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Resonance Raman spectroscopy (RRS) has been employed to characterize cytochromes ¢, isolated from bc; complexes of beef
heart mitochondria and Rhodopseudomonas sphaeroides. The data obtained in this study extend the physical characterization of
cytochromes ¢, and focus on the effects of the local protein environment on the heme active site. While the general
characteristics of the cytochromes ¢, are similar to those of smaller soluble cytochromes ¢, the behavior of several core-size and
ligation-sensitive heme modes reveal that significant systematic differences exist between those species. These, most likely, result

from changes in the heme axial-ligand interactions.

Introduction

The major pathway for respiratory electron trans-
port in both photosynthetic bacteria and mitochondria
involves a multi-subunit protein complex, cytochrome-c
reductase (bc, complex). Within the past decade, the
combined efforts of several laboratories have produced
a consistent picture of the subunit structure, general
arrangement of redox centers and the overall topology
of bc, complexes within a membrane. The three or
four peptide subunit cytochrome bc, complex isolated
from photosynthetic bacteria has a relatively simple
composition compared with the mitochondrial cy-
tochrome bc, complex [1]. Purified mitochondrial cy-
tochrome bc; complex has recently been crystallized
and found to contain 10 protein subunits [2].

The redox centers of all cytochrome bc, complexes
consist of two b-type cytochromes, one c-type cy-
tochrome and one Fe,S, cluster. The cytochromes bin
the complex exhibit distinct redox and spectroscopic
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properties. The higher potential heme b (approx. + 50
mV for bacteria and approx. +90 mV for mito-
chondria) corresponds to a visible absorption band
centered at 562 nm, while the lower potential species
(approx. —80 mV for bacteria and approx. —30 mV
for mitochondria) exhibits an a-band which is red-
shifted by 4-7 nm (depending on the species in ques-
tion). Cytochrome bc, complexes also contain a mem-
brane-bound c-type cytochrome c¢; with an E_; in the
range +225 to +250 mV in mitochondria and R
sphaeroides. Low-temperature EPR data show that all
cytochromes in the complexes contain low-spin heme
[3]. The iron-sulfur Rieske center in bc, complex has
an E ; of +280 mV for all systems. A topographical
model of bc, complex in electron transport membranes
[4] places the Rieske FeS protein and cytochrome c,
subunit on the P-side (cytosolic surface), but has the
cytochrome b and the core proteins spanning the mem-
brane.

The mitochondrial and bacterial cytochrome bc,
complexes are functionally analogous. Both catalyze
the net oxidation of ubiquinol by soluble cytochrome ¢
(mitochrondria) or cytochrome c, (bacteria) via a series
intracomplex electron transfer reactions. The branched
pathways of electron flow within the complex are linked
to the oxidation and reduction of pools of bound and
free quinones and water-soluble cytochrome c¢. The net
energetics of these complex processes have been mod-
eled by the so-called Q [5] and B cycles [6]. These
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electron transfer cycles are energetically linked to pro-
ton translocation across the membrane and the even-
tual synthesis of ATP from ADP and inorganic phos-
phate. Cytochrome c, in this complex is an indispens-
able component of the respiratory chain in mito-
chondria and bacteria. It plays a prominent role in
both Q- and B-cycles by transferring an electron from
the Fe,S, center to a soluble cytochrome c¢. Therefore,
further characterization of the structure and the func-
tion of cytochrome ¢, is important for elucidating the
mechanisms of electron transport in the cytochrome
be, complex.

Resonance Raman spectroscopy (RRS) is a power-
ful technique for the determination of biostructures
and dynamics. RRS is particularly useful for charac-
terizing the local environments of heme protein active
sites (most notably heme axial ligation and direct pro-
tein/heme interactions). Preliminary studies of bc,
complexes [7] focused on utilizing selective resonance
enhancement for isolating the spectra of the ¢ and
b-type hemes within bacterial (Rhodospirllium rubrum)
complexes. In this work, we extend our previous stud-
ies and focus on heme ¢ properties. RRS has been
employed to characterize the heme sites of isolated
cytochrome c,, obtained from beef-heart mitochondria
and the purple sulfur bacterium, Rhodopseudomonas
sphaeroides. The spectral properties of isolated cy-
tochrome ¢, subunits were determined and compared
to those of soluble cytochrome c.

