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Heme-Heme Orientation and Electron Transfer Kinetic

Behavior of Multisite Oxidation-Reduction Enzymes

Abstract. Analysis of the polarized single-crystal absorption spectra of cyto-
chrome cd, of Pseudomonas aeruginosa shows that the heme ¢ and heme d, groups in
each subunit are oriented perpendicularly to each other in both oxidized and reduced
forms of the enzyme. These results, together with those of previous kinetic studies,
indicate that a perpendicular heme-heme orientation may be an important factor in
specifying kinetically slow steps in a sequential series of electron transfer reactions.

Intramolecular electron transfer is a
characteristic feature of the catalytic ac-
tion of a number of cytochromes con-
taining multiple, prosthetic heme groups
(I—4). Current theoretical models (5, 6)
emphasize the importance of heme-heme
distance as a controlling factor in such
electron transfer processes; however,
very little consideration has been given
to the role of heme orientation. Spectro-
scopic (7-9) and molecular modeling (10,
11) studies suggest that heme groups in
multicomponent (and kinetically facile)
complexes of cytochromes are aligned in
a parallel fashion, and a roughly parallel
heme-heme orientation has been found
in (diheme) cytochrome c’ through x-ray
crystallographic studies (3). However, in
the tetraheme-containing protein cyto-
chrome c3, the four heme groups are
found in coparallel pairs, each pair being
oriented approximately perpendicularly
to the other (4¢). We now report, on the
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basis of polarized single-crystal absorp-
tion spectroscopy, that the individual
heme ¢ and heme d; prosthetic groups
in each of the two subunits of nitrite
reductase (cytochrome cd;; ferrocyto-
chrome css;: oxygen oxidoreductase,
E.C. 1.9.3.3) of Pseudomonas aerugino-
sa are oriented mutually perpendicularly
to one another. The implication of this
finding, in light of the results of kinetic
studies (/2) of oxidation-reduction reac-
tions of cytochrome cd;, is that heme
orientation may be an important factor
controlling the rate of electron transfer in
multiheme enzymes.

Cytochrome cd; of Pseudomonas is a
water-soluble, dimeric protein with two
identical subunits of molecular weight
63,000, each with spectroscopically dis-
tinct prosthetic groups of heme ¢ (iron
protoporphyrin IX) and heme d; (iron
chlorin) (13-15). The enzyme has been
crystallized from 70 to 75 percent ammo-

nium sulfate in space group P2,2,2 as
thin, diamond-shaped plates (I6, 17).
Both heme groups are low-spin (S = 1/2)
in the oxidized form of the enzyme,
whereas the ascorbate-reduced protein
contains an (S = 0) Fe(II) heme ¢ group
and high-spin (S = 2) Fe(Il) heme d,
group (/8). The heme d; group is the site
of substrate binding and reduction.

The solution absorption spectra of the
oxidized and (ascorbate) reduced forms
of cytochrome cd, are illustrated in Fig.
1. Figures 2 and 3 show correspondingly
polarized single-crystal absorption spec-
tra. In the crystal spectra the character-
istic bands of the heme ¢ chromophore in
the visible region are observed primarily
in the b-crystal spectrum, whereas the
absorption bands belonging to the heme
d; group are observed largely in the
orthogonally polarized a-crystal spec-
trum. Thus, except for the strongly over-
lapping Soret absorption of the heme ¢
and heme d; groups, the orthogonally
polarized crystal spectra resolve the ab-
sorption bands of each of the two types
of heme groups in both oxidized and
reduced forms of the protein. Compara-
ble observations (data not shown) obtain
for crystals of the oxidized enzyme in the
presence of 0.2M potassium cyanide un-
der which conditions both heme groups
are ligated by the cyanide anion (18). We
have also made similar observations in
the case of crystals reduced with sodium
dithionite (/9) or with ascorbate under
conditions (0.2M potassium cyanide at
pH 7) in which the cyanide anion is
bound only to the heme d; group (/8).

