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ABSTRACT: Recently published crystallographic studies of mitochondrialbc1 complexes have stimulated
renewed interest in the active site architecture of these important integral membrane proteins. We present
resonance Raman spectra obtained via variable excitation within the heme Q-band from samples poised
in several different net redox states. Appropriate subtraction and polarization analysis allows the vibrational
behavior of the individual hemebL, bH, and c1 sites to be assessed. The spectra of the b hemes are
particularly noteworthy. They exhibit evidence for a protonation equilibrium involving heme axial ligands
and reveal a marked structural heterogeneity at the hemebH site that most likely involves nonplanar
distortions of the macrocycle. The possible implications of these findings for heme functionality are
discussed.

The cytochromebc1 complexes comprise a superfamily
of integral membrane proteins, which plays a pivotal role in
the electron-transport chains of mitochondria, chloroplasts,
and bacteria. They catalyze the flow of electrons from two-
electron donors (quinol) to one-electron acceptors (soluble
c cytochromes or plastocyanin) and actively pump protons
across their host membrane (1-3). The modified Q-cycle
(4) is now accepted as the general mechanism for transferring
reducing equivalents withinbc1 complexes. However,
despite years of intensive study, the detailed molecular
mechanisms for the various electron-transfer pathways and
the coupling of proton translocation to the exogenicity of
the electron-transfer reactions remain largely unknown.

While all bc1 complexes contain a core of three redox-
active proteins, harboring a total of four redox-active sites
(three hemes and one FeS cluster), the net subunit composi-
tion of the complex varies with organism. Bacterialbc1

complexes generally contain few or no additional protein
subunits (3, 5). In contrast, bovine heart mitochondrialbc1

complex consists of 11 protein subunits (6, 7). The ad-
ditional subunits have been implicated in structural and
regulatory roles within the complex (2).

A recent X-ray diffraction study has produced atomic-scale
models of most protein components ofbc1 complexes from
bovine heart mitochondria (8). These show that the crystal-
lized oxidized cytochromebc1 complex exits as a dimer. Each
monomer is anchored in the membrane by 13 transmembrane
helices. Eight of these belong to cytochromeb. A large
protein region composed primarily of core proteins 1 and 2

and subunits 6 and 7 extends far (∼75 Å) into the matrix.
Two much smaller regions consisting of cytochromec1 and
the iron-sulfur protein are located in the intermembrane
space.

During the past 2 decades, much has been learned
concerning the structural and functional properties of the
redox-active prosthetic groups inbc1 complexes (9-16).
Each monomer has three heme centers which are redox active
during the catalytic cycle. In mitochondrialbc1 complexes,
the midpoint redox potentials for hemebH, hemebL, and
hemec1 are∼90 mV, ∼-30 mV, and∼225 mV, respec-
tively (17). All three hemes are six-coordinate and low-
spin. The specific amino acid side chains serving as ligands
for thebH andbL hemes are four conserved histidines lying
within transmembrane helices B and D. The results of near-
infrared MCD1 (18, 19), EPR (18, 20), and mutagenesis (5,
9, 21) studies are all consistent with this assignment. The
recent crystal structure models confirmed the coordination
of His97 and His196 to hemebH, and His83 and His182 to heme
bL (8). The His/Met axial ligation for cytochromec1 inferred
by earlier studies (14, 17) was also confirmed in the
crystallographic data.

Despite their qualitative similarities, theb hemes exhibit
distinct spectroscopic and electrochemical behavior. The
structural details giving rise to these differences remain a
subject of debate. Most important for the present study is
the fact that the local environments of theb hemes produce
a small variation in their electronic absorption spectra. This
is most evident in theR-band. Optically monitored redox
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titrations (22) have shown that for a wide range of bacterial
and mitochondrialbc1 complexes, thebH hemes consistently
exhibit R-bands that are blue-shifted relative to theirbL

counterparts (558-562 vs 565 nm). Careful studies of
mitochondrialbc1 by Howell and Robertson have revealed
further inhomogeneous broadening of thebL hemeR absorp-
tion band (22).

