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ABSTRACT: Electron spin echo envelope modulation (ESEEM) spectroscopy and computer simulation of 
spectra has been used to evaluate the nitrogen nuclear hyperfine and quadrupole coupling parameters for 
the proximal imidazole nitrogen directly coordinated to iron in three low-spin heme complexes, myoglobin- 
azide, -cyanide, and -mercaptoethanol (MbN3, MbCN, and MbRS). The variability in the weak electron- 
nuclear coupling parameters reveals the electronic flexibility within the heme group that depends on properties 
of the exogenous ligands. For example, the isotropic component of the nitrogen nuclear hyperfine coupling 
ranges from 4.4 MHz for MbN3 to 2.2 MHz for both MbCN and MbRS. The weaker coupling in MbCN 
and MbRS is taken as evidence for delocalization of unpaired electron spin from iron into the exogenous 
anionic ligands. The value of e2Qq, the nuclear quadrupole coupling constant for the axial imidazole 
nitrogen in MbCN and MbRS, was 2.5 MHz but was significantly larger, 3.2 MHz, in MbN3. This large 
value is considered evidence for a weakened u bond between the proximal imidazole and ferric iron in this 
form, and for a feature contributing to the origin of the high spin-low spin equilibrium exhibited by MbN, 
[Beetlestone, J., & George, P. (1964) Biochemistry 5, 707-7141, The ESEEM results have allowed a 
correlation to be made between the orientation of the g tensor axes, the orientation of the p?r orbital of 
the proximal imidazole nitrogen, and u- and ?r-bonding features of the axial ligands. Furthermore, the 
proximal imidazole is suggested to act as a ?r-acceptor in low-spin heme complexes in order to support strong 
u electron donation from the lone pair orbital to iron. An evaluation of the nitrogen nuclear hyperfine 
coupling parameters for the porphyrin pyrrole sites in MbRS reveals a large inequivalence in isotropic 
components consistent with an orientation of rhombic axes (and g tensor axes) that eclipses the Fe-NpW,,le 
vector directions. 

The application of magnetic resonance spectroscopic tech- 
niques to the study of heme proteins has been aimed at issues 
concerning both structural and electronic features of the 
prosthetic group. The approaches for a variety of heme 
complexes include single-crystal EPR and ENDOR' studies 
(Hori, 1971; HelckC et al., 1968; Peisach et al., 1971; Scholes 
et al., 1982), extensive solution NMR experiments [see, for 
example, Satterlee (1986), Emerson and La Mar (1990a,b), 
and Wu et al. (1 991)], and studies of models for which known 
structural parameters can be correlated with spectroscopic 
features (Walker et al., 1986; Soltis et al., 1988; Walker & 
Simonis, 1991; Safo et al., 1991, 1992). A central issue in 
this research has remained the advancement of an under- 
standing of how proximal and distal effects at the prosthetic 
group modulate the functions of heme proteins and enzymes. 
In myoglobin, and in peroxidases such as cytochrome c 
peroxidase, the heme has an endogenous axial imidazole ligand 
supplied by a histidine residue and a sixth ligand site where 
exchangeable ligands, such as 02, bind in the globins or 
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substrates such as H202 react in the peroxidases (Takano, 
1977; Philips, 1980; Poulos et al., 1980; Finzel et al., 1984). 
The chemistry of the heme that governs properties such as 
ligand affinity, substrate binding, or midpoint reduction 
potentials can be better understood when electronic parameters 
related to the features of axial as well as equatorial bonds in 
the prosthetic group have been evaluated. 

NMR studies of the paramagnetic forms of heme proteins 
provide structural and electronic information through the 
observation of hyperfine-shifted resonances (Satterlee, 1986). 
In general, the NMR spectroscopy of ferric heme proteins is 
limited to high-spin forms and to the low-spin cyanide form. 
A recent report has demonstrated that the g tensor principal 
axis system for MbCN can be assigned in the molecular frame 
when a large number of hyperfine-shifted resonances are 
characterized, including those from residues near the heme 
but not covalently bound to the prosthetic group (Emerson & 
La Mar, 1990). This approach cannot be applied to other 
low-spin Mb complexes, such as MbN3 and MbOH, because 
these exhibit a high spin-low spin equilibrium at rmm 
temperature (Beetlestone & George, 1964; Iizuka & Kotani, 
1969; Desbois et al., 1979; Vickery et al., 1975) that interferes 
with a rigorous interpretation of chemical shift information 
(Iizuka & Morishima, 1974). For this reason, an analysis of 
trends in electronic features of the iron-nitrogen ligand bonds 
that would be provided through study of the hyperfine-shifted 
resonances for a group of low spin Mb complexes cannot be 
achieved. 
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ESEEM Spectroscopy of Low-Spin Myoglobin Complexes 

EPR studies of low-spin ferric heme proteins are limited 
due to the general lackof ligand hyperfine information though 
structural information can sometimes be provided through an 
analysis of crystal field parameters known as the tetragonal 
and rhombic splittings, calculated from the gvalues observed 
experimentally (Griffith, 1957; Blumberg & Peisach, 197 1; 
Bohan, 1977; Taylor, 1977). This approach is also limited, 
however, in that it will not separately treat the effects of the 
axial (fifth and sixth) iron ligands. For heme proteins such 
as the b-type cytochromes, in which the heme has two axial 
imidazole ligands (Mathews et al., 1979), the orientation of 
the imidazole planes can be predicted from EPR spectral 
parameters on the basis of analogies to the spectra of well- 
characterized model complexes (Walker et al., 1986). 

Electron spin echo envelope modulation (ESEEM) spec- 
troscopy is a pulsed EPR technique that can supply the 
electronic parameters, such as electron-nuclear coupling 
constants, that are too weak to be resolved by conventional 
continuous wave EPR (Mims & Peisach, 1989). ESEEM at 
X-band is well suited to study low-spin heme because the 
magnitude of hyperfine interactions for both axial and pyrrole 
nitrogen ligands in many complexes falls within a range 
amenable to the technique. Furthermore, computer simulation 
of spectra based on a spin Hamiltonian that incorporates 
nitrogen nuclear quadrupole interactions in addition to 
anisotropic nitrogen nuclear hyperfine interactions can provide 
parameters associated with the u bond between the proximal 
imidazole nitrogen and the iron atom, as well as parameters 
related to the unpaired spin interactions throughout the metal- 
ligand system (Cornelius et al., 1990; Magliozzo & Peisach, 
1992). 

A recent ESEEM spectroscopic study (Magliozzo & 
Peisach, 1992) reported the nuclear quadrupole and hyperfine 
interaction parameters for the directly bound nitrogen of the 
proximal imidazole in myoglobin hydroxide and in related 
model complexes containing nitrogen plus oxygen axial ligands. 
It was demonstrated that the principal axis system of the 
nuclear quadrupole interaction tensor for the proximal 
imidazole nitrogen could be used to assign the direction of g,, 
the largest principal axis component of the rhombic g tensor. 
The assignment of g, to the direction of the heme normal in 
MbOH is in accord with single-crystal EPR (Gibson et al., 
1958) and solution MCD analyses (Eglinton et al., 1983).2 

In the present report, a range of hyperfine and nuclear 
quadrupole coupling interactions are reported for the proximal 
imidazole nitrogen in low spin Mb complexes containing azide, 
cyanide or thiolate (P-mercaptoethanol) ligands. Changes in 
u- and ?r-bonding features either are directly evaluated or are 
inferred from the coupling parameters obtained by simulation 
of spectra. Furthermore, the parameters have been correlated 
with known orientations of thegtensor axis systems and allow 
predictions about these axes to be made for an example in 
which the orientation is not known. The results reveal the 
electronic flexibility within the heme structure that depends 
on the properties of ligands bound on the distal side. Though 
these results are not directly informative about myoglobin in 
its normal physiological state, they are relevant to the 
understanding of the relationship between structure and 
electronic features for low-spin ferric heme proteins in general. 

