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= 52.6 kcal mol™, in fair agreement with this work. Finally, the
similarity of the kinetic parameters reported here to those for the
decomposition of other four-membered rings,'® the thermal sta-
bility of 7 under these conditions, and the kinetics of the silene
isomerization mitigate against the suggestion of a multistep di-
radical mechanism for the formation of 2 from 3.
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The ferrous non-heme iron active sites in iron superoxide dis-
mutase (FeSD) and soybean lipoxygenase (SBL) catalyze, re-
spectively, superoxide dismutation' and lipid hydroperoxidation.?
Structures are lacking for the ferrous sites in these proteins, and
while the ferric active sites have been characterized by optical
and EPR spectroscopy,®* comparable results are lacking for the
ferrous sites. MCD spectroscopy is a powerful probe of these
systems in that selection rules allow the observation of weak d—d
transitions, and the temperature dependence probes ground-state
splittings.> Using low-temperature MCD spectroscopy we have
observed significant differences in both ground and excited states
of the iron sites in FeSD and SBL which relate to differences in
coordination number and geometry.

FeSD and SBL were purified to homogeneity (SDS-PAGE)
from E. coli cell paste® and soybeans® according to published
procedures. The low-temperature (1.8 K), high-field (6 T) MCD
spectrometer will be described elsewhere.’

A distinction between FeSD and SBL iron sites is evident in
the excited-state spectra shown in Figure 1: near-IR optical
absorption, CD, and low-temperature MCD spectra for FeSD
(Figure 1A) show a single broad transition above 10000 cm™ with
a low extinction coefficient (e = 5 M~ cm™) characteristic of
ligand field transitions; a second band is observed in absorption
near 5000 cm™. In contrast, the near-IR CD and MCD for SBL
(Figure 1B) resolve two broad bands near 10000 cm™ split by
approximately 1500 cm™,

The temperature-dependent MCD of these ligand-field tran-
sitions probes the iron ground states in these two enzymes.
Systematic variations of temperature and field strength lead to
changes in MCD intensity which may be plotted as saturation
magnetization curves,®® shown in the Figure 2A for the FeSD
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Figure 1. Excited-state spectra for non-heme iron active sites of FeSD
and SBL. (A) Optical absorption, CD, and low-temperature MCD
spectra for Fe?* SD prepared by dithionite reduction of native enzyme
in 50 mM K,HPO, buffer pH 7.4. Note abscissa scale change for optical
absorption spectrum. For optical absorption measurements, FeSD was
lyophilized and dissolved in D,O; the MCD sample was prepared as a
glass in 50% glycerol. Samples were 3-7 mM Fe; MCD spectrum re-
corded at 4.2 K in a 3-mm path length cell. (B) CD and MCD spectra
for native ferrous SBL in 50 mM sodium borate pH 9.0; the MCD
sample was prepared as a glass in 50% glycerol. Samples were 1-2 mM
Fe; MCD spectrum recorded at 4.2 K in a 3-mm path length cell. Efforts
to observe these bands in absorption are complicated by turbidity at high
protein concentration; we can only place an upper limit on € of § M~!
cm™.
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Figure 2, Temperature and field dependence of MCD intensity. (A)
Saturation magnetization curves for Fe?* SD for MCD intensity at
10360 cm™. Similar results are observed for SBL. (B) Replot of data
in (A) as temperature dependence at constant field. (C) Splitting A (—)
and intensity (---) for the ground M, = %2 doublet extracted from the
curves of (B), (@) FeSD. Also shown for SBL (0).

data. Magnetic saturation occurs within a paramagnetic ground
state when thermally accessible levels are depopulated from either
high-field splitting or low temperature. For zero-field split systems
and in particular the non-Kramers (even electron) systems in-
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vestigated here, changes in MCD intensity resulting from popu-
lation of higher levels leads to nesting of saturation magnetization
curves taken at different temperatures' as shown in Figure 2A
for the FeSD data. Alternatively, plotting the temperature de-
pendence at constant field separates the temperature and field
effects (Figure 2B) and shows that in the saturation limit the MCD
intensity is field-dependent, unlike the field-independent behavior
observed for a Kramers doublet.