Materials and Methods

Bovine heart cytochrome ¢, [8], cytochrome bc, [9]
and cytochrome ¢, from R. sphaeroides [10] were pre-
pared by previously described methods. Samples were
stored in liquid N, until needed. Horse heart cy-
tochrome ¢ (type V) was obtained from Sigma (St.
Louis, MO, USA) and used without further purifica-
tion. Fully reduced cytochrome ¢, was prepared by
degassing solutions of approx. 100 uM protein (in 50
mM phosphate buffer (pH 7.4)) with 4-5 cycles of
vacuum/N, in an anaerobic optical cell followed by
addition of a minimal amount of solid dithionite (Al-
drich, Milwaukee, WI, USA) under positive N, pres-
sure.

Resonance Raman spectra were obtained with in-
strumentation described in detail elsewhere [11], which
includes a Molectron UV-24 nitrogen-pumped dye
laser, a SPEX 1430 double monochromator equipped
with an attached water-cooled photomultiplier tube,
and a SPEX DM3000R controller. All the spectra were
obtained, using approx. 10-ns pulses with spherical
focusing optics and average laser power was approx. 5
mW at 15 Hz. Raman shift frequencies were calibrated
to well-known bands of benzene.

Spectroscopic measurements with Raman difference
spectroscopy (RDS) were carried out using a divided
Raman difference cell, and a dual channel Raman
spectrometer described elsewhere [12]. The 406.7 nm
and 413.1 nm lines from a Krypton ion laser (Coher-
ent) were employed as the exciting source, and the
scattered light was collected at 90° to the direction of
propagation and polarization of the exciting laser light.
The partitioned Raman cell was rotated at 50 Hz. The
slits of the spectrometer were adjusted to give 3-4
cm™! resolution. No sample decomposition was ob-
served during acquisition of the spectra.

Results
Absorption spectra

The optical absorption spectra of mitochondrial cy-
tochrome ¢ and ¢, (depicted in Fig. 1) are nearly
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Fig. 1. Optical absorption spectra of (a) fully reduced mitochondrial
isolated cytochrome ¢,, (b) fully-reduced horse cytochrome c, (c)
oxidized cytochrome c¢; and (d) oxidized cytochrome c. The inset
depicts the behavior of 695 nm absorption for oxidized (e) cy-
tochrome ¢; and (f) cytochrome ¢. Reduced samples were prepared
by the anaerobic addition of a slight excess of solid sodium dithionite
to buffered (50 mM phosphate (pH 7.4)) samples. Oxidized samples
were prepared by the addition of a slight excess of potassium
ferricyanide to buffered solutions. Excess ferricyanide was removed
via gel filtration if necessary. (*) denotes spectrometer artifact.



identical in the B-and Q-band regions for both reduced
(Fig. 1a,b) and oxidized forms (Fig. 1c,d). However, the
absorbance band at 695 nm (Fig. 1e) observed for ferric
cytochrome ¢ at neutral pH is much weaker in absorp-
tion spectra of mitochondrial cytochrome ¢, (Fig. 1f).
This band is characteristic of low-spin cytochromes
having methionine as one of the heme axial ligands.

RDS spectra — B-band excitation
Resonance Raman scattering from the heme b-band
enhances polarized and depolarized heme bands corre-
sponding primarily to in-plane porphyrin ring vibra-
tions. Vibrational modes in the high-frequency region
are highly reliable indicators of the heme environment,
especially the oxidation and spin-state of the heme.
The RR spectra of the oxidized and reduced cy-
tochrome c, obtained with B-band excitation are gen-
erally similar to those of soluble cytochromes ¢ under
similar conditions. The positions and relative intensi-
ties of the high frequency heme modes are consistent
with a low-spin, six-coordinate active site. However,
the data obtained by Raman difference spectroscopy
(RDS) showed more detailed differences between
mitochondrial cytochrome ¢, and cytochrome c.