Resonance Raman spectroscopy (RRS) has proven to be
a reliable probe of the structural characteristics of chro-
mophores in proteins (23). It is particularly useful for
assessing the local environments of active heme sites (most
notably heme axial ligation and direct protein environment/
heme interactions) and, in principle, provides a direct means
to further characterize the local structure and function of the
individual heme sites inbc1 complexes. However, resonance
Raman studies ofbc1 heme sites are complicated by the
qualitative similarity of their absorption spectra. For ex-
ample, excitation into the Soret absorption band produces
heme vibrational spectra with strongly overlapping contribu-
tions from all three hemes. In contrast, the small differences
in theR-band maxima of the hemes permit some resonance
selectivity in their Raman scattering using 540-570 nm
excitation. Our recent study of thebc1 complex fromRb.
capsulatusdemonstrated that individual heme spectra could
be analyzed by employing a combination of redox manipula-
tion and variable excitation wavelength within the composite
heme R-band absorption (24). In the present study, we
extend these techniques to examine the individual structures
of the hemes in bovine heart mitochondrialbc1 complexes.

MATERIALS AND METHODS

Cytochromebc1 and cytochromec1 were isolated from
bovine heart andRb. capsulatus, purified via previously
described methods (25, 26), and stored in liquid nitrogen
until needed. All other chemicals were obtained from
commercial sources and were the highest purity available.
Samples of monomeric complexes were produced by Cen-
tricon-30 buffer exchange with an appropriate buffer solution
(20 mM Tris-HCl, 1 mM EDTA, 1.0 M NaCl, and 0.1 g/mL
Tween 20 at pH 7.5), following the method of Musatov and
Robinson (27).

The bc1 purification protocol produced samples with a
mixture of c1(+2/+3) redox states, and they were further
treated to manipulate the net redox state of the hemes. Fully
oxidized (all ferric hemes), partially reduced [c1(+2) bH(+2)-
bL(+3)], and fully reduced (all ferrous hemes) samples were
prepared by the addition of minimal amounts of solid
potassium ferricyanide, sodium ascorbate, and sodium dithion-
ite, respectively, to solutions ofbc1 complexes buffered to a
pH of 8.0 (in 50 mM Tris-HCl, 100 mM NaCl, 0.1 mg/mL
dodecyl maltoside solutions).

Ten nanosecond pulses generated by a Molectron DL-14
dye laser pumped by a UV-24 nitrogen pulsed laser were
used as a Raman excitation source. The system is tunable
from 390 to 800 nm and operates at a repetition rate of about
10-15 Hz. The excitation beam was line-focused onto the
sample by a cylindrical lens and a prism. The scattered light
was collected by using backscattering geometry (∼135° from
the excitation beam) and passed through a polarization
scrambler and appropriate long-pass filters to reduce stray
light background before being focused on the entrance slit

of a Chromex (Albuquerque, NM) 500IS spectrograph
equipped with a liquid N2 cooled (-100°C) CCD detector.
A Model ST-135 detector controller interfaced with a PC
(16 MB RAM) was used for data collection. Chromsoft
software was used to control the data acquisition and initial
data processing. Subsequent data manipulation is described
further in the appropriate figure captions.

Raman experiments were conducted with cells specially
constructed to maximize signal reproducibility, while mini-
mizing sample volume. These consisted of truncated glass
pipets with the narrow end sealed and the other end capped
with airtight septa. Adapters were designed to hold the cells
in fixed positions for reproducible alignment in both Raman
and UV-Vis instruments. Anaerobic conditions were
achieved by purging the stoppered cells with nitrogen gas.
Reducing agents were introduced into the deoxygenated
sample through airtight septa by Hamilton syringes. The
net redox states and overall integrity of the samples were
monitored by absorption spectroscopy before and after the
Raman experiments.

RESULTS

Absorption Spectra.Figure 1 displays the Q-band absorp-
tion spectra of relevant mitochondrialbc1 species. The
absorption spectrum for the isolated ferrous cytochromec1

subunit is typical ofc-type cytochromes. Spectra of the
sodium ascorbate- and dithionite-reducedbc1 complexes
reflect the difference in the redox potentials of the twob
hemes. The addition of ascorbate to ferric mitochondrial
bc1 complexes (Figure 1, trace Ib) produces twoR-bands
(at ∼552 and∼562 nm) arising from ferrous hemesc1 (E°
∼225 mV) and bH (E° ∼90 mV). The bL heme in
mitochondrialbc1 complex has a potential of∼-30 mV and
remains ferric. Addition of a small amount of sodium dithio-
nite (E°′ ) -527 mV) reduces all three hemes, producing
additional absorption at∼560 to∼565 nm from ferrousbL

(trace Ic).
Appropriate subtraction of traces I(c) and II(a), II(b)

reveals a marked splitting of the hemebL R-band. The two
maxima (at∼565 and 558 nm) reproduce the behavior
reported by Howell and Robertson (22) for mitochondrial
cytochromebc1 and previously observed for theRb. capsu-
latus bc1 complex.

