.

Unlike the situation with Fe-CO systems, there are no Mo¨ssbauer
results on six-coordinateS ) 1/2 NO hemes containing an axial
imidazole base. Consequently, we investigated the six systems (1-6)
shown in Figure 1 which have eitherS ) 1/2 in a five-coordinate
geometry orS) 0 in both five- and six-coordinate geometries. Complex
1 is the neutralS ) 1/2 molecule Fe(TPP)(NO) (TPP) meso-
tetraphenylporphyrinate),16,36while compounds2-5 are all ferric, six-
coordinate NO complexes:2, [Fe(OEP)(2-MeIm)(NO)]+ (OEP)
octaethylporphyrinate; 2-MeIm) 2-methylimidazole);17 3, [Fe(OEP)-
(Iz)(NO)]+ (Iz ) indazole);18,20 4, [Fe(TpivPP)(NO2)(NO)], (TpivPP
) (R,R,R,R)-tetrakis(o-pivalamidophenyl)porphyrin);19 and 5, [Fe-
(OEP)(1-MeIm)(NO)]+ (1-MeIm) 1-methylimidazole).18,37Compound
6 is the five-coordinate ferric system, [Fe(OEP)(NO)]+.20 In this work,
as in that described previously,27 side chains on the porphyrin
framework were replaced with hydrogen atoms so that only the
porphyrin core was retained, as illustrated in Figure 1. Counterions
were not included in the property calculations since their effects have
previously been shown to be negligible.38

We also carried out a series of energy and property (Mo¨ssbauer
quadrupole splitting, Mo¨ssbauer isomer shift and EPR hyperfine
coupling constant) calculations for nine Fe(II)(NO)(imidazole) structures
containing different Fe-NO bond lengths (r) and Fe-N-O bond angles
(â), the structure parameters which vary widely in protein crystal
structures. The bond lengths used werer ) 1.74, 1.86, and 1.98 Å and
the bond angles wereâ ) 111°, 128°, and 145°. This enabled us to
construct a series of property surfaces and hence probability or
Z-surfaces (as described below) covering most of the structure space
which has been proposed to be populated in NO heme proteins.

Results and Discussion

We show in Table 1 the results of our density functional
theory Mössbauer quadrupole splitting and isomer shift property
calculations for the six iron nitrosylmetalloporphyrins whose
structures (1-6) are shown in Figure 1, together with, for

(26) Dufek, P.; Blaha, P.; Schwarz, K.Phys. ReV. Lett.1995, 75, 3545-3548.
(27) Zhang, Y.; Mao, J.; Godbout, N.; Oldfield, E.J. Am. Chem. Soc.2002,

124, 13921-13930.
(28) Godbout, N.; Havlin, R.; Salzmann, R.; Debrunner, P. G.; Oldfield, E.J.
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Quantum Theory; Oxford University Press: Oxford, 1990.

(36) Nasri, H.; Ellison, M. K.; Chen, S.; Huynh, B. H.; Scheidt, W. R.J. Am.
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Figure 1. Structures of nitrosylheme model complexes (1-6) used in the calculations (Fe-dark red; N-blue; O-red; C-dark gray; H-light gray).

δFe ) -0.471[F(0) - 11617.30] (BPW91) (9)

δFe ) -0.404[F(0) - 11614.16] (B3LYP) (10)
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completeness, the results for the two five-coordinateS ) 1/2
systems (7, 8: the two molecules in the unit cell of Fe(II)-
(OEP)(NO)15,39) reported previously.23,27 Also, we show the
computed spin densities on Fe, for1, 7, and8. Both BPW91
and B3LYP results are shown in the table, and a graphical
comparison of the experimental quadrupole splittings and isomer
shifts with the computed values is shown in Figure 2. The results
for all eight nitrosylmetalloporphyrins are shown as solid circles
(b) while the results for the other metalloporphyrins investigated
previously23,27(covering all common spin and oxidation states)
are shown as open circles (O). The results for the nitrosylmet-
alloporphyrins cover a relatively small range in property values
but, nevertheless, lie on the correlation line established previ-
ously.23,27 For example, for∆EQ, when using the BPW91
functional, we previously foundR2 ) 0.975 for the theory versus
experiment correlation forN ) 23 compounds with a slope of
0.99 and an rmsd of 0.30 mm s-1. With theN ) 29 compound
data set containing the six new nitrosylmetalloporphyrins, we
now find R2 ) 0.970, a slope of 0.99, and an rmsd of 0.32 mm
s-1. There is, however, a marked scatter in the computed results
when considering solely the nitrosyl compound (1-8) ∆EQ