Analysis of these curves (Figure 2B) provides insight into the
nature of the ground-state splittings in these complexes in terms
of an S = 2 spin Hamiltonian with parameters D and E, the axial
and rhombic zero-field splitting components. The MCD tem-
perature dependence at each field is consistent with thermal
population over a pair of levels with no contribution from higher
levels, indicating D < 0 which places M, = £2 lowest. Alternative
schemes including D > 0 are not consistent with the observed data
or with parallel studies on model complexes.!! Both the M, +
2 doublet splitting A due to rhombic splitting plus the Zeeman
interaction and the MCD saturation limit intensity can be obtained
by fitting each of the curves in Figure 2B by a Boltzmann pop-
ulation over these two levels.!> The changes in A and saturation
limit intensity for increasing field for both FeSD and SBL are
plotted in Figure 2C.

An explanation of Figure 2C can be obtained in terms of the
appropriate spin Hamiltonian matrix for an isolated M, = £ 2
doublet:!3

2> 2>
A [2'>]+ 822 gBH cos 8 "
[2°>] g8H cos 8 -3s2

A rhombic zero-field distortion (8) removes the degeneracy of this
non-Kramers doublet, quenching its angular momentum and
eliminating MCD intensity. In a magnetic field, the lowest level
can be represented as |-) = Cy|+2) — C,)-2), where the mixing
coefficients are C, = ((8/g8H cos 6)2+ 1) and C; = (1 - CA)!/%
The change in energy of the levels with increasing field relates
to the Zeeman interaction, while the MCD intensity reflects the
complex component of the wavefunctions, which change from pure
real combinations in the zero field limit to pure imaginary at high
fields. Analysis of Figure 2C in terms of the spin Hamiltonian
for the ground doublet (eq 1) with orientation averaging®® yields
g =8 and 8 = 2.2 cm™ for FeSD and g.; = 8, 8 = 6 cm™! for
SBL. In both proteins a doublet is lowest, indicating D < 0. The
magnitude of D is most directly obtained from the temperature
dependence at a small sampling field'4 (0.5 T for FeSD in Figure
2D). The curve is not very sensitive to the value of D but we
estimate D = -7 & 2 cm™'. For SBL no excited-state population
is observed but the observed magnitude for § = 3E?/D of 6 cm™!
and the fact that E/D must be between 0 and !/, requires D
> -21 cm™.

The ground- and excited-state data on FeSD and SBL is best
interpreted in terms of correlations with model complexes. Ex-
cited-state splittings and energies over 5- and 6-coordination of
Fe?* by N,O and halide ligands is related to geometry,' and, in
particular, a single band above 10* cm™ with a second band at
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least 3000 cm™ to lower energy implies 5-coordination and ap-
proximately square-pyramidal geometry. The presence of two
bands near 10000 cm™ with a splitting of 1000 cm™ implies
6-coordination. A supporting correlation can be made from
ground-state parameters; D > 10 cm™! is representative of 6-
coordinate iron, while D = 2-10 cm™! is characteristic of 5-co-
ordination.!” Lower coordination can be ruled out by the energy
of the ligand field transitions. From these correlations, we deduce
that the most likely coordination number for the SBL ferrous site
is six, while the ferrous site in FeSD appears to be 5-coordinate,
consistent with the crystallographically determined site structure
of Fe** SD'®!° being retained upon reduction.

In summary, significant differences have been observed in both
excited-state spectra and ground-state spin Hamiltonian param-
eters as obtained through low-temperature MCD spectroscopy,
which indicate differences in coordination environments in these
two ferrous non-heme iron active sites.
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The highly symmetrical undecacyclic CyoH,, hydrocarbon
pagodone (1) (undecacyclo[9.9.0.0'5,0212,0%18 3.7 06,10 8.12,
Q111301317 01620 eicosane) has been recently synthesized by
Prinzbach et al. as a potential precursor for its structurally related
isomer dodecahedrane (2).> An isomerization pathway that can
be considered would start with pagodane cations prepared under
superacidic conditions. Previously we were successful® in isom-
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