At the time this technique was applied to the analysis of MbOH, we 
were not aware of the single-crystal EPR study of this low-spin form 
(Gibson et ai., 1958). 
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MATERIALS AND METHODS 

Horse metMb (Sigma) was used without further purifi- 
cation. It was converted to the apoprotein (Teale, 1959) and 
was reconstituted with [I5N] heme (generously provided by 
Dr. Kevin Smith) according to a published procedure (Ascoli 
et al., 1981) with minor modifications. The reconstituted 
[ 15N] heme metMb was concentrated to approximately 3 mM 
by ultrafiltration. In the interest of sample conservation, 
various low-spin forms of this protein were prepared from a 
starting sample of [ l5Nj heme MbOH used in an earlier study 
(Magliozzo & Peisach, 1992). Thus, the azide complex was 
prepared by adding 30 p L  of 0.3 M NalSN3 (Isotec, Inc.), 
buffered to pH 7.0 with KHzPO,, to 150 p L  of 3 mM [15N]- 
heme MbOH. The continuous wave EPR spectrum of this 
sample (77 K) indicated complete conversion to MbN3 (g = 
2.78,2.21,1.73) (Helckbet al., 1968). The [I5N]hemeMbN3 
sample was converted to ["Nlheme MbCN (reported g = 
3.45, 1.89, 0.93; Peisach et al., 1971) by ultrafiltration to 
exchange the buffer to 50 mM KCN in 0.1 M potassium 
phosphate, pH 7.6. MbRS (g = 2.41,2.24,1.93) was prepared 
from Mb in phosphate buffer by addition of P-mercaptoethanol 
to a final concentration of =1%. The g values observed for 
MbRS are nearly equal to those reported by Chevion et al. 
(1977). 

Electron spin echo envelopes were recorded at liquid helium 
temperatures (either 4 or 1.8 K) using a pulsed EPR 
spectrometer and methodology previously described (Mc- 
Cracken et al., 1987). The ESEEM spectra presented here 
are the Fourier transforms of spin echo decay envelopes 
recorded in three-pulse (stimulated echo) experiments (Peisach 
et al., 1979; Mims & Peisach, 1989). The value of 7 was 
chosen such that the modulations due to hydrogen nuclei were 
suppressed (Peisach et al., 1979). 

The evaluation of coupling parameters for the S = l / ~ ,  I 
= 1 electron-nuclear spin system, in which the largest 
anisotropy is in the g tensor, was achieved by simulation of 
the ESEEM spectra at two or more well-separated magnetic 
field settings within the EPR absorption. The computer 
programs and the approach used here were described previously 
for complexes in which the nitrogen nuclear hyperfine 
couplings were large compared to the nitrogen nuclear Zeeman 
interaction (Magliozzo & Peisach, 1992). For two of the 
three cases reported here (MbRS and MbCN) the weaker 
electron-nuclear coupling is of a magnitude that results in 
"exact cancellation" (Mims & Peisach, 1978; Flanagan & 
Singel, 1987) of nitrogen nuclear Zeeman and nuclear 
hyperfine interactions. The ESEEM spectrum then contains 
four components, three of which correspond closely to the 
zero-field nqr frequencies v+, v-, and vg (Lucken, 1969), which 
depend on the nqi parameters e2Qq (nitrogen nuclear quad- 
rupole coupling constant) and 7 (quadrupole interaction 
asymmetry parameter) for a chosen value of the hyperfine 
coupling (Mims & Peisach, 1989; Jiang et al., 1990). The 
value of the hyperfine coupling (ais0 = '/3[AZ + A, + A,],  all 
terms being negative) is readily estimated by simulation of 
the highest frequency component, which arises from a Am1 
= 2 transition (Mims & Peisach, 1989). The evaluation of 
the nqi parameters, which is straightforward for the exact 
cancellation case, can be more difficult and may invoke larger 
errors for cases where the nitrogen nuclear hyperfine coupling 
is greater than -2 MHz (MbN3). The simulation of spectra 
for [15N]heme Mb15N3 was accomplished essentially as in a 
previously described approach (Magliozzo & Peisach, 1992) 
in which the magnitude and the anisotropy of the nitrogen 
nuclear hyperfine coupling was estimated from the position 
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of the highest frequency lines in spectra recorded near the 
extremes of the EPR absorption. The placement into the 
appropriate frequency range of the entire set of components 
in a simulation is thus approximated. Since the components 
exhibit different dependencies on the nitrogen nuclear hy- 
perfine and nuclear quadrupole interaction parameters, the 
values of e2Qq and 7 are also evaluated by simulation of spectra 
at more than one experimental field setting. 

The g values for the low-spin complexes are assigned such 
that g, > g, > g,. The Euler rotation angles giving the 
relationship of the principal axis elements of the nitrogen 
nuclear hyperfine and the nqi tensors to the g tensor elements 
are also evaluated in the process of simulation. The simulations 
generally show a strong dependence on the rotation angle, j3, 
for the nqi axis system; this is the angle between the largest 
component, Q,,, of the electric field gradient tensor describing 
the nuclear quadrupole interaction and the g tensor principal 
axis, g,. For the imino nitrogen of the proximal imidazole, 
Qzz is expected to lie along the nitrogen lone pair donor orbital 
(Ashby et al., 1978). This lobe of the sp2 hybrid orbital forms 
a u bond to the iron atom and thus also defines the heme 
normal (the molecular z axis). The orientation of the g tensor 
principal axes for MbN3 is assumed to be as reported in single- 
crystal EPR (Helckb et al., 1968) and Mossbauer studies 
(Harami, 1979; Rhynard et al., 1979).3 Theg, axis lies near 
the heme normal (Helckb et al., 1968; Hori, 1971), and g, lies 
between an Fe-Npyrrole vector and a meso carbon position 
(Helckb, 1968; Harami, 1979). For MbCN, the g tensor is 
taken to be as reported by Peisach et al. (197 1) and Shulman 
et al. (1971). Thesereportsareinagreement withtherhombic 
axes reported from a Mossbauer analysis of MbCN (Rhynard 
et al., 1979). No single-crystal EPR data are available for 
MbRS. 

The Euler angle, p, for the rotation of A,  (the smallest 
component of the nitrogen nuclear hyperfine interaction) onto 
the g, axis is small for the simulations presented. This is the 
expected result for the directly coordinated proximal imidazole 
nitrogen when g, occurs along the heme normal and the value 
of aiso is negative (see below). The g, and g, axis directions 
and the directions of A, and A,, as well as the directions of 
Q,, and Q,,, those nqi axes perpendicular to the heme normal 
(i.e., perpendicular to Q,,), are collinear (or nearly so) in all 
simulations; i.e., the Euler angles a and y are zero or close 
to zero for the rotation of these hyperfine and quadrupole 
principal axes into the g tensor frame. Small values (20O) for 
the angles a and y led to small shifts in the frequency of 
certain components, but no significant improvement in 
simulations was achieved by introduction of large angles. 
Furthermore, the location of the Q,, and Qxx axis directions 
in the coordinated imidazole nitrogen can only be assumed, 
and therefore no correlation would be unambiguously made 
between the values of these angles and structural parameters 
such as the “twist” and “roll” of the imidazole plane (Flanagan 
& Singel, 1987) even for a case in which the location of the 
g, and g, axes is known in the molecular frame. 