results, although this effect is not seen in theδFe calculations
(Figure 2C,D). This is consistent with our general observation
that accurate∆EQ results are rather more difficult to calculate
than are Mo¨ssbauerδFe values, and previously we attributed
this to the larger structure sensitivity of the electric field gradient
tensor (Vii) calculation, as opposed to the charge densityF(0)
calculations. While this might at first sight appear surprising,
since it is theδFe calculations which lack corrections for second-
order Doppler effects, as may be seen in Figure 3, there is clearly
a general correlation between the errors in the computed∆EQ

values and the quality of the crystal structure used (as
determined by conventional crystallographicR1 values). That

is, the largest errors come from the largestR1 value structures.
In two cases (2 and3), there are fortuitously good∆EQ property
predictions from the lower resolution structures, but more
importantly, there are no counterexamples of poor property
predictions for high resolution structures. While this point may
not appear important, it is in fact important from the standpoint
of structure predictions based on property surfaces, as discussed
below. That is, the results of Figure 3 imply that much of the
error in the ∆EQ property predictions can be attributed to
structural uncertainties rather than major deficiencies in the
calculations. This implies, therefore, that it should be possible
to use both∆EQ and δFe Mössbauer properties for structure
determination in Fe-NO heme proteins, basically as described
before for Fe-CO heme proteins, using the Bayesian or
Z-surface approach.8

We show in Table 2 the results of Mo¨ssbauer quadrupole
splitting and isomer shift calculations for a series of Fe(II)-
(NO)(imidazole) structures in which the Fe-NO bond lengths
and Fe-N-O bond angles were systematically changed: from
1.74 to 1.86 to 1.98 Å and from 111° to 128° to 145°. In
addition, we also evaluated the EPR hyperfine coupling
components, Aii, at each of the nine geometries, together with
the energies of the individual structures (reported in Table 2
with respect to the lowest energy structure found atr ) 1.74 Å
and â ) 145°, in good agreement with the previous result
reported by Parrinello and co-workers:r ) 1.72 Å andâ )
138°40). For each of these nine structures, the basic structure
was taken from the X-ray crystallographic result for Fe(TPP)-
(1-MeIm)(NO)14 and was subject to geometry optimization in
which the Fe-N-O tilt angle, the N-O bond length, and the
Np-Fe-N-O torsions were all allowed to relax. The resulting
values (BPW91 functional) are all given in Table 2.

(39) Bohle, D. S.; Debrunner, P.; Fitzgerald, J. P.; Hansert, B.; Hung, C.-H.;
Thomson, A. J.Chem. Commun.1997, 91-92.

(40) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, M.J. Phys. Chem.
A 1997, 101, 8914-8925.

Table 1. DFT Calculations on NO Heme Model Compounds

compound R1
a (%) S methodb T (K)

∆EQ

(mm s-1)
δFe

(mm s-1)
FRâ

Fe c

(e)
FRâ

NO c

(e)

1 Fe(TPP)(NO) 4.4 [16] 1/2 expt [36] 4.2 1.24 0.35
BPW91 1.27 0.39 0.89 0.10
B3LYP 1.14 0.36 1.00 0.04

2 [Fe(OEP)(2-MeIm)(NO)]+ 8.66 [17] 0 expt [17] 4.2 1.88 0.05
BPW91 1.93 0.08
B3LYP 1.93 0.06

3 [Fe(OEP)(Iz)(NO)]+ 9.12 [18] 0 expt [20] 4.2 1.99 0.02
BPW91 1.91 0.08
B3LYP 1.91 0.01

4 [Fe(TpivPP)(NO2)(NO)] 5.82 [19] 0 expt [19] 4.2 1.43 0.09
BPW91 1.06 0.14
B3LYP 1.18 0.09

5 [Fe(OEP)(1-MeIm)(NO)]+ 6.14 [18] 0 expt [37] 4.2 1.64 0.02
BPW91 1.10 0.01
B3LYP 1.91 0.06

6 [Fe(OEP)(NO)]+ 11.11 [20] 0 expt [20] 4.2 1.64 0.20
BPW91 2.27 0.23
B3LYP 2.36 0.17