Resonance Raman Spectra.The distinct R absorption
bands for the individual hemes in thebc1 complex can be
exploited to separate and characterize their individual
vibrational properties via resonance Raman spectroscopy.
Scattering intensities are strongly dependent on the resonance
conditions between the excitation light and heme optical
transitions (23). Thus, spectra obtained from fully reduced
bc1 complexes with 550 nm excitation are dominated by
scattering from hemec1, while 560 and 565 nm excitation
preferentially enhances scattering from theb hemes (24).

Since ferric hemes do not contribute significantly to spectra
obtained with 550-565 nm excitation, the individual con-
tributions from ferrous hemes can be further separated by
manipulating the net redox state of the sample. Ascorbate-
reduced complexes exhibit scattering from ferrousc1, and
bH only, while spectra from dithionite-reduced species contain
contributions from all three hemes. Figure 2 shows the
dependence of the mitochondrialbc1 spectra upon the net
redox state of the complex and excitation wavelengths in
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the R region (550-565 nm). The ferrousc1 subunit
displays only hemec1 modes which decrease in absolute
intensity as the excitation wavelength is increased from 550
to 565 nm. In contrast, spectra of dithionite- and ascorbate-
reducedbc1 complexes show a marked dependence on the
excitation wavelength. The relative contributions of heme
c1 to these spectra are reflected in the intensities of the vinyl
thioether mode at∼1320 cm-1, which splits into bands at

1300 and 1340 cm-1 for hemesb (28). It is apparent that
while 550 and 560 nm excitation yields spectra that are a
mixture of c1 and b modes, spectra obtained with 565 nm
excitation are completely dominated by hemeb modes. A
closer comparison of spectra from ascorbate- and dithionite-
reduced complexes (Figure 3) reveals that spectra of theb
hemes are not identical. As expected, spectra of the
ascorbate-reduced complex (c1(2+), bH(2+), bL(3+)) are very

FIGURE 1: Q-band region absorption spectra of bovine heart mitochondrialbc1 complexes and isolated subunits. (Panel I) (a) Ferrousc1
subunit, (b)bc1 complex immediately after addition of ascorbate; (c) ferrousbc1 complexes reduced with dithionite (see Materials and
Methods for experimental details). Thebc1 and isolatedc1 samples were in a buffer of 50 mM phosphate, pH 7.4. All samples were∼150
µM in protein. (Panel II) Base line corrected and isolated spectra for individual hemes: (a) hemec1, base line corrected spectra of I(a); (b)
hemebH, smoothed spectra of I(b)- I(a); (c) heme bL, smoothed spectra of Ic- IIa - IIb.

FIGURE 2: Q-band resonance Raman spectra of bovine heart mitochondrialbc1 complexes and isolated c1 subunits. (Panel I) Spectra of
ferrousbc1 (c12+, bH2+, bL2+) complexes obtained with (a) 550 nm, (b) 560 nm, and (c) 565 nm excitation. (Panel II) Spectra of ascorbate-
reducedbc1 (c12+, bH2+, bL3+) complexes at (a) 550 nm, (b) 560 nm, and (c) 565 nm excitation. (Panel III) Spectra of ferrousc1 subunits
at (a) 550 nm, (b) 560 nm, and (c) 565 nm excitation Sample preparation was the same as Figure 1 with a protein concentration of∼150
µM. Laser power of∼8 mW at 10 Hz was used. Long-pass wavelength filters, SOG-570 and LP-580 (CVI Laser, Albuquerque), were used
to minimize background. Spectra were accumulated for 6-10 min at a spectral resolution of∼4 cm-1.

Q-Band Raman Spectra of Mitobc1 Complex Biochemistry, Vol. 37, No. 27, 19989753



similar at the two excitation wavelengths. In contrast,
comparable spectra of the dithionite-reduced complex (all
ferrous hemes) reflect the increased level ofbL contributions
at the longer excitation wavelength. The position ofν11

(∼1530 cm-1) shifts noticeably as the relative contributions
of bL andbH are varied. In addition, all four spectra display
composite peaks in theν19 region (∼1580 cm-1), but there
are large wavelength-dependent changes in the net band
shapes only for the dithionite-reduced species.