In all cases, the fitting of simulations to spectra by eye is 
completed by trial and error. In general, the errors associated 
with the various coupling parameters are not greater than 
10% but may be larger for the Euler rotation angles as well 
as for the value of t. 

Magliozzo and Peisach 

Fourier transforms of both ESEEM data and simulations 
are used for fitting, which introduces additional parameters 
into the procedure, some of which may affect the apparent 
intensities. For cases in which exact cancellation occurs, the 
lines in the ESEEM spectra are very sharp because of deep 
modulations that decay only slowly in stimulated echo 
envelopes (Mims & Peisach, 1989). The line widths in 
ESEEM spectra for species having electron-nuclear coupling 
away from exact cancellation are in general larger. Never- 
theless, the same or very similar parameters were used in the 
decay functions applied in all simulations presented here. 

RESULTS 
The ESEEM techniques applied here allow the calculation 

of parameters related to the energies of nitrogen nuclear spin 
states for the axial and equatorial ligands. The energies depend 
on the strengths of three interactions including the nuclear 
Zeeman, hyperfine, and quadrupole couplings. The relevant 
hyperfine coupling parameters are presented as aiso (the 
isotropic hyperfine term) and A,, A,, and A,, which are the 
terms describing the coupling interaction along axes near the 
respective g tensor axes. The nuclear quadrupole interaction 
is described by a coupling constant e2Qq and an asymmetry 
parameter 7, both of which depend on electronic features of 
the 14N valence shell and are related to the behavior of the 
lone pair of electrons in the nitrogen-iron u bond. 

Nuclear Hyperfine and Quadrupole Couplings for  the 
Proximal Imidazole Nitrogen. The metMb used to prepare 
the azide and cyanide complexes for ESEEM spectroscopy 
contained [ l5N] heme. This isotopic substitution simplified 
analysis of the axial ligand contributions in the ESEEM spectra 
because contributions from the [ 15N]pyrrole sites do not appear 
in the data (Magliozzo & Peisach, 1992). No ESEEM spectra 
of model complexes are presented here as the relevant series 
of mixed-ligand Fe(II1) porphyrins is difficult to generate in 
solution due to large differences in affinities for ligands such 
as cyanide and imidazole. Furthermore, the axial imidazole 
would not necessarily adopt an invariant position with respect 
to the porphyrin plane in a series of models in solution. For 
these reasons, the protein complexes, having constant equa- 
torial ligands and a fixed proximal imidazole, provide the 
samples that best enable electronic changes induced by the 
exogenous ligands to be monitored. 

Figure 1 shows ESEEM spectra recorded near gr and g, 
(and simulations to be discussed below) for [l5N]heme 
Mbl5N3. Most frequency components in the data are assigned 
to the proximal imidazole coupling according to the following. 
The ESEEM spectra of low-spin iron porphyrin complexes 
such as Fe(II1) [ l5N]TPP( [ 14N]pyridine)/(RO-) and [ 15N]- 
heme MbOH do not contain contributions from the [I5N]- 
pyrroles (Magliozzo & Peisach, 1992). As the magnitude of 
the [ISN]pyrrole couplings is not expected to be much different 
in [l5N]heme Mbl5N3 (Mulks et al., 1979), no spectral 
components are expected nor are any assigned to these sites. 
Furthermore, the directly coordinated 14N of imidazole is the 
ligand giving rise to the ESEEM spectrum of a low-spin 
complex, the remote nitrogen being too weakly coupled to 
contribute any modulations (Mims & Peisach, 1989; Ma- 
gliozzo & Peisach, 1992). 

Thespectra for [lSN]heme Mbl5N3 shown in Figure 1A,C, 
do, however, contain components at the Larmor frequency of 
15N [ 1.1 MHz in the spectrum recorded at 2582 Gauss ( g  = 
2.43) and 1.6 MHz at 3615 Gauss ( g  = 1.74)]. These 
components, absent from spectra recorded for a sample of 
MbN3 containing all 14N (not shown), arise from weakly 
coupled 15N of the azide ligand (Dikanov & Astashkin, 1989).4 

There is some disagreement about the location of the in-plane axis 
directions (gy and gx) in the EPR reports for MbN3 (Helckb et al., 1968; 
Hori, 1971), though a single-crystal Mossbauer study (Harami, 1979) 
and one of the single-crystal EPR studies (Helckk et al., 1968) agree on 
the placement of the g, axis (see Discussion). 
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FIGURE 1: (A, B) ESEEM spectra of [15N]heme Mb15N~. (C, D) 
ESEEM simulations for the directly coordinated nitrogen of the 
proximal imidazole. Simulation parameters are given in Table I. 
The experimental g values, microwave frequencies, and the values 
of T are given in the figure. Arrows indicate the Larmor frequencies 
for 15N. The simulation of peak intensities at g = 2.43 is better than 
at other experimental gvalues. This result is due in part to the "tau" 
effects that give suppression and enhancement of modulation 
components (Mims & Peisach, 1989). The simulation functions are 
less sensitive to these effects than are the experimental data. The 
component at approximately 4.2 MHz in the spectrum at g = 2.43 
is present in the time domain function for the simulation but is too 
broad in the Fourier transform presented here and therefore does not 
appear above the baseline. The intensity at 5 MHz in the spectrum 
in B is an instrumental artifact. The lines due to 15N are not included 
in the simulations of spectra for [15N]heme MblSN,). 

Thus, all lines in these two spectra except those occurring 
at  the 15N Larmor frequency arise from the proximal imidazole 
nitrogen. Better resolution of the low-frequency components 
was seen in other ESEEM spectra obtained at  another r value 
but also at  g = 2.43 (not shown), in which a low-intensitypeak 
at  the lSN Larmor frequency plus a shallow peak at  
approximately 0.8 MHz were seen. The latter, which was 
poorly resolved in the spectrum in Figure IA, is assigned as 
a component of the set of lines arising from the coordinated 
14N of the proximal imidazole and is duplicated in the 
simulation presented for the g = 2.43 data. Some ambiguity 
in the simulation of the ESEEM spectrum at g = 1.7 is evident 
in the frequency range below 1 MHz. That neither of the 
components below 1 MHz arises from lSN nuclei was ruled 
out by noting the presence of the same components in spectra 
from a sample of all 14N-containing MbN3 (not shown). Only 
one component was generated in this frequency range in 
simulations using a wide range of hyperfine and quadrupole 
coupling parameters though increasing the anisotropy of the 
hyperfine coupling did introduce a splitting of the component 
at 0.9 MHz (not shown). 

The spectra for [ lSN] heme MblSN3 recorded near g, and 
g, (Figure 1) are similar to those of [l5N]heme MbOH 
(Magliozzo & Peisach, 1992), though the nitrogen nuclear 
hyperfine coupling is smaller and the nuclear quadrupole 
coupling constant is larger for the azide complex compared 

4 The 15N site giving rise to these components is most likely the weakly 
coupled@-or y-nitrogenoftheazideligandandnotthedirectlycoordinated 
nitrogen. This suggestion is based on the expected similarity between the 
directly bound nitrogen of azide and the directly coordinated nitrogen of 
[ 15N]pyridine in a low-spin Fe(II1)TPP complex, the latter having 
previously been shown to give only very shallow modulations in ESEEM 
spectra (Magliozzo & Peisach, 1992). Furthermore, calculations have 
shown that modulation depths in ESEEM spectra are very shallow for 
15N (I = l/2) sites having isotropic hyperfine interactions in the range 
of 4-5 MHz (Magliozzo et al., 1987). These phenomena also explain 
the absence of contributions from the [I5N]pyrrole nitrogens to the 
ESEEM spectra of the Mb complexes studied here. 
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to the values found for MbOH. Table I summarizes these 
results along with parameters for the complexes presented 
below. The nitrogen nuclear hyperfine coupling for the 
proximal imidazole nitrogen in [l5N]heme MblSN3 is essen- 
tially isotropic, with aiso equal to 4.4 MHz. The anisotropy 
in the hyperfine coupling values needed to fit the spectra at  
different magnetic field values gives an axial form (A, = A,) 
with the smallest value (IAzI) occurring for the hyperfine 
principal axis component aligned near g,. For example, the 
highest frequency component in the ESEEM spectrum at g 
= 2.43 occurs at  5.8 MHz but occurs at  7.22 MHz in the 
spectrum recorded at  g = 1.74. This frequency change was 
simulated by assigning the hyperfine element (A,I a value 1.6 
MHz smaller than the value assigned to IAxl. 