7 Fe(OEP)(NO)d 4.12 [15] 1/2 expt [39] 100 1.26 0.35
BPW91 1.32 0.41 0.94 0.06
B3LYP 1.21 0.36 1.15 -0.11

8 Fe(OEP)(NO)d 4.21 [15] 1/2 expt [39] 100 1.26 0.35
BPW91 1.33 0.39 0.88 0.10
B3LYP 1.24 0.35 1.12 -0.09

a Structural references are given in brackets.b Experimental references are given in brackets.c FRâ
Fe andFRâ

NO are the Mulliken spin densities of iron and
the nitrosyl moiety, respectively.d Previous work from refs 23 and 27 for two different structures.
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For the EPR hyperfine coupling constant parameter, we felt
it necessary to validate the surface calculations by investigating
a model system in which the hyperfine coupling tensor had
previously been determined with some precision. We therefore

computed Aii values for the Fe(OEP)(NO) system, which has
been investigated experimentally by using single-crystal EPR
and where Aii values of 42.5, 44.1, and 55.8 MHz have been
reported.41 We obtained Aii values of (+)43.3, (+)51.2, (+)62.8
and (+)47.0, (+)52.5, (+)65.5 MHz for the two molecules in
the unit cell using the BPW91 functional, withR2 ) 0.928 and
an rms error on the three principal Aii components of 2.63 MHz
(for the six tensor components, obtained from the crystal-
lographic structures reported). Results with the B3LYP func-
tional were 25.0, 43.3, 56.4 and 24.6, 44.1, 60.4 MHz for Aii,
corresponding to an rms error of 7.48 MHz. The hybrid
functional B3LYP clearly performed less well than the pure
functional, BPW91, so, consequently, we focused on BPW91
property surfaces (Table 2) since with B3LYP there is a 3-fold
larger rms error on the three tensor components than with
BPW91.

We show in Figure 4 the property surface results obtained
from the computational results shown in Table 2. Figure 4A
shows the computed quadrupole splittings as a function of Fe-
NO bond length (r) and Fe-N-O bond angle (â); Figure 4B
shows the isomer shift results,δFe (r,â); Figure 4C-E show
the hyperfine coupling results, Aii (r,â) (A11-A33, Figure 4C-
E, respectively); and Figure 4F is the energy surface,E(r,â). In
Figure 5, we show the probability or Z-surface results. The

(41) Hayes, P. G.; Ellison, M. K.; Scheidt, W. R.Inorg. Chem.2000, 39, 3665-
3668.

Figure 2. DFT computational results plotted versus the experimental results for NO complexes and other heme model complexes (from refs 23 and 27):
(A) ∆EQ/BPW91; (B) ∆EQ/B3LYP; (C) δFe/BPW91; (D) δFe/B3LYP. The NO complexes are represented by the solid circles (b); other structures are
represented by open circles (O). The solid lines are the best-fit lines through all the data points. The dotted line is the ideal 45° line with a slope of 1.00 and
an intercept of 0.00 mm s-1.

Figure 3. Graph showing differences between predicted (from theory-
versus-experiment correlations) and experimental quadrupole splittings as
a function of the crystallographicR1 factors for the heme model systems
investigated here and in previous work27 using BPW91 (solid square,9)
and B3LYP (open square,0) functionals.

Nitrosyl Heme Proteins A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 52, 2003 16391



Z-surface idea has been described several times previously8,42-43

and basically involves calculating the conditional or Bayesian
probability that a particular set of parameters, such as the bond
lengths (r) and bond angles (â) described here, or tilt and bend
angles in the case of Fe-C-O bonding in a metalloprotein,8

or peptide backboneφ andψ angles in all proteins, enables the
reproduction of an experimentally observed property, such as
an NMR chemical shift or a Mo¨ssbauer isomer shift. That is,
the probabilityZ is defined as

wherePexpt is the experimentally observed value of the property,
Pcalc(r,â) is the calculated value of the property for the given
r,â structure coordinate, andW is a search width parameter. A
multiple (n-fold) Z-surface can then be readily constructed

simply by multiplying each individual probability or Z-surface
and then (optionally) taking then-th root:

We next constructed the experimental property1Z-surfaces
shown in Figure 5A-J for hemoglobin by using the experi-
mentally observed values of the quadrupole splitting (1.5 mm
s-1 at both 4.2 K and 100 K),44,45 the isomer shift (0.42 and
0.32 mm sec-1 at 4.2 K and 100 K, respectively),44 and the
hyperfine coupling Aii values (29.6, 32.9, 63.6 MHz for theR
subunit and 26.9, 44.2, 62.3 MHz for theâ subunit, at 85 K).46

TheW parameters were chosen to yieldZ values in the∼0.1-
0.9 range over the entire Z-surfaces in each case, so as to not
overemphasize the contributions of any given property to the
final result, since the actual experimental (and computational)
errors are not always known with high accuracy. However, one

(42) Le, H.; Pearson, J. G.; deDios, A. C.; Oldfield, E.J. Am. Chem. Soc.1995,
117, 3800-3807.

(43) Heller, J.; Laws, D. D.; Tomaselli, M.; King, D. S.; Wemmer, D. E.; Pines,
A.; Halvin, R. H.; Oldfield, E.J. Am. Chem. Soc.1997, 119, 7827-7831.

(44) Pfannes, H.-D.; Bemski, G.; Wajnberg, E.; Rocha, H.; Bill, E.; Winkler,
H.; Trautwein, A. X.Hyperfine Interact.1994, 91, 797-802.

(45) Oosterhuis, W. T.; Lang, G.J. Chem. Phys.1969, 50, 4381-4387.
(46) Utterback, S. G.; Doetschman, D. C.; Szumowski, J.; Rizos, A. K.J. Chem.

Phys.1983, 78, 5874-5880.

Table 2. BPW91 Calculated Properties for Optimized Fe(TPP)(1-MeIm)(NO) Structures Determined by Varying the Fe-NO Distance (r) and
the Fe-N-O Angle (â)

property
r ) 1.74 Å
â ) 111°

r ) 1.74 Å
â ) 128°

r ) 1.74 Å
â ) 145°

r ) 1.86 Å
â ) 111°

r ) 1.86 Å
â ) 128°

r ) 1.86 Å
â ) 145°

r ) 1.98 Å
â ) 111°

r ) 1.98 Å
â ) 128°

r ) 1.98 Å
â ) 145°

RNO (Å) 1.204 1.189 1.182 1.191 1.178 1.174 1.185 1.176 1.165
tilt (deg) 0.5 -0.7 1.0 -0.1 -2.2 0.04 -0.9 -0.7 2.1
NO-NNa (deg) 18.7 15.9 9.6 16.9 12.3 9.2 17.7 14.7 11.8
∆EQ (mm s-1) 1.34 0.91 0.96 1.46 1.38 1.38 1.72 1.67 1.87
δFe(mm s-1) 0.36 0.36 0.40 0.44 0.30 0.50 0.52 0.54 0.58
A11(MHz) 20.62 24.88 28.98 9.63 15.62 19.94 3.15 7.71 10.76
A22(MHz) 23.72 28.32 31.49 16.51 19.25 23.94 8.69 12.29 10.90
A33(MHz) 58.23 65.72 73.93 40.91 57.11 66.31 43.75 49.03 62.37
Eb (kcal mol-1) 17.01 2.57 0.69 14.50 3.20 3.20 15.12 7.59 9.48

a This is the dihedral angle between NO and the closest porphyrin nitrogen.b E is the electronic energy referenced to a structure withr ) 1.75 Å andâ
) 139° (E ) 0).

Figure 4. Property surfaces for the Fe(P)(1-MeIm)(NO) model: (A)∆EQ; (B) δFe; (C) A11; (D) A22; (E) A33; (F) E. Colors reflect the properties.

Z ) exp[-(Pexpt - Pcalc(r,â)

W )2] (11)

nZ ) nxΠZ (12)
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of the ideas behind the use of the conditional probability
approach is that the errors from a given property or1Z-surface
prediction tend to average out as the results of more and more
Z-surfaces are combined, an idea which has been verified in
our previous study of Fe-CO bonding in heme proteins.8 In
addition, we evaluated the energy “Z-surfaces”, Figure 5J, taken
simply to be exp(-∆E/RT) at T ) 100 K (a temperature close
to that of both the EPR (85 K) and the Mo¨ssbauer (100 K) data
set).