Fig. 2 compares the high-frequency RR spectra for
neutral horse heart cytochrome ¢ with mitochondrial
cytochrome ¢, and alkaline cytochrome ¢ in either
ferric (Fig. 2-1) or ferrous (Fig. 2-II) forms. The RDS
spectra reveal widespread differences between the two
cytochromes (c and c¢,) for both oxidized and reduced
species. In general, mitochondrial cytochrome ¢, ex-
hibits a lower frequency in the oxidation-state sensitive
mode (v,) than cytochrome ¢ (at neutral pH), and
complicated changes in band positions (summarized in
Table I) and intensities in the core-size and ligation-
state-sensitive modes (v,, v;, v,,) are observed.

Comparison of spectra of the ferric proteins reveals
small but systematic upshifts of all the bands in the
1500 cm~" to 1650 cm™! region for cytochromes c,
relative to cytochrome c. For example, v,, v; and v,
appear at 1586 cm~!, 1504 em~! and 1636 cm™!

2
TABLE 1

Some RR modes for equine cytochrome c, mitochondrial cytochrome c,
and R. sphaeroides cytochrome c,

Equine Cyt ¢, Cyt ¢,
Cyt ¢ (mito) (R. sphaeroides)

111 II I II I II

vy 1374 1364 1374 1362 1372 1362
V3 1504 1494 1505 1495 1503 1491
vy 1586 1593 1588 1593 1587 1590

vie 1636 1623 1640 1624 1622
vi; 1563 1547 1543 1540
vie 1582 1583 1587 1584
Vo 1313 1315 1314
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respectively, for cytochrome c, but shift to 1588 cm ™!,
1505 cm™! and 1640 cm~!, respectively, for cy-
tochrome c,. The position of »,, on the other hand,
appears at a slightly lower (4v, = 1.1 cm™!) frequency
for cytochrome c,.

Even larger differences are apparent in RDS spec-
tra of reduced cytochromes c, and ¢ (Fig. 2-II). The
shift in », to lower frequency for cytochrome c, is
more pronounced than that exhibited by the oxidized
species. The differences in the core-size region be-
tween these two cytochromes are quite complicated.
Shifts in v, and », (to higher frequency) and v, (to
lower frequency) are observed for cytochrome c,. In
addition, the shoulder at 1586 cm ™' (v,) observed for
cytochrome c is not seen in cytochrome c,. Instead,
bands appear at 1605 cm ™! and 1593 cm . Finally, the
relative intensities of v5, v, and v,, are dramatically
decreased in the cytochrome ¢, spectra.

RDS spectra of cytochrome ¢ at pH 7.4 and 13.8
were also obtained. Spectra of the ferrous forms of
alkaline cytochrome ¢ and cytochrome ¢, closely re-
semble each other, while those of the ferric species
differ significantly in the position of v, and the relative
intensities of the high-frequency modes.

The isolated mitochondrial ferric cytochrome ¢, dis-
played a tendency toward photoreduction. This phe-
nomenon was evident in the power-dependent broad-
ening of », that results from the growth of a reduced
v, band (approx. 1360 cm ™!, see the inset in Fig. 2-1).
In order to eliminate the effects of photoreduction, the
RDS spectra shown in Fig. 2-1 were obtained in a
single scan at low laser power. Although similar photo-
reduction has been observed in bc, complexes, neither
cytochrome b; nor cytochrome ¢ exhibited any photo-
reduction under similar conditions.

Resonance raman spectra ~ Q-band excitation

Fig. 3 contrasts the spectra obtained from isolated
cytochromes ¢, from R. sphaeroides and beef heart
mitochondria with those of horse heart cytochrome ¢
under neutral and alkaline pH conditions. RR spectra
obtained with Q-band excitation are generally domi-
nated by non-totally symmetric vibrational modes ef-
fective in mixing the B and Q optical transitions (Herz-
berg-Teller scattering). These modes are predomi-
nantly depolarized. Thus, the polarized modes v, and
v, are absent, while v,;, v,4, v,;, and v, dominate the
spectrum.