The small values for the Euler rotation angles in the results 
for MbN3 suggest near alignment of the hyperfine, nuclear 
quadrupole, and g tensor principal axis directions. The Euler 
angle j 3  for the nqi principal axis system has a small value, 
consistent with Qz, being close to the heme normal. [The 
value of -20' for j3 can be accounted for by the misalignment 
of g, with respect to the heme normal ( - 10') (Helckb et al., 
1968; Hori, 197 1) and some misalignment of QZz with respect 
to the lone pair orbital direction or even a misalignment of 
the axial bond direction with respect to the heme normal.] If 
the direction of Q,,,, is assumed to be perpendicular to the 
imidazole ring plane (Ashby et al., 1978), collinearity of this 
axis with g, (a small value for the angle a) is consistent with 
the orientation of the imidazole demonstrated by X-ray 
crystallography of myoglobin (Kuriyan et al., 1986). 

Figure 2 shows ESEEM spectra and simulations for the 
proximal imidazole nitrogen in [lSN] heme MbCI4N. In order 
to rule out the presence of coupling components arising from 
14N of cyanide, spectra for MbC14N (not shown) and MbClSN 
were compared. A set of "ratio spectra", which are the Fourier 
transforms of the quotients of modulation envelopes for 
isotopically substituted pairs of samples (Mims & Peisach, 
1989), demonstrated that shallow components due to 14N of 
the cyanide ligand appeared under experimental conditions 
different from those used for collection of the data presented 
here. 

The spectra for [l5N]heme MbCN contain the four 
components whose characteristics indicate cancellation of the 
hyperfine interaction and the Zeeman interaction in one of 
the electron spin manifolds (Mims & Peisach, 1989). There- 
fore, the nqi parameters are calculated with greater accuracy 
here than in the preceding example. The values given in Table 
I (e2Qq = 2.5 MHz; 71 = 0.3) are similar to those reported for 
the proximal imidazole nitrogen in MbOH (Magliozzo & 
Peisach, 1992), demonstrating that the modulations in the 
spectrum for MbCN arise from the directly coordinated axial 
nitrogen. The calculated uiso value was 2.23 MHz and the 
anisotropy in the terms for the hyperfine interaction was similar 
in form to the other cases. The g, axis direction is near the 
heme normal in MbCN also, but the in-plane g tensor axes 
arevery close to FeNpyrrolevectors and are inverted compared 
to those in MbN3 (Peisach et al., 1971; Shulman et al., 1971; 
Rhynard et al., 1979). The new orientation of g, was not 
evident in the Euler rotation angles for the nqi principal axis 
system as a value of zero was satisfactory for both a and y. 

The ESEEM spectra of MbRS (Figure 3) were recorded 
for samples prepared from native metMb as the contributions 
from axial and pyrrole I4N sites could be treated separately 
by referring to previously published results (Peisach et al., 
1979). The analysis of ESEEM spectra for low-spin Fe(II1)- 
TPP and Fe(II1)PPIX model complexes containing an axial 
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Table I: Nitrogen Nuclear Hyperfine and Quadrupole Coupling Parameters for Low-Spin Myoglobin Complexes 
hyperfine coupling (MHz) quadrupole coupling (MHz) 

Ax A" A* ai0 ezQq llb 

(A) Directly Coordinated Nitrogen of Proximal Imidazole 
[lSN]heme MbI5N3 4.6 4.6 3.0 4.4 3.2 0.1 

(a, 8, y = 00,100,00)' (a, 8,y = Oo, 23O, Oo)c 
[lSN]heme MbCN 2.6 2.6 1 .5  2.2 2.5 0.3 

Mb(P-mercaptoEtOH) 2.6 2.6 1.4 2.2 2.5 0.3 
(a, 8, y = Oo, 15,0°) (a, 8, y = oo, 5 O ,  0 ° )  

(a, @, = oo, 7 O ,  0°)  

(a, 8, 7 = oo, 7O, 0°) 

(a, 8, y = Oo, 1 8 O ,  0') 

(a, 6, y = Oo, 1 3 O ,  0') 
[ lSN] heme MbOHd 5.5 5.5 4.2 5.1 2.3 0.1 

(B) Pyrrole Nitrogens 
Mb(j3-mercaptoEtOH) 5.1 2.15 0.5 

(a, 8, y = Oo, 40°, Oo) 
4.6 2.15 0.5 

(a, 8, y = O o ,  40°, 0') 
4.1 2.15 0.5 

(a, 8, y = Oo, 50°, 0') 
All terms are negative; aiso = '/3[A, + A, + A,]. 7) = (qxx - qyy)/qzz. Euler rotation angles to g tensor reference frame. Taken from Magliozzo 

and Peisach (1992). 
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FIGURE 2: (A, B) ESEEM spectra of [I5N]heme MbCN. (C, D) 
Fourier transforms of ESEEM simulations for thedirectly coordinated 
nitrogen of the proximal imidazole. Simulation parameters are given 
in Table I. The experimental g values, microwave frequencies, and 
the values of 7 are given in the figure. 
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FIGURE 3: (A) ESEEM spectrumof MbRS. (B) ESEEM simulations 
for the directly coordinated nitrogen of the proximal imidazole. 
Simulation parameters are given in Table I. The experimental g 
value, microwave frequency, and the value of T are given in the figure. 
The line at 3.7 MHz is a [I4N]pyrrole modulation frequency. 

thiolate plus an axial imino or amino nitrogen ligand 
demonstrated that (1) it is the directly coordinated axial 
nitrogen that gives rise to the sharp lines, and (2) the [I4N]- 
pyrrole sites have negligible contributions that overlap 

I I I 

0 5 10 
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FIGURE4: (A) ESEEM spectrumof MbRS. (B) ESEEMsimulations 
for [I4N]pyrrole sites. Three sets of coupling parameters given in 
Table I wereused togeneratethesimulations in B, whicharepresented 
as a composite of three simulations. The experimental g value, 
microwave frequency, and the value of 7 are given in the figure. 

with those arising from the directly coordinated axial nitrogen 
for most choices of experimental conditions (Peisach et al., 
1979). For MbRS (Figure 3), three sharp components at 
0.43, 1.73, and 2.15 MHz arise from the proximal imidazole 
nitrogen (Peisach et al., 1979). These components are similar 
to those in the spectra for MbCN and again reflect a nitrogen 
nuclear hyperfine coupling whose magnitude satisfies the exact 
cancellation condition. The line at 3.66 MHzis one component 
from a complex pattern due to [14N]pyrr~le couplings that 
are resolved better in a spectrum presented below. 