The Bg and A2g modes which dominate heme Q-band
scattering are easily distinguished by their polarizations
(depolarized and anomalously polarized, respectively) (23).
Since ν19 is the sole A2g mode in the 1500-1650 cm-1

region, it can be isolated by the appropriate subtraction of
parallel and perpendicular polarized spectra (see Figure 3
caption). The results of such an analysis are shown in Figure
3II. It is clear that the multicomponent nature of the band
at ∼1585 cm-1 arises solely from heterogeneity inν19.

Spectra of the individual hemes can be isolated by the
judicious subtraction of the net spectra of the isolatesc12+,
c12+/bH2+/bL3+ (ascorbate-reduced), andc12+/bH2+/bL2+
(dithionite-reduced) species (see figure caption for details).
These are summarized in Table 1. The “isolated” spectra
of bH and bL clearly show that there are pronounced
differences in both the position ofν11 and the band shapes
of ν19 andν10 for these species. Here again a polarization
analysis can be employed to isolateν19 (Figure 4II). Both
b hemes exhibit heterogeneity in theirν19 band shapes, but
bH displays a far more prominent low-energy component.
Note also that the band at 1560 cm-1 in the bL absolute
spectrum is depolarized and thus is not an additional
component ofν19.

High-quality spectra for the oxidizedbc1 and dissociated
c1 subunits were also obtained. To our knowledge, these
represent the first spectra of an oxidizedbc1 complex
obtained with Q-band excitation. Figure 5 and Table 2

FIGURE 3: High-frequency Q-band RR spectra of bovine heart mitochondrialbc1 complex in various net oxidation states. (Panel I) (a)
Ascorbate-reducedbc1 complex (c1(2+), bH(2+), bL(3+)), at 560 nm excitation [same as Figure 2II(b)]; (b) ascorbate-reducedbc1 complex
(c1(2+), bH(2+), bL(3+)), at 565 nm excitation [same as Figure 2II(c)]; (c) dithionite-reducedbc1 complex (c12+, bH2+, bL2+), at 560 nm
excitation [same as Figure 2I(b)]; (d) dithionite-reducedbc1 complex (c1(2+), bH(2+), bL(2+)), at 565 nm excitation [same as Figure
2I(c)]. (Panel II) Polarization analysis of the high-frequency spectra from fully reducedbc1 complexes. Spectra are derived from the weighted
subtraction of perpendicular polarized spectra from parallel polarized spectra sufficient to remove all depolarized bands. (a) 560 nm excitation;
(b) 565 nm excitation. For details of the curve-fitting procedure, see ref40.

Table 1: Summary RR Modes for Fully Reduced Mitochondrialbc1 Complex andc1 Subunit Obtained with Q-Band Excitation

composite spectra isolated heme spectra

mode c1 550 nm bc1 550 nm bc1 560 nm bc1 565 nm c1 bH bL

δ(CHd)(cm-1), ap 1297 1297 1297 1297 1298
ν21(cm-1), ap 1314 1314 1314 1314
δ(dCH2(2))(cm-1), ap 1335 1335 1337 1335 1338
δ(CH3)(cm-1), dp 1362 1363 1359 1359 1362 1358 1360
(?)ν29(cm-1), dp 1394 1395 1387 1387 1394 1385 1389
ν11(cm-1), dp 1544 1544 1532 1530 1544 1531 1528
ν19(cm-1), ap 1587 1587 1577, 1584 1577, 1584 1587 1577, 1583 1580, 1586
ν10(cm-1), dp 1624 1624 1620 1614, 1622 1624 1616 1614,1623
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summarize these results. For thec1 subunit, the heme redox
change is most evident in the pronounced shifts of the
positions ofν11 andν10. Redox-dependent changes are also
evident in spectra of the complex. In particular, the oxidized
complex exhibits an∼5 cm-1 upshift in the vinyl mode at
∼1340 cm-1. This may be used as a marker for the net
oxidation state of theb hemes. Redox-induced effects can
also be seen in the band shape forν19 for 540 nm excitation,
the large shifts and intensity increase for theν10 (∼1640
cm-1) andν11 (∼1560 cm-1) of hemec1, and the growth of
a hemeb vinyl mode at ∼1620 cm-1 in spectra of the
oxidized complex. Unfortunately, both oxidation states of
all three hemes contribute significantly to spectra observed
with 520-540 nm excitation, and thus resonance selectivity
cannot be used to further isolate the individual heme
behavior.