The RR spectra of heme ¢, obtained with Q-band
excitation are also generally similar to those of soluble
cytochromes c¢. The strong band at approx. 1313 cm ™!
in the isolated cytochrome ¢, spectrum is consistent
with hemes having thio-ether linkages to the protein
via the protoporphyrin vinyl substitute. More detailed
comparison to cytochrome c¢ reveals specific, system-
atic differences in the heme ¢, spectra (see Fig. 3a,d).
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The Q-band RR spectra also reveal small differences
between the cytochrome ¢, (Fig. 3¢,d) obtained from
mammalian mitochondria (beef heart) and photo-
synthetic bacteria (R. sphaeroides). These results are
summarized in Table I. The position of v, and the
relative intensities of v, v, and v,, for both isolated
cytochrome ¢, are more similar to those of alkaline
cytochrome ¢ than cytochrome ¢ at neutral pH.

Fig. 3d,e compares the high-frequency RR spectra
of mitochondrial reduced isolated cytochrome ¢, and
cytochrome bc, complex. The scattering observed from
the intact bc, complex is clearly dominated by heme
c,. The broadening and decreased relative intensities
of v, and v,y in the bc, spectrum are attributed to
additional contributions to those bands from the b-
hemes.

RELATIVE INTENSITY

(e)-(b)
! | —1
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FREQUENCY (CM-1)

Discussion

Recent advances in the isolation and purification of
the cytochrome c, subunit [10,13] have yielded pure,
homogeneous samples that retain their full redox activ-
ity. Mitochondrial and bacterial cytochrome ¢, pre-
pared by these methods are quite soluble in agueous
media at neutral pH and allow the properties of a
purified component of cytochrome bc, complex to be
isolated and characterized. Since many properties of
horse heart cytochrome ¢ are well-known, it serves as a
useful point of comparison to the cytochromes c;.

The present RR studies extend the physical charac-
terization of cytochromes ¢, and focus on the effects of
the local protein environment on the structure of the
heme active site. Our data confirm that significant
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Fig. 2. High-frequency Raman difference spectra of (I) ferric form enzymes: (a) mitochondrial cytochrome ¢, (b) neutral cytochrome ¢ (pH 7.4)

and (c) alkaline cytochrome ¢ (pH 13.8). The top trace shows the difference spectrum of cytochrome ¢, and neutral cytochrome ¢ (a—b), and the

bottom trace shows the difference spectrum of alkaline and neutral cytochrome ¢ (¢—b). The excitation wavelength is 406.7 nm. The inset

depicts the behavior of v, for ferricyanide oxidized samples under (i) high-power (spherical optics) and (ii) low-power (cylindrical optics) laser

excitation. (II) High-frequency Raman difference spectra of ferrous form proteins with excitation wavelength at 413.1 nm. (a) mitochondrial
cytochrome c,, (b) neutral cytochrome ¢ (pH 7.4) and (c) alkaline cytochrome ¢ (pH 13.8). See text for details.
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Fig. 3. 550 nm excitation high-frequency RR spectra of reduced (a)

neutral horse cytochrome ¢ (pH 7.4), (b) alkaline horse cytochrome ¢

(pH 13.8), (c) bacterial cytochrome ¢, (pH 7.4), (d) mitochondrial

cytochrome ¢; (pH 7.4) and (e) mitochondrial cytochrome bc; com-

plex (pH 7.4). Spectra are the unsmoothed sums of 4-6 scans with
laser power approx. 5 mW at 15 Hz.

systematic differences exist between the heme sites of
cytochromes c¢; and those of smaller soluble cy-
tochromes c.

Q-Band RR spectra

The Raman spectrum of ferrous cytochrome ¢, ob-
tained with Q-band excitation is easily distinguished
from those of b-type cytochromes. Comparison of Fig.
3d and 3e shows that cytochrome c¢; dominates scatter-
ing from bc, complex at A =550 nm and that the

TABLE II
The position of v;; and the 6th ligand on different heme proteins

PP, protoporphyrin.