The coupling parameters for the proximal imidazole nitrogen 
calculated by simulation of spectra for MbRS, excluding the 
3.66-MHz line (Figure 4), are given in Table I (aiso = 2.19 
MHz; e2qQ = 2.5 MHz; 7 = 0.3). The nqi parameters are 
similar to those for MbOH and MbCN. All Euler rotation 
angles are small, as in the other cases. Furthermore, based 
on the small value for the Euler rotation angle, 8, for the nqi 
principal axis system, the gmaX = g, direction in MbRS remains 
close to the heme normal. This localization of a g tensor axis 
direction can usually be achieved only by single-crystal EPR 
experiments. The e2Qqvalue calculated here for the proximal 
imidazole nitrogen in MbRS agrees with a value previously 
reported (Flanagan et al., 1987) from a two-pulse ESEEM 
study in which *anomalous" nuclear quadrupole axes were 
assigned for this site. Anomalous nqi axes for the imino 
nitrogen indicate that Qzz is no longer associated with the lone 
pair donor orbital direction, as occurs for example upon 
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protonation of the iminositeof imidazole (Ashby et al., 1978). 
If anomalous nqi axes occurred in the coordinated nitrogen 
of the proximal imidazole in MbRS, the direction of Qzz would 
no longer be near the direction of g,, (taken along the heme 
normal) but would instead make a large angle with this axis. 
Simulation of the three-pulse spin echo modulation data here 
could not, however, be achieved using large values for the 
Euler rotation angle 6. Thus, no evidence for anomalous axes 
could be substantiated in these results. Furthermore, the three- 
pulse ESEEM data, in which the zero-field nqi frequency 
components are clearly resolved (Figure 3) are only consistent 
with a value for 9 smaller than 0.632 (Flanagan et al., 1988). 

Pyrrole Nitrogen Couplings. The nuclear hyperfine cou- 
plings for the pyrrole nitrogens in MbCN and MbN3 were 
reported to be near 6 MHz in an ENDOR study (Mulks et 
al., 1979). An analysis of the modulation components in 
ESEEM spectra arising from the pyrrole nitrogens for these 
two low-spin forms is not presented in any detail here though 
estimates for the hyperfine couplings from ESEEM data were 
in agreement with the previously reported values. The small 
inequivalence resolved in the ENDOR experiments, however, 
was not seen in ESEEM spectra for [14N]heme MbN3 or 
[ 14N] heme MbCN. 

The pyrrole nitrogen couplings in MbRS have been 
examined in detail here because of the resolution found in 
ESEEM spectra recorded near gmax. Figure 4 shows an 
example recorded at g = 2.37. The components centered near 
3 and 6 MHz are assigned to the [ '4N]pyrr~le sites on the 
basis of the presence of analogous modulations in ESEEM 
spectra of the model complex Fe(III)PPIX(RS)/([15N]- 
imidazole) (Peisach et al., 1979) though no multiplicity was 
resolved before (Peisach et al., 1979). Three sets of coupling 
parameters (Table I) were used to simulate the [14N]pyrrole 
contributions in the high-frequency region of the data shown 
in Figure 4B. The values of aiso required to give the three 
highest frequency components were 5.1, 4.6, and 4.1 MHz, 
using nqi parameters estimated by simulation (not shown) of 
the pyrrole contributions in spectra of the model complex 
Fe(III)PPIX(RS-)/( [15N]imidazole) (Peisach et al., 1979). 
Thenqi parameters aresimilar to those reported for thepyrrole 
nitrogens in MbOH (Magliozzo & Peisach, 1992). The 
relative intensity of the highest frequency components suggests 
that two nitrogens with equal coupling give rise to the more 
intense peak at 6.0 MHz and a single nitrogen gives rise to 
each of the higher frequency lines at 6.5 and 7.0 MHz. The 
simulation presented, however, is a composite generated using 
three sets of coupling parameters without any multiplicity for 
any set. In cases where the exact cancellation condition is 
met, the height of peaks in the Fourier transforms is related 
to the number of nuclei with equivalent coupling (McCracken 
et al., 1988, 1989; Mims & Peisach, 1989). But here, for 
pyrrole nitrogens with stronger hyperfine couplings, the 
multiplication of simulated modulation functions for two 
equivalent nitrogens did not lead to differences in the Fourier 
transforms. [The simulation programs can incorporate 
multiple couplings by squaring (or raising to higher powers) 
the modulation function generated for a single site.] The 
results for the pyrrole couplings in MbRS should incorporate 
two equal and one each of two additional sets of coupling 
parameters, however, since it is unlikely that the ESEEM 
components arise from only three of the four pyrrole sites. 

Several components near 3 MHz are generated in simu- 
lations using the [*4N]pyrr~le parameters given in Table I. 
The position and intensities of these components depends on 
the magnitudeof nqi parameters as well ason the Euler rotation 
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angles for the nqi principal axes. A rigorous simulation of 
these is not feasible, mainly because there is no unambiguous 
way to assign a 3-MHz line (or lines) to its correct partner 
near 6 MHz for one particular nitrogen. The hyperfine 
couplings are, however, evaluated with confidence in spite of 
an incomplete treatment, since the frequency of the lines near 
6 MHz are most sensitive to the value of aiso and are much 
less sensitive to the quadrupole parameters and Euler rotation 
angles. The aiso values for the [ 14N]pyrroles in MbRS are all 
smaller than the average values reported for MbN3 and MbCN 
(Mulks et al., 1979). 

DISCUSSION 

Origin of Hyperfine Coupling. The nuclear hyperfine 
coupling parameters for the directly bound 14N of the proximal 
imidazole in three low-spin Mb complexes reveal a trend in 
the values of their isotropic components (q,) that varies from 
4.4 MHz for the azide to 2.2 MHz for the cyanide and thiolate 
forms. These changes may be analyzed from the point of 
view that the CN- and RS- ligands yield complexes in which 
the axial imidazole interaction is weakened, compared to that 
occurring in MbOH and MbN3, due to new structural and or 
electronic features that accompany the binding of these anions. 
For example, either a trans effect, a distortion near the iron 
such as its movement out of the porphyrin plane, or a 
redistribution of unpaired electron spin density in the iron- 
ligand orbital system alone or in combination could contribute 
to a weakened hyperfine coupling interaction. The first two 
effects could involve changes in the length of the imidazole- 
iron bond. The third effect would change the "dipolar" or 
effective distance from the unpaired electron to the coupled 
nitrogen (but would not necessarily change the actual bond 
length) (Schweiger, 1982; Cornelius et al., 1990). 

The low-spin iron orbital system has the electron config- 
uration dxg, dxzz, d,,i, according to the orbital coefficients 
that result from a crystal field analysis applied to the tzg set 
of d orbitals (Griffith, 1957; Taylor, 1977; Bohan, 1977; 
Muhoberac, 1984). One of the d-a orbitals situated per- 
pendicular to the porphyrin plane contains most of the unpaired 
spin density with the other d orbitals sharing small amounts 
through spin orbit coupling, while the eg orbitals areconsidered 
to be empty. In Mb, the coordinated imino nitrogen of the 
proximal imidazole, considered to be sp2 hybridized, has a 
p a  orbital oriented perpendicular to the heme normal that 
may be oriented parallel to the partially filled d orbital. The 
position of the imidazole, presumably invariant in various Mb 
complexes, fixes this nitrogen a orbital in an orientation that 
nearly eclipses an Fe-NpVole vector (Kuriyan et al., 1986, 
and references therein). Though overlap between the p a  
and the half-filled d-a orbital could facilitate direct transfer 
of unpaired spin into the axial ligand, experimental evidence 
against such a mechanism for theorigin of the nitrogen nuclear 
hyperfine coupling interaction is contained in the following: 
an ESEEM study of low-spin iron porphyrin model complexes 
containing nitrogen and oxygen ligand pairs showed that the 
value of aiso for the axial amino nitrogen in Fe(II1)TPP- 
(butylamine)(OR-), 4.0 MHz, was nearly as strong as that 
for the directly bound imino nitrogen of pyridine or imidazole 
in similar complexes (ai, = 4.6 and 5.1 MHz, respectively) 
(Magliozzo & Peisach, 1992). A close agreement between 
amine and imidazole couplings was also found in ESEEM 
spectra  of Fe(III)PPIX(propylamine)(RS-) and 
Fe(III)PPIX(imid)/RS- (as found in MbRS) (Peisach et al., 
1979). Since the amine nitrogen is not likely to participate 
in a bonding while the imino nitrogen ligands of the 
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are within the rather narrow range reported for many different 
complexes including crystalline Zn(II)(imid)z(Cl)z (Ashby 
et al., 1978). If the small hyperfine coupling in MbCN and 
MbRS were due to a trans effect or other distortion that 
reduced imidazole to iron overlap, it would have been 
accompanied by a large eZQq value for this nitrogen. [For 
MbN3, a large eZQq value was in fact found, though in this 
complex it occurs along with a large value for the nitrogen 
nuclear hyperfine interaction (see below).] 