DISCUSSION

Cytochrome c1. The RR spectra of the dissociated ferrous
and ferric bovine heart mitochondrialc1 subunit (Figures 3III
and 5, respectively) are quite similar to those ofc1 cyto-
chromes from otherbc1 complexes (17) and smaller soluble
cytochromesc (see Table 1). The position and relative
intensities of the high-frequency modes are entirely consistent
with the methionine/histidine heme axial ligation inferred
from previous spectroscopic (17-19) and crystallographic
studies (8). Some small variability in the position ofν11

among thec1 spectra ofRb. capsulatus c1, mitochondrialc1,
andRb. sphaeroides c1 suggests that minor differences may
exist in the heme pocket environments of these species.

Spectra of the reducedbc1 complexes obtained with 550
nm excitation are dominated by hemec1 scattering except
for the b hemeν21 and vinyl modes at∼1300 and∼1340
cm-1, respectively. The positions, line shapes, and relative
intensities of the prominent high-frequency modes (ν11, ν19,
and ν10) are virtually identical to those in spectra of the
dissociated ferrousc1 subunit. This strongly suggests that
the structure of thec1 active site is not influenced by other
subunits in the complex. Given the isolation of thec1 subunit
from the membrane-spanning and core-protein subunits and
its exposure to the mitochondrial intermembrane space (8),
this insensitivity is not surprising.

Axial Ligation of b Hemes.The most direct heme-protein
interactions occur via the coordination of amino acid residues
to the two vacant axial octahedral sites of the heme iron.
Based upon genetic (5, 9, 21), spectroscopic (17, 18), and

FIGURE 4: Isolated Q-band RR spectra (base line corrected) for ferrousbc1 hemes. (Panel I) (a)c1 subunit (550 nm); (b) ferrous hemebH
spectrum (560 nm) obtained by the weighted subtraction of the ferrousc1 subunit spectrum at 560 nm [Figure 2III(b)] from the ascorbate-
reducedbc1 spectrum at 560 nm [Figure 2II(b)]; (c) ferrous hemebL spectrum at 565 nm excitation obtained by subtracting the ascorbate-
reducedbc1 spectrum [2II(c)] from the dithionite-reducedbc1 spectrum [2I(c)]. (Panel II) Decomposition and curve-fitting results for isolated
ν19 from polarization data, as per procedures described in ref40. (a) Isolated hemebH; (b) isolated hemebL.

Table 2: Summary RR Modes for Bovine Heart Mitochondrialbc1

Complex andc1 Subunit Obtained with 540 nm Excitation

mode
oxidized

c1

reduced
c1

oxidized
bc1

ascorbate-
reducedbc1

dithionite-
reducedbc1

δ(CHd)(cm-1) 1302 1297 1298
ν21(cm-1) 1317 1314 1317 1314 1314
δ(dCH2(2))(cm-1) 1343 1338 1338
δ(CH3)(cm-1) 1370 1363 1370 1359 1360
(?)ν20(cm-1) 1406 1395 1399 1388 1387
ν11(cm-1) 1564 1544 1564 1532, 1544 1530
ν19(cm-1) 1589 1587 1585 1585 1585
ν(CdC)(cm-1) 1620
ν10(cm-1) 1640 1624 1640 1640 1623

Q-Band Raman Spectra of Mitobc1 Complex Biochemistry, Vol. 37, No. 27, 19989755



crystallographic (8) evidence, the axial ligation of bothb
hemes can be assigned as bishistidine. However, variation
within this general motif can produce functionally important
structural differences.

ν11 (∼1520-1545 cm-1) is the high-frequency mode most
sensitive to axial ligand influences. Many studies (29-33)
have demonstrated that the position ofν11 is influenced by
π back-donation from axial ligands to the iron eg(dπ) and
porphyrin eg(π*) orbitals, In general, the frequency ofν11

decreases with ligand electron donor strength.
The behavior ofν11 in Figures 3 and 4 strongly suggests

that details of the bishistidyl ligation differ for hemesbH

and bL. For the composite spectra,ν11 shifts to lower
frequency as the excitation is tuned for a stronger resonance
(565 nm) with hemebL. The “isolated” spectra (Figure 4)
clearly show that the frequency ofν11 is 3 cm-1 higher for
bH vs bL in mitochondrialbc1 complexes.