Polarized single-crystal spectroscopic
studies of a variety of heme proteins (20—
25) have established that the heme group
exhibits the absorption properties of a
square-planar chromophore with respect
to the m,m*~transitions that give rise to
the Soret (B) band near 25,000 cm ™! and
to the Q bands near 17,000 cm™' in both
oxidized and reduced states. On this
basis, the separate contributions of heme
¢ and heme d; to the orthogonally polar-
ized crystal absorption spectra require
that the heme ¢ and heme d, groups are
nearly parallel to the » and a crystal
axes, respectively. Since there is only
one pair of spectroscopically distinct
heme chromophores in the asymmetric
unit of this crystal (16, 17), it follows that
the heme ¢ and heme d; groups are
oriented perpendicularly to one another
within each subunit of the protein. Coin-
cidence of the molecular dyad with the
crystallographic twofold axis specifies
further that the heme c¢ group of one
subunit is also perpendicular to the heme
d; group of the neighboring subunit in
the dimeric enzyme.
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The region of Soret absorption in the
spectra of cytochrome cd; has overlap-
ping contributions from both heme ¢ and
heme d; chromophores. Nonetheless,
the polarization ratio at the Soret maxi-
mum remains unchanged to within =0.1
unit for both oxidized and reduced forms
of the protein. Previous analyses of the

polarized single-crystal spectra of heme
proteins (20-25) have established that
the polarization ratio of the Soret band
serves as a direct monitor of heme orien-
tation. Therefore, the lack of a detect-
able change in the polarization ratio
upon chemical reduction can mean only
that there has been no alteration in the

orientation of the two heme groups with
respect to the crystal axes. Since compa-
rable observations obtain for the ascor-
bate reduced form of the enzyme with
cyanide bound to the heme d; group, it
follows that the relative orientation of
the two types of heme chromophores in
the reduced enzyme is not significantly
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Fig. 1 (upper left). Absorption spectra of cytochrome cd, of P.
aeruginosa. Crystals of the (oxidized) protein prepared in connection
with previous studies (/5, 16) were dissolved in sodium phosphate
buffer (u = 0.2M, pH 7.0), and the spectra were recorded with a Cary
14 spectrophotometer. The Soret (B) band has overlapping contribu-
tions from both heme ¢ and heme d;, whereas the Q bands of the
separate heme ¢ and heme d, components are identified on the basis
of the known absorption properties of heme c (27) and spectra
determined for the protein depleted of heme d; as well as on the basis
of spectra of heme d, extracted from the protein with acetone (I5).
( ), Oxidized cytochrome cd;; (- - -), reduced cytochrome cd,
obtained by addition of 0.01M sodium ascorbate to solutions of the
oxidized protein.” The extinction coefficients are plotted for the
dimeric enzyme on the basis of the protein concentration and a
subunit molecular weight of 60,453 (15). Fig. 2 (upper right).
Polarized single-crystal absorption and polarization ratio spectra of
oxidized cytochrome cd;. Crystals were transferred into 80 to 85
percent saturated ammonium sulfate solutions, buffered to pH 7 with
0.01M sodium phosphate. The polarized absorption spectra are con-
structed from data of several crystals of widely different thicknesses,
as previously described (21, 22). The polarization ratio is plotted as
0.D.,/0.D., in the upper part of the figure as a function of wave-
length. For the polarization properties of the crystals used here, the
effects of scattered light and crystal misalignment are less than the
experimental uncertainty associated with single-crystal optical densi-
ty and dichroic ratio measurements (21, 22). The polarization ratio is
estimated with an overall accuracy of +0.05 unit. The horizontal line
indicates the value of the polarization ratio (2.72) that coincides with
the position of the Soret maximum for the protein in solution. On the
basis of previous polarized single-crystal studies of heme proteins
(20-26), this value corresponds closely to the ratio of the integrated
polarized crystal Soret bands and serves as a direct monitor of heme
orientation. Fig. 3 (lower left). Polarized single-crystal absorption

and polarization ratio spectra of ascorbate-reduced cytochrome cd;. Crystals of the oxidized protein transferred to buffered ammonium sulfate
solutions as in Fig. 2 were equilibrated with 0.01M sodium ascorbate. Reduction of the protein was complete within 45 minutes, and no further
spectral change was observed on preserving the reduced crystals under anaerobic conditions for several days. The value of the polarization ratio
at 419 nm corresponding to the Soret maximum is 2.68. Other conditions were as described in Fig. 2.
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changed further upon ligand binding.

