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ABSTRACT  Theoretical investigations of electronic dis-
tributions in eight different structural forms of nitrosylhemo-
globin were carried out to study the changes in 14N hyperfine
interaction observed with the transition from R to T structures
under the influence of inositol hexaphosphate or changing pH.
Four of the eight forms studied consisted of protonated and
deprotonated Ny, in the proximal imidazole ligand with linear
and bent Fe—N—0 structures. Two other forms had a straight
Fe—N—O structure and Fe—Im bond stretched by 0.5 and 1.0
A. The other two systems we have studied are five-liganded
NO-heme with bent and straight Fe—N—O structures. Our in-
vestigations show that arrangements of energy levels did not
differ significantly among all the structures, the unpaired
electron always occupying an antibonding orbital with d,2
symmetry. The protonated and deprotonated systems with ei-
ther linear or bent Fe—N—O structure showed substantial hy-
perfine interaction of the ¥N nuclei of the NO group and the
N, atom of the proximal imidazole, indicating that a 9-line
electron spin resonance hyperfine pattern (R structure) would
be expected in all four cases. On the other hand, the extensions
of the Fe—Im bond produce a sizeable decrease in the 14N,
hyperfine interaction, indicating that an extension beyond 1.0
A would provide a 3-line hyperfine pattern close to that found
for the five-liganded NO-heme system. Our results thus provide
quantitative support for the model of severe extension or
cleavage of the Fe—N, bond proposed in the literature for ex-
p}a{)ning the R-to-T transition of the a-chain of nitrosylhemo-
globin.

The study of the properties of nitrosylhemoglobin (NO-Hb) has
assumed major importance (1-4) in recent years for two main
reasons. First, it is a six-liganded hemoglobin derivative that
is paramagnetic with spin ', which makes it amenable for
electron paramagnetic resonance (EPR) studies (2-10). Such
studies allow one to follow the changes in the electron distri-
bution over the molecule associated with transitions between
R and T states, considered to be of crucial importance in the
explanation of cooperativity (11) in the oxygen-binding prop-
erties of hemoglobin. The second reason is that, in contrast to
oxyhemoglobin and carbonmonoxyhemoglobin, NO-Hb shows
a pronounced R-to-T transition (12, 13) in the presence of
inositol hexaphosphate, this transition being also rather sensitive
to changes (5, 9, 10) in pH of the surrounding environment. One
of the properties of NO-Hb that is a sensitive indicator of
changes of structure under the influence of inositol hexaphos-
phate or changes in pH is the splitting produced (3-10) in EPR
spectra by YN hyperfine interactions. Thus, in NO-HDb A, in
the presence of inositol hexaphosphate or at low pH one finds
for the « chain a 3-line hyperfine pattern associated with the
hyperfine interaction of the 14N nucleus of NO. On increasing
the pH beyond 8.0, even in the presence of inositol hexaphos-
phate one sees a change (5) from the 3-line to a 9-line pattern,
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indicating that there is now a sizeable hyperfine interaction also
with the 14N, of the imidazole (Im) of the sixth ligand of iron,
the proximal histidine. The 8 chain, on the other hand (6-9),
always appears to remain in the high-affinity form with the
unpaired electron interacting with the N nuclei of both the
NO and Im ligands. Other types of experimental data, such as
the infrared frequencies (14) associated with NO group and the
Soret, UV, and visible band frequencies and intensities, sulf-
hydryl reactivities, and (1, 15) exchangeable proton magnetic
resonances are also found to undergo marked changes in the
presence of inositol hexaphosphate. The nitrosyl derivative of
hemoglobin Kansas (NO-Hb Kansas) seems to demonstrate (3,
5) the changes for the a-chain even more markedly than does
NO-Hb A, the 3-line hyperfine pattern in EPR signals being
retained in the presence of inositol hexaphosphate up to pH 8.5,
beyond which one gets a 9-line pattern.