We next investigated the effects of combining multiple1Z
surfaces, eq 12, to determiner and â, as shown in Figure 6.
Figure 6A shows the2Z (r,â) surface obtained by using∆EQ

andδFe data obtained for HbNO at 4.2 K, and Figure 6B, the
results obtained by using data obtained at 100 K. For the2Z
4.2 K surface, there is a broad range of high probability centered
at∼1.85 Å, covering a large range inâ, but this is more centered
at 100 K, Figure 6B.3Z-surfaces for theR andâ chain Aii values
are shown in Figure 6C and D, respectively, and clearly have

Figure 5. 1Z-surface for HbNO: (A)∆EQ
1Z-surface; (B)δFe

1Z-surface (4.2 K); (C)δFe
1Z-surface (100 K); (D) A11

1Z-surface (R-subunit); (E) A22
1Z-surface (R-subunit); (F) A33

1Z-surface (R-subunit); (G) A11
1Z-surface (â-subunit); (H) A22

1Z-surface (â-subunit); (I) A33
1Z-surface (â-subunit); (J) E

1Z-surface (100 K). Colors reflect the probabilities orZ values as described in the text. TheW parameters used for∆EQ andδFe were 0.30 and 0.077 (0.13
for 100 K surfaces), respectively, while theW parameters used for A11, A22, and A33 were 16.47, 15.86, 14.65 and 14.19, 26.30, 13.95 forR- andâ-subunits,
respectively.
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maxima at∼1.72 Å, ∼130°. When both the Mo¨ssbauer and
EPR results are combined, we obtain the5Z 4.2 K results shown
in Figure 6E (R) and 6F(â), and at 100 K, the results of Figure
6G (R) and 6H (â) are obtained. These results are summarized
in Table 3 where they can be compared with model and other
protein results. Since the EPR results were obtained at 85 K, it
seems likely that the5Z-surfaces shown in Figure 6G,H will be
most accurate, since they combine 100 K Mo¨ssbauer with 85
K EPR experiments. Although here we have combined both
human HbNO (EPR) and rat HbNO (Mo¨ssbauer) data here, it

seems quite unlikely that there will be species-dependent effects
on the Mössbauer spectra, based on, for example, the observation
that the Mössbauer spectra of (deoxy) hemoglobins from 10
different species are indistinguishable,47 and all variable amino
acids are very distant from the Fe site.

The results shown in Figure 6G,H indicate then, based solely
on the Mössbauer and EPR data (the5Z-surfaces), that there
are two mathematically probable solutions forr, â, as shown

(47) Kent, T.; Spartalian, K.; Lang, G.; Yonetani, T.Biochim. Biophys. Acta
1977, 490, 331-340.

Figure 6. nZ-surface for HbNO: (A)2Z-surface of∆EQ and δFe (4.2 K); (B) 2Z-surface of∆EQ and δFe (100 K); (C) 3Z-surface of A11, A22, and A33

(R-subunit); (D)3Z-surface of A11, A22, and A33 (â-subunit); (E)5Z-surface of all five spectroscopic observables (R-subunit, 4.2 K); (F)5Z-surface of all five
spectroscopic observables (â-subunit, 4.2 K); (G)5Z-surface of all five spectroscopic observables (R-subunit, 100 K); (H)5Z-surface of all five spectroscopic
observables (â-subunit, 100 K); (I)6Z-surface of all five spectroscopic observables and the energy (R-subunit, 100 K); (J)6Z-surface of all five spectroscopic
observables and the energy (â-subunit, 100 K). Colors reflect the probabilities, from eq 12.
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in Table 3. One has an elongated Fe-NO bond length (1.84 Å)
but a normalâ Fe-N-O bond angle (135°) while the other
has a normal Fe-NO bond length (1.74 Å) but a very bentâ
Fe-N-O (113°). However, the latter solution can be effectively
removed by using the energy Z-surface, yielding the6Z-surfaces
shown in Figure 6I,J in which we findr ) 1.79 Å for bothR
andâ subunits andâ ) 137° (R) or â ) 136° (â). These values
are now clearly within the canonical range described previously
for model systems7 and are quite close to the values found in
the X-ray structure of Fe(TPP)(1-MeIm)(NO):r ) 1.743 Å and
â ) 138.3°, 142.1°, with the more highly distorted (â ) 113°)
protein structure being eliminated due to its high (∼15 kcal
mol-1) energy penalty. On the other hand, a slight bond
elongation is clearly permissible, based on the shape of the
energy surface shown in Figure 4E, which allows for a modest
bond elongation in this region ofr,â space, due perhaps to the
effects of hydrogen bonding to the distal histidine residue.