It therefore seems likely that the reduction in proximal 
imidazole coupling in MbCN and MbRS arises from a 
redistribution of the unpaired electron spin density due to 
covalency between iron and sixth ligands that does not occur 
in MbOH or MbN3. Any reduction of the total spin density 
in iron orbitals would give smaller aiM, values, whatever the 
mechanism for electron nuclear coupling. An electron acceptor 
role for CN- and RS- would account for the effect, so long 
as the unpaired electron were involved in the delocalization. 
The thiolate ligand in MbRS can utilize empty d orbitals for 
this interaction while, for CN-, empty ?r* orbitals are available 
(Fallon & Gatehouse, 1974; Redhouse, 1973; Johnson et al., 
199 1). Direct evidence for spin delocalization into the cyanide 
ligand is found in the large value ( 5  MHz) of the nuclear 
hyperfine coupling for 15N in MbC15N (Mulks et al., 1979). 
An analogous coupling ( N 3.9 MHz) was estimated for I4N 
in MbC14N by a ratio analysis of ESEEM spectra (not shown) 
described above. No relevant coupling data for MbRS are 
available though significant covalency has been noted for the 
sulfide ligand in an Fe(III)P(HS-) complex (English et al., 
1984) and for the thiophenolato ligands in a Co(I1) complex 
(Fukui et al., 1992). 

No correlation is apparent between the trend in hyperfine 
couplings for the low-spin forms and the tetragonal and 
rhombic splittings calculated according to the crystal field 
analysis (Blumberg & Peisach, 1971; Taylor, 1977; Bohan, 
1977; Muhoberac, 1984) as MbOH and MbRS have very 
similar tetragonal and rhombic splitting parameters yet very 
different proximal imidazole hyperfine couplings, while MbCN 
has a very small rhombicity with a hyperfine coupling similar 
to that of MbRS. (The tetragonal splitting is the difference 
in energy between the d, orbital and the average energy of 
the d,, and dyz orbitals; the rhombic splitting is the difference 
between the d, and dy, levels.) The crystal field approach 
has, however, been successful in correlating structural pa- 
rameters such as the relative orientation of ligand planes for 
bisimidazole iron porphyrins with the rhombic and tetragonal 
splittings (Muhoberac, 1984; Walker et al., 1986; Soltis & 
Strouse, 1988; Safo et al., 1991, 1992) (see below). What 
becomes apparent from the results presented is the inadequacy 
of using a tzs metal-centered basis set alone for a full description 
of the EPR properties of the various low-spin heme complexes, 
especially when only one of the axial ligands governs the 
rhombic axis orientation. 

The Unusual Nuclear Quadrupole Coupling Constant for  
the Proximal Imidazole in MbNj. The nuclear quadrupole 
coupling constant for the coordinated nitrogen of the proximal 
imidazole is expected to be sensitive to axial bond changes in 
Mb complexes, as stated above, since it depends on the 
electronic features of the valence shell of the bound nitrogen 
(Townes & Daily, 1957; Ashby et al., 1978). This parameterr 
is essentially invariant in all low-spin Mb complexes examined 
so far, except for MbN3. The value calculated for MbN3 
seems to be anomalously large (3.2 MHz) as it nearly equals 
that for the imino nitrogen in solid imidazole and in solid 
L-histidine [3.3 and 3.4 MHz, respectively (Ashby et al., 

heterocycles will, these results are taken as evidence that the 
?r system of the nitrogen ligand does not support a major part 
of the nuclear hyperfine interaction through d-a p?r spin 
transfer. Additional evidence that the nitrogen nuclear 
hyperfine coupling does not occur through spin transfer into 
the A system has been suggested by the following: The sign 
of aiso for the nuclear hyperfineinteraction at the axial nitrogen 
in low-spin heme complexes was reported to be negative 
(Scholes et al., 1986) while in 14N PA radicals, the values are 
positive (Carrington & McLachlan, 1967). A coupling 
mechanism involving spin transfer into the proximal imidazole 
nitrogen in a low-spin Mb complex would be expected to give 
a positive value for aiso, as this interaction can presumably 
lead to a spin system analogous to that of the nitrogen radical. 
It was found, however, that A, was the weakest hyperfine 
coupling term (Scholes et al., 1986), Le., the value occurring 
along the axis direction parallel to the iron-nitrogen bond 
(this being the direction selected by EPR experiments near 
g, for low-spin heme). The strongest hyperfine coupling term 
should occur in this direction, along a vector joining the electron 
and the nitrogen nucleus. Therefore, it was concluded that 
a dipolar interaction between nitrogen and the metal unpaired 
electron causes spin polarization in the axial nitrogen of low- 
spin Fe(1II)P complexes and thereby yields a negative value 
for aiso (Scholes et al., 1986). 

In all low-spin Fe(I1I)P complexes examined by ESEEM, 
IA,J was found to be the smallest term, and a similar coupling 
mechanism is suggested to operate throughout. Negative 
values for nitrogen nuclear hyperfine couplings have also been 
assigned in other metal-nitrogen systems (Cornelius et al., 
1990; Rudin et al., 1982). It should be noted that according 
to the g tensor axis orientation determined by single-crystal 
EPR (Helck6 et al., 1968) and single-crystal Mossbauer 
spectroscopy of MbN3 (Harami, 1979), the p?r orbital of the 
proximal imidazole nitrogen is not optimally oriented for good 
overlap with the half-filled d-?r orbital, lending credence to 
the suggestion that no spin transfer occurs (see below). Direct 
spin transfer through the iron-nitrogen u bond is not implicated 
as a source of hyperfine coupling for axial nitrogen since the 
dZ2 orbital is considered to be empty for low-spin iron. 

Having ruled out direct spin transfer as the dominant 
mechanism leading to nitrogen nuclear hyperfine coupling in 
the proximal imidazole, the trend in aiso values must be 
discussed in some other context. For example, a structural 
trans effect in MbCN or MbRS, absent from MbN3 and 
MbOH, could lead to the weakened hyperfine coupling. In 
small molecule complexes, a structural trans effect due to 
thiolate ligands has been noted by X-ray crystallographic 
analyses of bond lengths in Co(II1) complexes, but the effect 
was not seen in Cr(II1) complexes (Elder et al., 1973). No 
structural effect is apparent in a comparison of the Fe-Nafial 
bond lengths for Fe(I1)TPP complexes with bisimidazole axial 
ligation vs imidazole/thioether ligation (Mashiko et al., 198 1). 
A strong argument against such an effect in low-spin Mb is 
the constancy of the nuclear quadrupole coupling constants, 
ezQq, for the coordinated nitrogen of the proximal imidazole 
in the CN-, RS-, and OH- forms (Table I). 