One of the models proposed (1) to explain the R-to-T tran-
sition and the corresponding changes in the EPR signals from
9-line to 3-line hyperfine patterns for the c-chain is that there
is a severe weakening of the Fe—N, bond associated with the
proximal Im, corresponding to a drastic extension of the bond
or even a cleavage of the Im ligand. Support for this transition
to an essentially five-liganded structure in the T state has been
cited (2) from the comparison of the similarity (6-10) of the
hyperfine patterns in the T state and in the five-liganded
NO-heme system (16) and from the similarity (13) of the in-
frared frequencies for NO-heme and six-liganded NO-Hb in
the T state under the influence of inositol hexophosphate. An
alternative model that has been proposed (17) in the literature
is that the change from the 9-line to the 3-line EPR signal may
be associated with changes in the nature of the unpaired spin
orbital due to differences in the arrangement of electronic levels
for NO-Hb molecules when the Np,;os of the proximal histidine
ligand is in a protonated or deprotonated state. Additionally,
it has also been proposed (3), from phenomenological analysis
of the g-shift and the hyperfine interaction tensors, that the
high-affinity R form corresponding to the 9-line EPR pattern
is associated with the bent Fe—N—O structure with a bond
angle of 105°, the 3-line pattern is associated with a linear
Fe—N—O structure, the linearity of the Fe—N—O bond
system leading to a marked weakening of the Fe-Im interac-
tion.

We thought that at this stage, with substantial experimental
data available, it would be helpful to test these models from an
ab initio quantum mechanics point of view (17, 18). For this
purpose, we have investigated the energy levels and electronic
wave functions and associated hyperfine interaction energies
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of the N nuclei of NO and proximal histidine ligands in the
different structures associated with the various models (1, 16)
proposed for the NO-Hb molecules to explain the 9- and 3-line
hyperfine patterns. Our results will be seen to lend quantitative
support to the model of Fe—Im bond weakening or cleavage
‘as the cause of the transition from the 9-line to the 3-line EPR
hyperfine pattern in going from the R to the T state of NO-
Hb.

PROCEDURE

For the study of the hyperfine interaction in the NO-Hb system
in various atomic configurations, we need to obtain the corre-
sponding electronic wave functions and use them to evaluate
the perturbation energy, linear in the nuclear moment, arising
out of the electron-nuclear hyperfine interaction Hamiltonian.
The rigorous solution to the molecular Schrodinger equation
is difficult to obtain even for the smallest molecular systems such
as diatomic molecules because the wave function would have
to include many-body effects explicitly. The next best proce-
dure would be to use the one-electron approximation, including
self-consistency, through a first-principle Hartree-Fock ap-
proach. This has been done in the literature for a number of
diatomic molecules but would require a prohibitively large
amount of effort for the large molecules of biological interest,
such as the present one, NO-Hb. One therefore has to resort to
approximate procedures which are simple enough to be prac-
tical for the present system but also have the basic physical
features of the complicated self-consistent Hartree-Fock ap-
proach. A number of such approximation procedures are
available in the literature, of which we have chosen the self-
consistent-charge extended Hiickel (SCCEH) approach (18-20).
In this procedure, the molecular orbital wave-functions are
expressed in the form:

(I)u = Zi:cuixi [l]

in which the x; are atomic orbitals of the atoms in the system
encompassing in our case the 3d, 4s, and 4p orbitals of the iron
atoms, the 2s and 2p orbitals of carbon and nitrogen, and the
1s orbitals of hydrogen atoms. The variational parameters C,,;
and E,, are obtained by solving the linear equations

Z Cui(Hij - SijE#) =0 [2]
]

In contrast to the Hartree-Fock procedure, in which the matrix
elements H;; are obtained from first principles, in the SCCEH
procedure they are related to the ionization energies E;° and
E;* of the neutral atoms and ions by