Cytochrome vy em™) Axial ligands
Various soluble Cyt. ¢

species (pH 7.0) 1545-1547 abe His/Met
Cyt ¢ (pH 11) 1540 2 His/Lys
Cyt bs 1538 ¢ His /His
Oyt f 1538 ¢ His /Lys

1532¢

PP2* (imidazole) 1539 ¢ His /His
PP2* (methylamines) 1530 ¢ His/Lys
Cyt ¢; (mito.) 15432 His /Met
Cyt ¢, (R. sphaeroides) 1540 ® His/Met

2 This work; ® Ref. 12; © Ref. 14; ¢ Ref. 7 and © Ref. 24.

407

general characteristics of cytochrome ¢, are similar to
those of soluble cytochromes c¢. For example, v,, ap-
pears as a single band at approx. 1313 cm™! for c-type
hemes, but is split into two bands by Fermi resonance
with a stretching mode of the vinyl substitutes in b-type
hemes. The positions of core-size marker bands (v,,
and »,y) and v, are consistent with a low-spin, six-co-
ordinate heme site (see Table I).

Earlier RDS studies by Shelnutt et al. [12], have
demonstrated that heme-active sites of soluble cy-
tochromes ¢ are remarkably similar across a wide vari-
ety of species. Differences in Raman spectra for any
pair of cytochromes ¢ are small, confirming that cy-
tochromes ¢ from diverse species have very similar
heme environments. Systematic differences were de-
tected in the line shape of v,, at 1313 cm~'. These
were interpreted to arise from protein conformational
changes near cysteine covalent linkages. Our results
indicate that the RR spectra of cytochromes ¢, do not
fit these patterns. Even though the Q-band RR spectra
of isolated cytochrome ¢, are generally similar to those
of horse heart cytochrome c, systematic differences are
evident among the spectra displayed in Fig. 3. These
variations strongly suggest that the local protein envi-
ronment of the heme-active sites in cytochromes c, are
distinct from those of cytochromes c. The largest spec-
tral difference between mitochondrial cytochrome c,
and horse heart cytochrome ¢ occurs in the behavior of
v,;- Previous studies by Kitagawa et al. [14], of various
c-type cytochromes found that v,; is particularly sensi-
tive to the identity and conformation of the heme axial
ligands (see Table II). As a general rule, His/Met
ligation produces a v, band that is more intense and
at higher frequency (> 1545 cm™!) than that exhibited
by hemes with two nitrogenous axial ligands. For in-
stance, the v,; band of horse heart cytochrome shift
from approx. 1547 cm ™! at neutral pH to 1540 cm~! at
pH 11.0, concurrent with a change in axial ligation
from His /Met to His/Lys.

Qualitatively, the positions and relative intensities of
vy, and v, of mitochondrial and bacterial cytochromes
¢, are more similar to those of alkaline cytochrome c
or other cytochromes having two nitrogenous axial
ligands (Table II). The Q-band RR spectra also reveal
small differences between the mitochondrial and bac-
terial ¢, cytochromes. Clearly, the spectrum of mito-
chondrial ¢, more closely resembles that of cy-
tochrome c¢ at high pH (> 11). We therefore speculate
that small but potentially significant structural differ-
ences (probably involving the heme axial ligands) also
exist between the heme environments of the ¢; cy-
tochromes.

B-Band spectra
The differences between mitochrondria cytochrome
¢, and horse heart cytochrome ¢ were further scruti-
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nized by using B-band excitation and Raman Differ-
ence Spectroscopy (RDS). Simultaneous acquisition of
both cytochrome ¢, and cytochrome ¢ spectra allows
for very accurate determination of relative band posi-
tions (< 0.2 cm™"') and intensities [12]. Because of the
qualitative similarity in the Q-band RR spectrum of
ferrous mitochondrial ¢, and ferrous cytochrome c¢ at
high pH, RDS spectra of cytochrome ¢ at pH 7.4 and
pH 13.8 were also obtained. Our data reveal that both
mitochondrial cytochrome ¢, and alkaline cytochrome
¢ possess heme environments quite distinct from that
of cytochrome ¢ at neutral pH. These produce both the
electronic and geometric changes in heme structure
reflected in our RDS data.

Spectra of the ferrous forms of mitochondrial cy-
tochrome ¢, and alkaline cytochrome ¢ are very simi-
lar, corroborating the results obtained with Q-band
excitation. Both differ from the spectrum of cy-
tochrome ¢ at neutral pH in the following ways: (1) v,
is shifted to lower frequency by >1 cm™'; (2) the
core-size sensitive modes v (approx. 1496 cm™'), v,
(1593 cm™"), and v,, (1624 cm~') appear at higher
energy (by 1 to 2 cm ™ '); and (3) bands in the 15401580
cm ™! region (v, and v,) of the spectrum exhibit large
shifts and are significantly reduced in intensity.