The value of eZQq is related to the nitrogen lone pair donor 
orbital population (Ashby et al., 1978,1980) and thus reflects 
the strength of the nitrogen baseLewis acid interaction 
between the proximal imidazole and the metal ion. Large 
values (-3 MHz) are consistent with poor lone pair donation 
and would indicate electron populations in the donor orbital 
close to 2 (Ashby et al., 1978; Cornelius et al., 1990). The 
values near 2.5 MHz found for MbOH, MbCN, and MbRS 
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1978)]. These imidazole compounds, however, have signif- 
icant hydrogen bonding interactions at both ring nitrogens, 
which reduces the quadrupole coupling that would better 
represent a “free” ligand reference value. The e2Qq for the 
imino site in N-benzylimidazole, a better choice for reference 
because there is no hydrogen bonding in the solid, is 3.7 MHz 
(Ashby et al., 1978). Nevertheless, the e2Qq value for the 
proximal imidazole nitrogen in MbN3 suggests a weak a-donor 
interaction with Fe(II1) in this complex while the ais0 value 
is close to that found in MbOH. Therefore, the “effective” 
or dipolar distance between the nitrogen nucleus and the 
unpaired electron is similar to MbN3 and MbOH, and no 
large structural rearrangement or significant spin delocal- 
ization is evident for MbN3. 

Though the value of e2Qq is expected to increase with bond 
length for nitrogen-to-metal bonds, the expected correlation 
may not always be evident in experiments. In crystalline 
octahedral Cd(I1) and Zn( 11) hexaimidazole complexes, the 
coordinated nitrogen sites yield a single e2Qq value though 
metal-nitrogen bond lengths vary up to 0.2 A within the 
structures (Ashby et al., 1978). In other complexes, however, 
two sets of nqr parameters are resolved for two very similar 
metal-imidazole nitrogen distances, such that e2Qq values 
equal to 2.01 9 and 2.062 MHz correspond to the Zn-N bonds 
with lengthsof 2.001 and 1.997 A in Zn(imid)4(C104-)2 (Ashby 
et al., 1978). Therefore, though the large e2Qqvalue for MbN3 
suggests an elongation of the proximal imidazole-to-iron bond, 
it should not be taken as conclusive evidence for such a change 
since a range of bond lengths can apparently give similar 
nitrogen nuclear quadrupole couplings. 

The value of e2Qq is most easily correlated with effects in 
thedonor orbital (lone pair), though it seemed that clues about 
a-bonding features for the proximal imidazole might be 
inferred from this parameter. In fact, the iron-nitrogen a 
bonds for the proximal imidazole in MbN3 can be shown to 
differ from those in the other low-spin forms having what may 
now be considered typical e2Qq values (near 2.5 MHz). In 
model complexes, the coordinated nitrogen in imidazole-Cd- 
(11) or -Zn(II) bonds exhibits e2Qq values near 2.5 MHz 
(Ashby et al., 1978) consistent with electron populations in 
the donor orbital that can be as low as 1.6 electrons. According 
to a Townes-Dailey model for the nitrogen valence electrons 
(Townes & Daily, 1949) applied to analyze these parameters 
(Ashby et al., 1978), the ligand nitrogen recruits electron 
density from the a and a orbital system of the heterocycle 
ring itself to the extent that 60% of the lost electron density 
can be compensated for. The a system of imidazole could 
presumably also recover electron density from metal d a  orbitals 
in an M - L acceptor interaction. Since the electron 
configuration of low-spin iron gives one filled and one half- 
filled d a  orbital, the a-bonding interactions for the proximal 
imidazole nitrogen as well as those for the porphyrin nitrogens 
could involve either L --, M or M - L a donation. The latter 
interaction is usually not expected to be favorable for imidazole 
(or pyrrole nitrogens), though a molecular orbital calculation 
(Satterlee & La Mar, 1975) has demonstrated that d l r  overlap 
with empty imidazole p a *  orbitals is inherently favored 
because of the orbital symmetries. Furthermore, it has been 
noted that imidazole does not act as a a-donor in Fe(II1)- 
(CN)s(imidazole) (Johnson et al., 1991). Thus, M - L 
donation should not be neglected as a potential interaction in 
the imidazole-iron system. 

The asymmetry in the electronic features of axial ligands 
in low-spin complexes introduces rhombic axes into the d orbital 
system that determine the orientation of the filled and half- 
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FIGURE 5: Heme in MbN3 showing the orientation of g tensor axes 
[according to HelckC et al. (1968)l and the projection onto the heme 
of the proximal imidazole plane as well as the nitrogen p?r orbital. 
The half-filled orbital plane is indicated according to Byrn et al. 
(1 983). 

filled orbital planes. Theg tensor orientation is then governed 
by the rhombic axes (along with any asymmetry from the 
equatorial bonds). The axis orientation may be determined 
by the combined interactions of both axial ligands or by 
rhombic axes due only (or mostly) to the anionic or strongest 
field ligand. Examples for the rotation of the rhombic axes 
accompanied by rotation of the g tensor are found in low-spin 
Fe(II1)P complexes containing thiol/thiolate ligand pairs 
(Byrn et al., 1983), in two cytochromes c (Senn et al., 1980; 
Keller & Wuthrich, 1978), and in Fe(III)TPP(imid)2 (Soltis 
& Strouse, 1988). In the cytochromes, the orientation of 
in-plane axes of the g tensor (g,, and gx) has been correlated 
with the orientation of the axial sulfur ligand of methionine 
for two proteins that differ in the geometry of the -SCH3 
group and thereby the orientation of rhombic axes (Seen et 
al., 1980; Keller & Wuthrich, 1978). In the Fe(III)P(thiol/ 
thiolate) complexes, the thiolate, and not the thiol-type sulfur, 
was found to determine the orientation of the g tensor (Byrn 
et al., 1983).5 (The bisimidazole complexes are discussed 
below.) 

In MbN3, the partially filled orbital plane has been assigned 
to lie between an Fe-Npyrrole vector and a meso carbon plane 
(Byrn et al., 1983), according to the g tensor axes determined 
from single-crystal EPR (Helck6 et al., 1968) and the location 
of the principal axis of the electric field gradient tensor for 
ferric iron analyzed by single-crystal Mossbauer spectroscopy 
(Harami, 1979). It is therefore located between the projection 
onto the heme plane of the p a  orbital directions of both axial 
nitrogen ligands (Figure 5 )  (Byrn et al., 1983). According 
to X-ray structures of Mb (Phillips, 1980; Kuriyan, 1986, and 
references therein), the proximal imidazole ring plane lies 
nearly parallel with an Fe-NpWole vector direction. Therefore, 
the p a  imidazole orbital in MbN3 must have poor overlap 
with d-a orbitals though it does lie closer to the half-filled 
orbital plane. This nitrogen a orbital cannot receive a electron 
density (back-bonding) from the d-a system of iron, and thus 
a weaker t~ overlap and larger e2Qq might be expected. To 
generalize these ideas, when the rhombic axes for a low-spin 
complex are oriented such that overlap between the filled d-a 
orbital plane and the p a  of the proximal imidazole is 
favorable, a strong CT donor interaction can be accommodated 
because it will be accompanied by a back-bonding interaction. 
These electronic effects are presented schematically in Figure 

Note that the rotation of rhombic axes in one direction causes a 
rotation of the g tensor axes in the opposite sense (Oosterhuis & Lang, 
1969; Byrn et al., 1983). 
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Mb (cyan id e) 

CH=CH, C H y g ’  
I I 

FIGURE 6: Illustration of d-a and p a  orbitals of iron and axial 
nitrogen showing the M - L back-bonding favored for a filled d-a. 
L - M donation would be favored for a half-filled d l r .  