These values are, however, rather different to those deter-
mined crystallographically in a variety of other NO heme
proteins, Table 3. While these values could all in principle be
accurate, in some cases the bond angles are highly distorted
(e.g. 111.6°, 127.2°) or the bond lengths are very long (e.g.
1.889 Å, 1.965 Å; Table 3) and these bond angle and bond
length distortions will carry energy penalties in the∼5-15 kcal
mol-1 range, too large to be accounted for simply by H-bonding.

To test in more detail to what extent H-bonding of NO to
the distal His might actually change the Fe-NO bond length
(and the NO bond length and Fe-N-O bond angle), we next
carried out a geometry optimization study of one of these
systems, a nitrosyl myoglobin (PDB file 1HJT).11 This structure
has a long Fe-NO bond length (1.889 Å) and an unusually
bent Fe-N-O bond angle (111.6°). The heme, NO, and
proximal and distal His residues were excised from the PDB
file, and a partial geometry optimization of the N, O, and distal
His H(N) atoms was carried out using the same large-scale basis
described above and initially, with the B3LYP functional. The
results for the geometry optimized structure are shown in Table
3 where they can be compared with a variety of other protein
and six-coordinate model compound structure parameters. Of
particular interest, we find that, upon geometry optimization,
the Fe-NO bond length decreases from the crystallographic
1.889 Å to 1.781 Å and the Fe-N-O bond angle increases,
from the crystallographic 111.6° to 138.1°. The bond angle
determined in this way for MbNO is essentially identical to that

deduced by using the Z-surface approach on HbNO (with the
energy filter). Likewise, the Fe-NO bond length (1.78 Å) is
about the same as that we find for HbNO (1.79 Å), with both
being longer than the bond lengths found in small molecule
six-coordinate Fe(II) metalloporphyrins containing nitrogen-base
ligands. The geometry optimized bond length is also slightly
longer than that found previously for an Fe(P)(Im)(NO) structure
optimized without the distal His.40 Compared to this B3LYP
optimized structure, using the pure density functional BPW91
for the geometry, optimization yielded an even shorter Fe-NO
bond length, 1.756 Å, very similar to that found in the X-ray
structure of the model compound, Fe(TPP)(1-MeIm)(NO),14

1.743 Å (Table 3). The Fe-N-O bond angle (137.3°) in this
case was also again very close to the value found in the six-
coordinate model complex, Table 3.14 Taken together then, the
results of the Z-surface predictions, together with the geometry
optimization results, strongly suggest that both fully ligated
nitrosylhemoglobin and nitrosylmyoglobin have Fe-N-O bond
angles of∼136-138° and Fe-NO bond lengths in the 1.76-
1.79 Å range, slightly longer than those observed in model
systems which lack distal hydrogen bond donors.

Finally, we also investigated some of the molecular orbitals
and spin densities in the nitrosylmetalloporphyrins studied here.
Typical results for theR-HOMO, â-LUMO, and the total spin
density for theS) 1/2 Fe(II)(NO)(imidazole) complex used in
the H-bond geometry optimization study described above are
shown in Figure 7A-C, respectively. These results are very
similar to those we reported previously for the five-coordinate
Fe(II)(OEP)(NO) based structure and indicate a major contribu-
tion of the dz2 orbital to the HOMO.27 However, in each of the
six coordinate molecules, we also found, not surprisingly, a
small contribution from the proximal imidazole ligand to the
R-HOMO, basically as shown in Figure 7A. Moreover, the
hydrogen-bonded distal imidazole was found to have a weak
interaction with NO, again as shown in Figure 7A. In all cases,
the spin densities were overwhelmingly located in the Fe and
NO orbitals (see Figure 7C) and resemble the shape of the
â-LUMO (Figure 7B), as noted previously for several otherS
) 1/2 systems.27,29

Conclusions

The results we have obtained above are of interest for a
number of reasons. First, we have carried out the first extensive
density functional theory investigation of a broad variety of five-

Table 3. Structural Results for Six-Coordinate Model Compounds and Nitrosylheme Proteins

system methoda RFeN (Å) ∠Fe−N−O (deg) reference

Fe(P)(1-MeIm)(NO) 5Z-surface (R, 4.2 K) 1.85 139 this work
5Z-surface (â, 4.2 K) 1.86 138 this work
5Z-surface (R, 100 K) 1.84 (1.74) 135 (113) this work
5Z-surface (â, 100 K) 1.84 (1.74) 133 (113) this work
6Z-surface (R, 100 K) 1.79 137 this work
6Z-surface (â, 100 K) 1.79 136 this work