The position of v, is a reliable indicator of =*
electron density at the heme [15]. Its behavior in our
spectra demonstrates that the heme of cytochrome ¢ at
neutral pH has less 77* density than that of the higher
pH species. The concerted shifts to higher frequency of
the v,, v, and v, convincingly suggest that the heme
core size of both mitochondrial cytochrome ¢, and
alkaline cytochrome c¢ are contracted relative to cy-
tochrome ¢ at pH 7.4. Finally, the behavior of »,; and
v3; confirms the observations made with Q-band exci-
tation and indicates further perturbations in the axial
ligation of the heme-active site.

Like their ferrous counterparts, ferric cytochrome c,
and alkaline cytochrome ¢ exhibit contracted heme
cores (i.e., higher frequencies for v»,, v, and »y)
relative to cytochrome ¢ at pH 7.4. In other respects,
however, the spectra of these species are quite distinc-
tive. The difference spectra in Fig. 2-I clearly show that
their respective v, bands shift in opposite directions
compared to cytochrome ¢ at neutral pH. In addition,
the relative intensities of the prominent bands (v,, v,
v,, and v o) differ substantially. Together, these obser-
vations demonstrate that the electronic properties of
the heme active site of ferric cytochrome ¢, are distinct
from either pH form of cytochrome c.

Heme environments of cytochromes ¢, and ¢

Isolated mitochondrial cytochrome c¢; and mi-
tochrondrial cytochromes ¢ contain identical prosthetic
groups (heme c¢) that exhibit generally similar optical
and redox properties and perform similar electron

transfer functions. However, the protein matrices of
the cytochromes ¢, differ significantly from those of
the soluble cytochromes. Cytochromes ¢, are consider-
ablely larger than their soluble counterparts and while
considerable sequence homology exists among bacterial
and mitochondrial cytochromes ¢, no significant ho-
mology has been found between cytochromes ¢, and
cytochromes c. In particular mitochondrial cytochrome
¢, has a higher content of hydrophobic amino acids as
commonly found in membranous proteins [16] and its
heme group is more deeply buried in the protein
matrix than that of cytochrome c¢ [17]. These environ-
mental differences produce little or no effect on the
heme visible absorption spectra. The major heme 7 —
m* transitions for both ferric and ferrous cytochrome
¢, strongly resemble those of cytochrome ¢. There are,
however, clear distinctions in the CD, near-IR, MCD
and EPR spectra of mitochondrial cytochromes ¢, rel-
ative to cytochromes c¢ [18]. For instance, CD spectra
of mammalian cytochromes ¢, exhibit a far UV region
typical of a right-handed, a-helical structure [19], but
are very different from horse heart cytochrome ¢ in the
Soret and «,B-band regions. Optical and magnetic
spectra of mitochondrial cytochromes ¢, could be af-
fected by many factors such as the distortion of the
heme, the orientation of the porphyrin transition mo-
ment, and the geometry and nature of axial ligands
[20].

Differences in protein environment apparently have
functional manifestations. The redox potential for cy-
tochrome ¢ is 260 mV, but is 228 mV for cytochrome
¢, [10]). Cyanide reacts with mitochondrial ferric cy-
tochrome ¢ and apparently displaces the axial Met-80
ligand, while it is totally unreactive with cytochrome ¢,
[21]. Finally, the heme of mitochondrial cytochrome c,
exhibits a much greater susceptibility to photo-
reduction under anaerobic conditions than cytochrome
c [8].

The resonance Raman spectra obtained in this study
further clarify the effects of protein environment on
the structure of the heme-active site of cytochromes c,.
The RR bands of cytochrome ¢, have relatively narrow
linewidths typical of a homogeneous population of
hemes. In addition, the pattern of frequency shifts
relative to cytochrome ¢ is not consistent with either
systematic distortion of heme planarity (ruffling, dom-
ing) or perturbation of the heme peripheral covalent
linkages to the protein. We conclude that the heme of
cytochromes ¢, occupies a well-defined, homogeneous
site that produces little or no steric strain on the
macrocycle geometry. We further speculate that the
systematic changes (relative to cytochrome ¢) in the
heme electronic state and core size indicated by the
high-frequency modes must arise from differences in
heme-ligand interactions.