H;=E’+ quI(Eii_EiO) [3]
K
Hy = Esij(Hii + Hjj) (4]

in which S;; is the overlap integral involving the atomic orbitals
\: and x; and K is a semi-empirical parameter obtained by
fitting the separation between molecular energy levels and
observed spectra in a number of porphyrin and metal-por-
phyrin systems and found to lie in the range 1.75-2.00 with 1.89
(18) appearing to be the most satisfactory choice. Although this
method is not completely self-consistent as in the Hartree-Fock
procedure, partial self-consistency is introduced through the
dependence of Hj; (and therefore H;j) in Eq. 3 through the
atomic charges g related to the coefficients C,; in Eq. 1 through
the Mulliken approximation (21). Although this method is
semi-empirical because of the assumptions made in the equa-
tions for the Hamiltonian matrix elements, it is thought that it
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has the potential of providing energy levels and electron dis-
tributions with physical features corresponding to those ob-
tainable from more rigorous Hartree-Fock calculations because
of the incorporation of partial self-consistency through the
charges ¢, the use of experimental atomic ionization energies,
and the explicit incorporation of overlap effects between the
penetrating tails of the atomic wave functions on neighboring
centers through S;; in Eq. 4. This expectation has been found
to be borne out through overall satisfactory agreement (22, 23)
between theory and experiment for spectroscopic data in a
number of metal-porphyrins and a number of properties re-
lated explicitly to the electronic wave functions such as hy-
perfine constants of iron (22) and other nuclei such as 14N (22)
and halogen (24) nuclei, electron spectroscopy for chemical
analysis (ESCA) (25), and isomer shift (26) data in a number of
high-spin five-liganded and six-liganded heme systems.

We have carried out calculations for both the five-liganded
system with NO as the fifth ligand and the six-liganded systems
with the Im of the proximal histidine as the sixth ligand. We
have used available x-ray structural data on the five-liganded
(27) and six-liganded (28) compounds NO-Fe-TPP and NO-
Fe-TPP-Melm (TTP, tetraphenylporphyrin), with bent Fe—
N—O configuration, for choosing the positions of iron and the
orientations of the NO and Im groups. Thus, the Fe atom was
chosen to lie 0.211 and 0.07 A above the porphyrin plane,
toward the NO group, in the five- and six-liganded systems,
respectively. The bond angles in the bent Fe—N—O config-
uration in the five- and six-liganded cases were 149.2° and
142.1°, respectively, and the planes of the Fe—N—O bond and
Im were chosen to be coplanar (Fig. 1). For the straight Fe—
N—O configurations that we have studied, the other parame-
ters were kept the same as in the bent configurations with only
the NO bond made collinear with the Z axis, the direction
perpendicular to the porphyrin plane. For the extended Fe—Im
bond situations, the Fe—N distances in Fig. 1 were extended
beyond the values in the model compounds (27, 28) for which
x-ray data are available, by 0.5 and 1.0 A, respectively. The
calculations were carried out with both protonated and de-
protonated Im ligand, corresponding to the exchangeable
proton attached to Np,os (where a CHg group is attached in the
model compounds), either present or removed. As in earlier
work (19, 24) with other heme systems, all the side chains of the

Npros
FiG. 1. Model used for NO-Hb electronic wave function calcu-
lation. The positions of the atoms are based on those for NO—
Fe—TPP—Melm (TTP = tetraphenylporphyrin), as explained in
the text. The angle of N——O with the perpendicular to the heme plane
and the Fe—N, distances are varied for the different structures
studied.
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pyrroles of the porphyrin ring were replaced by hydrogen to
avoid excessive computational effort. This replacement is not
expected to have any significant effect on the electron distri-
butions of the N atom ligands of Fe in which we are primarily
interested.

For studying nuclear hyperfine interactions with the calcu-
lated wave functions, we need to obtain the expectation values
of the electron-nuclear hyperfine interaction Hamiltonian in

Eq. 5 involving the contact and dipolar terms, respectively
(29).

8

Hen = 3

YeyNh2 ; iNgf(S(fi)

+ YNYABG; - i)y - 7) — 12y -+ 5))/77).