Our work, together with earlier obser-
vations on cytochromes ¢, c¢’, and cs,
suggests a possible role for heme orienta-
tion in regulating electron transfer rates
in biological systems. The results of
these spectroscopic studies show that
the heme groups retain their mutually
perpendicular orientation in both oxi-
dized and reduced forms. Intramolecular
electron transfer of heme ¢ to heme d; in
cytochrome cd; is relatively sluggish in
the absence of dioxygen (k = 0.3 sec™’
at 25°C) (12, 15), in contrast to rates
observed for kinetically facile complexes
of cytochromes. Since the average inter-
heme distance in cytochrome cd, (12, 15)
is comparable to that in kinetically facile
multiheme oxidation-reduction enzymes
(2-11), the perpendicular disposition of
the heme ¢ and heme d; groups is logical-
ly responsible for the slow rate of elec-
tron transfer.

We have previously shown that the
orbitals associated with porphyrin-to-
metal and metal-to-porphyrin charge-
transfer transitions are identical to those
involved in oxidation-reduction reac-
tions (20, 26). In general, the probability
of charge-transfer transitions polarized
perpendicularly to the heme plane is
small in comparison to that for charge-
transfer transitions polarized in the heme
plane (20). In oxidation-reduction reac-
tions the probability of the electron
transfer event is determined by the ex-
tent of orbital overlap between the donor
and acceptor molecules according to a
quantum mechanical description (5, 6)
that is analogous to that for electronic
transitions to excited states. Thus, the
perpendicular orientation of the heme ¢
and heme d; groups in cytochrome cd;
may also predispose to a small transition
probability (that is, small rate constant)
for the redox process because of similar
disposition of the orbitals of the porphy-
rin ring and the iron involved in the
oxidation-reduction process.

The physiological function of cyto-
chrome c¢3 with four hemes arranged in
approximately perpendicular pairs ap-
pears to be the storage of reducing equiv-
alents (4); similarly, on the basis of kinet-
ic studies of electron transfer reactions
of cytochrome cd; (12, 15), there is now
a strong hint that the ability of this
multiheme enzyme to store electrons pri-
or to intramolecular reduction steps may
be enhanced by a perpendicular heme-
heme disposition. In contrast, cyto-
chrome complexes characterized by
kinetically facile intermolecular electron
transfer appear to have mutually parallel
heme orientations (3, 7-/1). This correla-
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tion suggests that electron transfer rates
in multiheme enzyme complexes are
strong functions of both orientation and
distance and that a perpendicular heme-
heme orientation may be an important
factor in specifying kinetically slow steps
in a sequential series of electron transfer
reactions.
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Erythrocyte Form of Spectrin in Cerebellum: Appearance at a
Specific Stage in the Terminal Differentiation of Neurons

Abstract. The developing chicken cerebellum contains two forms of the plasma
membrane-associated actin-binding protein spectrin. The brain form, ay-spectrin
(fodrin), is expressed constitutively in all neuronal cell bodies and processes during
all stages of cerebellar morphogenesis. On the other hand, the erythrocyte form,
afy'B-spectrin, accumulates exclusively at the plasma membrane of the cell bodies of
Purkinje and granule cells and of neurons in cerebellar nuclei, but only after these
cells have become postmitotic and have completed their migration to their final
positions in the cerebellum. The appearance of afy'B-spectrin coincides temporally
with the establishment of axosomatic contacts on these three neuronal cell types,
which suggests that of'B-spectrin accumulates in response to the formation of
functional synaptic connections during cerebellar ontogeny.

The morphogenesis of the major neu-
ronal cell types of the cerebellum has
been extensively studied by means of
light and electron microscopy (/). In
general, cells undergo an initial prolifera-
tive phase, and then a postmitotic phase
during which each cell type migrates to a
specific area of the cortex. Once the cell

reaches its designated position, it under-
goes terminal differentiation upon the
establishment of synaptic connections
with other neurons. Thus, the cerebel-
lum provides an ideal system to study
the development of the chemical and
structural heterogeneity of synapses dur-
ing neuronal morphogenesis.
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