Fe(TPP)(1-MeIm)(NO) X-ray 1.743 138.3 14
1.743 142.1 14

MbNO X-ray (1.70 Å) 1.889 111.6 11
MbNO X-ray (1.90 Å) 1.859 127.2 11
leghemoglobin-NO X-ray (1.80 Å) 1.965 144.9 12
MbNOb B3LYP optimized 1.781 138.1 this work
MbNOb BPW91 optimized 1.756 137.3 this work
Fe(P)(Im)(NO) DFT optimized 1.72 138 40

a For protein X-ray structures, their resolutions are indicated in parentheses.b The heme, NO, and proximal and distal His residues were excised from the
PDB file 1HJT, and a partial geometry optimization of the N, O, and distal His H(N) atoms was carried out as described in the text.

Nitrosyl Heme Proteins A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 52, 2003 16395



and six-coordinate nitrosylmetalloporphyrins. In particular, we
have used DFT methods to predict the Mo¨ssbauer quadrupole
splittings, the Mo¨ssbauer isomer shifts, and, in one case, the
EPR hyperfine coupling tensor components (Aii), finding in most
cases good agreement between theory and experiment. Second,
the errors which were observed in the Mo¨ssbauer calculations
were shown to correlate with uncertainties in the experimental
crystallographic structures, as described by conventional crystal-
lographic R1 values. Third, we have calculated a series of
property surfaces: how the quadrupole splittings, isomer shifts,
and hyperfine coupling tensor components (Aii) vary as a
function of Fe-NO bond length and Fe-N-O bond angle in
a model, six-coordinate Fe(II)(NO)(imidazole) complex. From
these surfaces, we calculated Z-surfaces or probability surfaces
which, together with knowledge of experimental Mo¨ssbauer and
EPR spectroscopic properties (and energetic considerations)
enabled determination of the most likely experimental geom-
etries to be found in the proteins NO hemoglobin (fully ligated)
and NO myoglobin. The results indicate that the Fe-N-O bond
angle in nitrosylhemoglobin is about 136-137° while the Fe-
NO bond length is about 1.79 Å (at 100 K). Fourth, we carried
out a geometry optimization study of a nitrosylmyoglobin model,
including the effects of hydrogen bonding from the distal His,
and found essentially the same bond angle (137-138°) and bond
length (1.76-1.78 Å) to that found in hemoglobin. The presence
of the hydrogen bond interaction elongates the bond length by
∼0.05 Å. Fifth, the results of the calculations imply a large
energy penalty for very small Fe-N-O bond angles (∼15 kcal
mol-1 atâ ) 111°). Sixth, we investigated the molecular orbitals

and spin densities in each system and found generally similar
MO features for both five- and six-coordinate species. The
unpaired spin density in the six-coordinate H-bonded model
showed little spin density on either the proximal or distal
imidazoles, with the spin density mapping theâ-LUMO, while
antibonding orbital interactions between both the proximal and
distal imidazoles with the Fe-NO heme were seen in the
R-HOMO. Overall, these results extend the Z-surface approach
used previously to study Fe-CO bonding in diamagnetic heme
proteins to paramagnetic Fe-NO proteins where, unlike the case
of the diamagnetic systems, EPR hyperfine couplings can also
be used as structure probes. The results obtained show a
remarkable similarity in Fe-N-O bond angles between HbNO,
MbNO, and simple model compounds, but with a somewhat
lengthened Fe-NO bond distance, due most likely to an H-bond
interaction with the distal His (or imidazole) residues. The ability
to probe the details of Fe-N-O interactions in heme proteins
should be of interest in the context of improving our under-
standing of the physiological effects of NO in the regulation of
vascular tension, by providing atomic level probes of Fe-N-O
structure and bonding in paramagnetic NO metalloproteins.
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Figure 7. Spin density and MO isosurface representations for the hydrogen bonded Fe(P)(Im)2(NO) in MbNO (1HJT). (A)R-HOMO; (B) â-LUMO; (C)
total spin densities (contour values) (0.04,(0.1, and+0.02 au, respectively).
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