6. Note that they are illustrated for the p a  of imidazole but 
might better be represented by a *  for the nitrogen acceptor 
orbital. 

The apparently weak Q donor interaction for the proximal 
imidazole in MbN3 may be related to the weak axial ligand 
field associated with the high-spin-low-spin equilibrium 
observed for this complex as a function of temperature 
(Beetlestone & George, 1964; Iizuka & Kotani, 1968; Desbois 
et al., 1979; Vickery et al., 1975). A structural origin for this 
phenomenon has not been explained in detail. No unusual 
features have been reported from resonance Raman spec- 
troscopy of HbN3 or MbN3 (Desbois et al., 1979; Henry et 
al., 1985) that would suggest a large structural change in 
these forms compared to MbCN though the ESEEM results 
may be considered evidence for a structural trans effect and 
a lengthening of the proximal imidazole to iron bond. 
Unfortunately, the interpretation of the Raman spectra lacks 
an assignment of axial imidazole nitrogen-iron stretching 
frequencies, and no quantitative comparisons can be made 
between the ESEEM and Raman results. It is noted here 
that of two low-spin Fe(II1)P model complexes containing 
axial pyridine plus either CN-or N3-ligands, the azide complex 
exhibits a longer Fe(II1)-pyridine bond (Adams et al., 1979; 
Scheidt et al., 1983). This result is consistent with the results 
discussed here for the two analogous Mb complexes. Fur- 
thermore, the disruption of the proximal imidazole to iron 
bond is not without precedent. For example, the a subunits 
of partially ligated nitrosyl hemoglobin in its low-affinity form 
provide an example in which the heme is converted to a five- 
coordinate form (Szabo & Perutz, 1976; Hille et al., 1979; 
Magliozzo et al., 1987). 

For MbCN, an analysis of the iron electric field gradients 
by Mossbauer spectroscopy of frozen solution samples (Rhy- 
nard et al., 1979) is consistent with rhombic axes lying close 
to the cubic axes (8’ from the Fe-Npyrrole vectors) (Figure 7). 
The location of g,,, according to a single-crystal EPR study 
(Peisach et al., 1971) and an early NMR study (Shulman et 
al., 197 l) ,  also suggests that the half-filled orbital plane nearly 

~ ~~ 

According to recent NMR results at room temperature (Emerson & 
La Mar, 1990a,b), the g tensor axes for MbCN in solution are the same 
as those determined for MbN3 by single-crystal EPR (Helck6 et al., 
1968). This result disagrees with the g tensor axis orientation presented 
by Peisach et al. (1971) from a single-crystal EPR study of MbCN and 
by Shulman et al. (1971) in an earlier NMR study and disagrees with 
the orientation of rhombic axes determined by Mossbauer spectroscopy 
of MbCN in frozen solution (Rhynard et al., 1979). 

CH=CH2 

half-filled orbital proxhal im’d 
P-Pi 

H3CvCH3 
p 2  y 2  

y 2  y 2  

COOH COOH 

FIGURE 7: Heme in MbCN showing the orientation of g tensor axes 
[according to Peisach et al. (1971) and Shulman et al. (1971)l and 
the same proximal imidazole features as in Figure 5. The orientation 
of the half-filled orbital plane is indicated according to the analysis 
discussed by Byrn et al. (1983) after Oosterhuis and Lang (1969). 

eclipses an Fe-Npyrrole vector.6 Therefore, the p a  orbital of 
the proximal imidazole in MbCN must be located closer to 
thefizzed d-a orbital plane, potentiating a back-bonding and 
a better Q donor interaction, giving a more typical value for 
e2Qq. Thus, changes in the nuclear quadrupole interaction 
for the axial nitrogen in two low-spin species, MbCN and 
MbN3, seem to be correlated with changes in the orientation 
of the g tensor and with a-bonding features. For MbRS, the 
rhombic axes (and thus the in-plane g tensor axes) should be 
oriented similar to those in MbCN since a strong Q donor 
interaction occurs. The ESEEM results have thus enabled a 
tentative assignment of the g tensor in a low-spin complex, the 
g, axis having been localized according to the Euler rotation 
angle for the nqi axis QZz, and the in-plane axes being indirectly 
fixed according to the value of e2Qq. 

PyrroZe Nitrogen Couplings. The resolution of a set of 
pyrrole nitrogen nuclear hyperfine couplings in ESEEM 
spectra is noteworthy for the MbRS complex though some 
inequivalence in hyperfine coupling interactions was reported 
in ENDOR studies of pyrrole sites in other low-spin Mb forms 
(Mulks et al., 1979; Scholes et al., 1986). A structural 
inequivalence arises partly from “ruffling” of the macrocycle 
structure and is correlated with electronic features in examples 
of two crystal forms of the low-spin model complex Fe(II1)- 
P(imid)2 (Scheidt & Reed, 1981). In one crystal form, the 
plane containing parallel imidazole rings eclipses an Fe-Npmle 
direction. The electronic overlap along the axial p a  orbital 
directions acts to localize the unpaired electron in the plane 
perpendicular to the rings. The difference in occupancy of 
the half-filled and filled orbital planes then leads to a difference 
in the potential a overlap for opposite pairs of pyrrole nitrogens 
(Walker et al., 1986): The pair of pyrroles having paorbitals 
nearer the half-filled orbital plane participate in a a-donor 
interaction and are found to have shortened bond lengths, 
while the opposite pyrrole nitrogens cannot donate electron 
density into the filled d-a orbital orbital plane (and have 
longer bonds). The difference in Fe-Npyrrole bond lengths is 
absent when the rhombic axes orient the filled and half-filled 
orbital planes between the nitrogens (toward the meso carbon 
positions), as occurs in the second crystal form of the model 
complex (Walker et al., 1986). These structural effects are 
also correlated with the rhombicity calculated in the crystal 
field analysis based on the EPR spectra of the two crystalline 
species. The rhombic splittings vary as expected, from large 
for the complex having the Fe-Npyrrole vector eclipsed by the 
ligand planes, to small for the other form. These two 
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structures, though they represent extremes in rhombic sym- 
metries, illustrate an important correlation between structural 
and electronic features that depend on the orientation of the 
rhombic axes ( g  tensor). A similar analysis of Fe(II1)P 
bisimidazole complexes is presented by Soltis and Strouse 
(1988). 

These observations suggest that insofar as dipolar coupling 
mechanisms contribute to the hyperfine interactions for the 
N,I, sites, the a b  values should be correlated with the 
orientation of the rhombic axes ( g  tensor) for any low-spin 
species. Therefore, the large inequivalence for the pyrroles 
in MbRS suggests these axes are oriented toward the Fe- 
Npynole vectors. In this arrangement, the filled d-a plane 
could be oriented over the p-i~ of the proximal imidazole, 
leading to the typical e2Qq values discussed above. 

Since the asymmetry in pyrrolecouplings in MbRS is greater 
than a pairwise inequivalence, there are other structural or 
electronic factors involved. For example, the in-plane g axes 
may lie far enough away from the heme plane to introduce 
asymmetry in the nitrogen couplings. The latter would occur 
with a tilt of g, away from a direction perpendicular to the 
pyrrole plane. The misalignment of the Q,, and g, axes in 
MbRS indicated by the Euler rotation angle ( B  = 18') may 
be evidence for such a misalignment of g, with respect to the 
heme normal. 
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