The pH-dependent behavior of cytochromes ¢ pro-



vides a useful model for the effects of ligand exchange
on a heme-active site. Ferric horse heart cytochrome ¢
undergoes a relatively well-studied transition with a
pK, of approx. 11. This transition is characterized by
the loss of the Fe-methionine charge-transfer band at
approx. 695 nm and distinctive changes in both the
EPR and near-IR MCD spectra of the heme [22].
These changes are consistent with a change in heme
axial ligation from the methionine /histidine ligands
present at neutral pH. Although His-18 is presumed to
remain bound to the heme, the identity of the sixth
ligand in alkaline cytochrome ¢ has been controversial
[22,23]. Recent MCD data indicate that lysine may
serve as the sixth ligand, making alkaline cytochrome ¢
similar to cytochrome f in its ligand configuration [18].
The RR spectra of cytochrome c¢ clearly show the
effects of ligand exchange. Replacement of methionine
with an o-binding ligand alters the 7* electron density
of the heme. In ferrous cytochrome c, increased o
donation raises 7* density, lowering the frequency of
v,. Interestingly, the heme core size (as reflected by the
positions of v; and v,) is unaffected. In contrast, the
heme in ferric cytochrome ¢ is evidently quite respon-
sive to the m-backbonding interactions with the me-
thionine ligand. Replacement of methionine produces
a decrease in heme w* electron density (i.e., an in-
crease in v, frequency) and a concomitant decrease in
heme core size. The close correspondence of the RR
spectra of ferrous mitochondrial cytochrome ¢, and
alkaline cytochrome c, together with the absence of the
Fe-methionine charge transfer band in ferric cy-
tochrome ¢, absorption spectrum suggests, at first
blush, that perhaps a simple exchange of methionine
for a nitrogenous ligand might be responsible for the
properties of the heme site of cytochrome ¢,. However,
the spectroscopic properties of ferric cytochrome c,
and evidence from mutagenesis studies (see below) are
inconsistent with this scenario.

There are several clear indications that the heme
electronic state in mitochondrial ferric cytochrome ¢,
differs significantly from that of alkaline cytochrome c.
For instance, Plamer and co-workers have demon-
strated that, while the EPR spectrum of mitochondrial
cytochrome ¢, resembles that of alkaline cytochrome c,
its near-IR MCD spectrum is quite similar to cy-
tochrome ¢ at neutral pH [18]. Our data reveal small
but significant differences between the hemes of ferric
cytochrome ¢, and cytochrome ¢ at neutral pH. In fact,
the v, bands of cytochrome ¢, and alkaline cytochrome
¢ shift in the opposite directions relative to neutral
cytochrome c¢. Thus, it is unlikely that simple ligand
replacement (His or Lys for Met) is responsible for the
structural and functional differences between the heme
sites of cytochromes ¢ and cytochrome c;.

Recent, site-directed mutagenesis studies by Gray et
al. [25] have demonstrated that Met-183 is the most

409

likely sixth ligand of the cytochrome c, isolated from
Rhodobacter capsulatus. They replaced either of the
two conserved methionines (183 and 205) with non-
ligating residues. The CM183L mutant did not grow
photosynthetically and produce cytochrome ¢, with a
dramatically altered mid-point potential. In view of the
physical and spectroscopic similarities of bacterial and
mitochondrial cytochromes c¢,, we assume that the
mitochondrial species also possesses His/Met axial
ligation.

We conclude that, while it is likely that methionine
is the sixth ligand of cytochrome c,, its orientation
relative to the heme is quite different from the axial
ligation geometry of neutral cytochromes c. This di-
minishes the Fe-methionine charge transfer interac-
tions and affects the heme structure as evidenced by
the behavior of both core size (v,, v; and v,,) and
axial-ligation (v ,) sensitive vibrational modes. More-
over, these effects are more apparent in the ferrous
form of the protein. The combination of electronic and
structural perturbations may, in turn, play a major role
in regulating the redox potential of the active site.
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