A comparison of spectra from mitochondrial and bacterial
(Rb. capsulatus) complexes reveals interspecies variation in
the behavior ofν11 (see Figure 6). In this case, the positions
of ν11 in both composite and “isolated” spectra are uniformly
lower for the mitochondrial complex. Furthermore, the
difference between hemebH and hemebL is less dramatic in
the mitochondrial (∆υ ) 3 cm-1) than in the bacterial (∆υ
) 8 cm-1) complex.

A study by Debois and Lutz (32) revealed that within a
series of heme imidazole derivative complexes, the position
of ν11 could be directly related to the protonation state of

the axial ligands. For the iron-protoporphyrin model
compounds Fe(II)PP(ImH)2, Fe(II)PP(ImH)(Im-), and
Fe(II)PP(Im-)2, ν11 decreases by about 15 cm-1, reflecting
the increased donor strength of the imidazolate ion.

We conclude that the variability ofν11 in hemeb spectra
most likely arises from the partial deprotonation (or strong
H-bonding) of at least one of the axial histidines of hemebL

in both complexes and of hemebH in the mitochondrial
species. This would require specific hemeb environments
that simultaneously lower the pKa of at least one axial
imidazole and provide nearby nucleophiles for proton
abstraction or H-bonding. Such protein control of the
cytochrome active site is not unprecedented. Indeed, H-
bonding networks involving heme ligands have been impli-
cated in maintaining the heme pocket architecture during
redox transitions in soluble cytochromes. Recent modeling
studies by Howell and co-workers provide a more specific
picture of possible heme-protein interaction for the hemeb
sites. In particular, the distances of the histidine N1 nitrogen
from the heme iron atom and the orientation of the histidine
imidazole planes are controlled principally by the number
of amino acid residues between the ligand pairs, by the
relative orientation of the two helical protein segments, and
by the hydrogen bonding of the N3 nitrogen of the histidine
ligands to the protein backbone.

The strength of axial ligand H-bonding interactions would
be quite sensitive to the local heme pocket geometry, and
thus the equilibrium positions of the deprotonation reaction
in Scheme 1(and hence the position ofν11) would be expected
to vary among hemeb species. Our data suggest that
deprotonation/H-bonding interactions are more pronounced
at the hemebL sites for both mitochondrial and bacterialbc1

complexes. Furthermore, the deprotonation equilibrium for
the bH sites seems poised further to the right for the
mitochondrial species than for the bacterial complexes. To
the extent that imidazole deprotonation is connected (via a
network of proton donor/acceptors) to protonation dynamics
at the nearby Qo site, it may provide a direct coupling
mechanism for electron transfer and proton pumping within
the complex.

Conformational Heterogeneity of the b Hemes.Another
obvious difference in the spectra of bacterial and mitochon-
drial bc1 complexes lies in the band shapes ofν19 (∼1585
cm-1) andν10 (∼1620 cm-1) for b-type hemes. In contrast
to the relatively narrow and symmetric band shapes exhibited
by theRb. capsulatus bc1 complexes, the mitochondrialbc1

spectra display band shapes and line widths which are
suggestive of heterogeneous heme populations. In particular,
theν19 band is clearly composed of at least two overlapping
bands. This heterogeneity cannot include contributions from
c1, since it is also obvious in the “isolated” spectra of theb
hemes (Figure 4) where allc1 contributions have been
removed. Furthermore, the polarized spectra (Figure 3II)
convincingly demonstrate that only anomalously polarized
scattering fromν19 (the only ap mode in the 1550-1650
cm-1 region) contributes to the net band shape. Analysis of
the polarized “isolated” spectra of hemesbH andbL (Figure

FIGURE 5: 540 nm excitation (Q-band) RR spectra of bovine heart
mitochondrialbc1 species. (a) Isolatedc1, fully oxidized; (b) isolated
c1, fully reduced; (c)bc1, fully oxidized; (d)bc1, ascorbate reduced;
(e) bc1, dithionite reduced. Sample preparations were the same as
Figure 1 with a protein concentration of∼150µM. For the oxidized
species, the spectra were accumulated for 15 min; for the reduced
species, the spectra were accumulated for 5-6 min.