With the molecular orbital wave functions in Eq. 1, the isotropic
and anisotropic hyperfine components A and B of the spin-
Hamiltonian

Hspin=Al-S + I[-B-§ (6]

for any particular 4N nucleus are given by (13)

_8my.ynh? 2
A== [0V (7]
and
ynh2 (1 2
B, = YeYNRT (,_3>2” )3 (g) (8CC,j — ‘%‘ Cixdy) 18]
1]

v 28

in which u refers to the unpaired spin orbital S = % and 4, j, and
k =1, 2, 3 refer to the 2p;, 2p,, and 2p, N orbital components
of the unpaired spin orbital. The contribution to A from
| p,(N)|? arises mainly from the N atom component in the un-
paired spin orbital although there can be some contributions
from the tails of orbitals on neighboring atoms (19, 24). In ad-
dition to the direct contributions to A and B given by Egs. 7 and
8, there can be some contributions from the exchange polar-
ization effect (19, 24) on the paired-spin orbitals including the
core-orbitals by the unpaired spin orbital. The possible im-
portance of the exchange polarization effect for NO-Hb systems
will be remarked on in the next section where our results for the
hyperfine interaction are discussed and compared with ex-
perimental data. The calculated dipolar hyperfine tensor has
been diagonalized to obtain the principal axis component, B,
referring to the maximal component in the principle axis
system.
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RESULTS AND DISCUSSIONS

In Table 1, the values of the contact contribution A to the hy-
perfine constant of 14N, the maximal component B, of the
dipolar hyperfine tensor in the principle axis system, and the
sum of the two are listed for the different configurations of the -
heme and its NO and Im ligands in NO-Hb that we have
studied. The sums A + B, are expected to be representative
of the extents of hyperfine splitting of the electron spin reso-
nance signal produced by the various 14N nuclei.

The first significant feature in our results is that the hyperfine
fields are substantially smaller at the !*N nuclei for the por-
phyrin nitrogens than for Nyo and N, from the fifth and sixth
ligands of Fe, being <3 gauss for all the cases considered. The
corresponding hyperfine field for the Ny of the Im ligand is
even smaller, <1 gauss. This feature of our results explains the
fact that the number of hyperfine lines observed is never more
than nine, associated with the relatively strong hyperfine in-
teractions arising from “Nno and 4N.. It would be interesting
to have experimental results for these weak hyperfine inter-
actions for the porphyrin nitrogens and Np,os in the future,
perhaps by ENDOR measurements, to compare with predic-
tions of theory.

The next important feature of our results is that protonation
and deprotonation of Ny alone with either bent or linear
Fe—N—O structure cannot explain the transition in the hy-
perfine structure of the EPR signal from a 9- to a 3-line pattern,
because the ratios of the 14N hyperfine fields at Nyo and N, sites
are comparable for the systems with protonated and deproto-
nated Nyros. The third feature of our results is that a change in
Fe—N—O bond angle, such as between the straight and bent
bonds in our work, without any additional changes in the
molecule cannot explain the transition in the hyperfine splitting
from the 9- to the 3-line pattern. The latter feature and the
preceding one was expected from our result for the arrange-
ments of energy levels in the four cases of bent and linear
Fe—N—O bonds combined with protonated and deprotonated
Npros. The arrangements for all four cases did not show any
significant variations, with the unpaired electron always oc-
cupying the d.2 orbital.

In view of these results indicating the inability of the previous
four cases to provide any significant trends toward the change
to the 3-line pattern from the 9-line pattern, we studied the
influence of Fe—N, bond extension on the electronic structure
and spin-distributions over the molecule. The hyperfine pa-
rameters obtained for the structure involving Fe—N, extensions
of 0.5 and 1.0 A listed in Table 1 bring us to the next and per-
haps the most important feature of our results. With the ex-
tension of the Fe—N, ligand by 0.5 A, there is a substantial
decrease in A + B for *Nyo, the decrease being further

Table 1. Calculated *N hyperfine coupling constants (gauss)
14Nno 14N,
NO-Hb* A B, A+ B, A B, A+ B,

Bent Fe—N—O

NO-Hb (p) 12.51 6.92 19.43 10.16 5.03 15.19

NO-Hb (d) 12.32 6.72 19.04 10.76 5.62 16.38

NO-heme 8.79 7.04 15.83 — — —
Linear Fe—N—O

NO-Hb (p) 20.42 1.67 22.09 12.74 6.63 19.37

NO-Hb (d) 19.74 1.60 21.34 13.94 8.00 21.94

NO-heme 12.66 1.30 13.96 — — —
Fe—N, (0.5 A)t 17.02 1.54 18.56 7.68 4.34 12.02
Fe—N, (1.0 A)t 12.83 1.17 14.00 3.48 1.23 4.71

* p and d refer to protonated and deprotonated Ny, in proximal Im.

t Fe—N, bond length extended by 0.5 and 1.0 A.
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accentuated for the extension by 1.0 A. From the decrease in
A + B.., it appears that a weakening of the Fe—N, bond
described by a small additional extension beyond 1.0 A should
produce a virtually negligible hyperfine interaction for N,
analogous to the completely severed Fe—N, bond situation
represented by the five-liganded NO-heme system with linear
Fe-—N—O structure. For the NO-Hb structures considered,
the energy level arrangements show consistently that the un-
paired electron occupies the antibonding d.2 type molecular
orbital (1), the decrease in the 14N, hyperfine interaction being
primarily a result of the weakening of the Fe—N, bonding,
involving a decreased amount of N, orbital admixtures in the
d.2-type molecular orbital.

Another notable feature of our results is that the 14Nno hy-
perfine interaction constant is smaller in the completely severed
five-liganded NO-heme system than in the six-liganded case,
in keeping with experimental observation (2, 9) in this respect.
Furthermore, the 1¥*Nyo hyperfine interaction decreases con-
tinuously as the Fe—N, bond is weakened progressively by
extension. It is difficult to pinpoint an exact physical explanation
of this trend in view of the complexity of the present system.
However, our molecular orbital calculation does show that the
unpaired spin d,2-like orbital gets more localized on the Fe
atom when the Fe—N, bond is extended. It appears then that,
instead of competing with each other, the two Fe—N bonds
involving the bonding of Fe to the NO and Im ligands actually
act in unison in causing delocalization of the Fe d2 orbital,
which can be interpreted as a trans effect of one ligand on the
other.

The results in Table 1 show another interesting feature. Thus,
in the cases in which we have carried out calculations for both
linear and bend Fe—N—O structures, although the net hy-
perfine constants A + B, are close to each other, they are
composed of differing proportions of A and B.;. In particular,
the isotropic term A appears to be larger for the linear case and
B.-. is smaller in this case. Both these trends perhaps can be
understood from a consideration of the nature of the bonding
between the d.2 orbital of Fe and the orbitals of the NO ligand.
Thus, in the linear Fe—N—O structure, the d.2 orbital is col-
linear with an orbital of NO involving a hybrid of s and p or-
bitals on N. Consequently, there is significant N atom s char-
acter admixed in the unpaired molecular orbital. For the bent
case, however, there can be a bonding of the Fe d,2 orbital with
both the o and 7 orbitals of NO. Because the latter does not
involve s character on the N atom, it is understandable that the
net amount of s character in the unpaired molecular orbital is
decreased in the bent Fe—N—O case. The consequent increase
in the amount of N p character in the unpaired molecular or-
bital could also explain the larger dipolar interaction in the bent
Fe—N—O cases.

* The sizeable extension required for decreasing the 4N hyperfine
interaction substantially enough to obtain a 3-line hyperfine pattern
is a consequence of the diffuseness of the Fe 3d,2 orbital. This makes
the overlap between the latter orbital and the nitrogen 2s and 2p,
orbitals, and consequently the corresponding off-diagonal matrix
elements given by Eq. 4, rather slowly varying, requiring a significant
extension before the bonding between the Fe 3d.2 and N orbitals
can become vanishingly small. It is interesting that Scheidt et al. (30)
have found that an extension of only 0.45 A in the Fe—N, bond ap-
pears to change the NO stretching frequency from that characteristic
of the six-liganded system to that of the five-liganded system, an
extension of less than half of what is found to be needed from the
present work to make the YN, hyperfine interaction unobserverably
small. These relative rates of variation of the NO stretching frequency
and "N, hyperfine interaction support the conclusion reached re-
cently by Hoffman and coworkers (31) that the NO stretching fre-
quency is a better operational indicator of R-to-T transition in NO-Hb
than is the splitting of the EPR spectra.
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It should be noted that although there seems to be satisfactory
agreement between theory and experiment for the hyperfirie
splitting associated with 1¥Nno there are some differences in
the magnitudes of the 1¥N, hyperfine constants in the 9-line case
between the calculated results in Table 1 and experimental
results (2-10). The experimental splittings suggest a hyperfine
interaction constant between 6 and 8 gauss whereas our results
for A are between 10 and 13 gauss and for A + B/’ they are
between 15 and 22 gauss. One possible source for this difference
could be a deviation in the atomic arrangement from the ideal
symmetric arrangement shown in Fig. 1. In fact, x-ray data (30)
on model systems involving the Melm ligand show small de-
viations of the linearity of Fe—N, bond with respect to the
Fe—Nno bond. Similar deviation in the Fe—N, bond orien-
tation as well as tilting of the Im plane have been seen for these
model systems as well as in met-myoglobin (32). Additionally,
there is a deviation in the azimuthal angle of the Im plane by
about 3.9° in the model MeIm compound from that shown in
Fig. 1. We have tested the influence of the first two departures
from the idealized structure in Fig. 1 by bending the Fe—N,
bond and tilting the Im plane and find that bending and tilting
angles of about 10° can produce decreases in the 14N, hyperfine
interaction in the right direction for comparison with experi-
ment but not enough to make the value as small as the 6-8 gauss
observed experimentally. A second possible source for this
difference is the exchange polarization effect that has been
found (24) to have significant influence on the magnitudes of
the porphyrin and Im N hyperfine constants in high-spin
heme compounds and methemoglobin systems. It will be
helpful in the future to study these effects in NO-Hb quanti-
tatively (33) to see how they influence both the *Nno and 1N,
results. It would also be helpful to study the 14N hyperfine in-
teractions by other procedures for obtaining the electronic wave
functions.

Our investigation of the energy levels, wave functions, and
4N hyperfine interactions for different configurations of the
a-chain of NO-Mb including protonated and deprotonated Im
in the proximal histidine, bent and straight Fe—N—O orien-
tations, and sizeable extensions (0.5-1.0 A) of the Fe—N, bond
to the proximal Im lead to the following conclusions.

(i) The protonation and deprotonation of Npos in the Im of
the proximal histidine ligand does not influence the *Nno and
14N, hyperfine constant significantlyt and cannot explain the
observed change from a 9- to a 3-line hyperfine pattern in the
EPR spectrum accompanying the R-to-T transition.

(ii) The change in Fe—N—O bond angle associated with
bent and straight orientations of NO produces small changes
in the net "*Nno and ¥N, hyperfine constants which are not
substantial enough to explain the observed changes from a 9-
to a 3-line hyperfine pattern in the EPR spectrum.

(i1i) The extensions of the Fe—N, bond, however, do produce
a significant decrease of the *N hyperfine constant and indicate
that beyond 1.0- A extension, one can explain the observed 3-line
pattern for the T system which is associated with only the 14Nno
hyperfine interaction.

1 The Ny hyperfine interaction constant does show a somewhat more
significant change from ~0.65 to 0.99 gauss in going from the pro-
tonated to the deprotonated case in the linear Fe—N—O bond sit-
uation, the change being less marked for the bent Fe—N-—O bond
situation. However, these differences are difficult to observe in view
of the small sizes of these hyperfine constants. There is a substantially
more important change in the charge on the N, from about —0.06
in the protonated system to close to —0.34 in the deprotonated system.
This negative charge, however, arises mainly from changes in the
Nyros atomic orbital population associated with paired molecular

ori)itals characteristic of Im.
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Thus, our results provide theoretical support for the model

of dramatic bond weakening produced by severe extensions and
even cleavage of the Fe-Im bond proposed (1) to explain the
R-to-T transition (12, 13) in NO-Hb manifested through several
observed properties under the influence of IHP.

This work was supported by grants from the National Heart and
Lung Institute and the General Medicine Division of the National
Institutes of Health.
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