Scheme 1
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4II) confirms that both hemes experience heterogeneity in
their local environments. Both spectra are best fit with two
bands in theν19 region. HemebH displays a larger composite
line width (fwhm, 22 vs 17 cm-1) and a much larger
contribution from the lower energy component than heme
bL.

The relative insensitivity ofν19 and ν10 bands to axial
ligand strength (30, 32, 34, 35) suggests that axial ligation
electronic effects are not the origin for the distinctiveb heme
populations. The likelihood of coupling between ligand
protonation and conformational heterogeneity is further
diminished by the fact that theb heme spectra ofRb.
capsulatus bc1 complexes exhibit similarν11 behavior (and,
by inference, axial ligand protonation) without evincing
heterogeneity inν19 and ν10. Instead, the different heme
populations most likely arise from protein-induced structural
distortions of the heme macrocycle.

Shelnutt and co-workers have employed a combination of
spectroscopic and computer modeling techniques to defini-
tively characterize the nonplanar distortions of metallopor-
phyrin model compounds and heme protein active sites (36-
39). In general, nonplanar distortions slightly decrease the
on-plane π-bonding of the macrocycle and lower the
frequency of selected in-plane vibrational modes. Of the
high-frequency modes,ν19 and ν10 are particular sensitive
to the distortion of heme planrity. A recent study of nickel-
(II) 5,15-disubstituted porphyrin by Song et al. showed that
increasing distortion of the heme plane causes a proportional
red shift in the Q0 absorption spectrum and a decrease in
the frequency of theν19 and ν10 bands (35). Other high-
frequency modes (most notablyν11) showed much less
sensitivity to heme distortions from planarity.

The magnitudes of the shifts ofν10 andν19 for theb hemes
are considerably smaller than those exhibited by the grossly
distorted model systems. This observation coupled with the
coexistence of at least two distinct conformers is consistent
with the existence of structural equilibria involving modest

distortion of heme planarity at these sites. Because of its
distinctive polarization, the heterogeneity is more easily
verified and quantified forν19. Figure 4II clearly shows that
the effect is much more pronounced for hemebH. Interest-
ingly, the positions of the twoν19 components are nearly
the same inbH and bL spectra, and their line widths are
suggestive of two reasonably homogeneous subpopulations.
Thus, it is likely that the structural equilibria at both heme
sits involve two similar conformers. However, the equilib-
rium at hemebH exhibits a larger population of the more
distorted conformer.

Since the individual spectra of the ferric hemes could not
be isolated via redox manipulation, analysis of hemeb
heterogeneity in the oxidized complex is qualitative at best.
A composite spectrum of bothb hemes can be produced by
subtraction of the ferricc1 and oxidizedbc1 spectra (Figure
5). Curve-fitting of the compositeν19 (not shown) reveals
it to be narrower than the compositeν19 of the ferrous hemes
(18 vs 20 cm-1). This suggests a greater net heterogeneity
in the ferrous hemes.

In an effort to determine whether dimerization could
trigger long-range interactions affecting theb heme pockets
and produce the spectral differences between mitochondrial
and r.c. bc1 complexes, spectra were obtained for fully
reduced complexes under solution conditions (27) known to
dissociate the dimers. These exhibitedν19 andν10 line shapes
that were nearly identical to those of the dimer (data not
shown). This precludes dimerization as a determining factor
in the hemeb structural heterogeneity.

The available mitochondrialbc1 crystal structure does not
allow resolution of atomic positions within the cytochrome
b heme pockets. Thus, the origin of hemeb structural
distortions remains speculative. Previous analyses of crystal
structures ofc-type cytochromes attribute the distortion of
the heme plane to steric restrictions imposed by the covalent
thioether linkage of the heme to protein cysteines or van
der Waals contacts and hydrogen bonding within the heme

FIGURE 6: Comparison of the high-frequency region Q-band RR spectra of fully reduced bovine heart mitochondrialbc1 andRb. capsulatus
bc1 complexes. (a) 560 nm excitation; (b) 565 nm excitation. In both panels, the solid line is the spectrum for bovine heartbc1 complex,
and the plus line denotes the spectra of the r.c.bc1 complex.
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pocket. The first possibility is obviously not viable for the
b heme sites. Thus, it appears that the multipleb heme
conformers are induced by differences in nonbonding
interactions with other residues within the heme pocket. It
is unclear at this time whether these changes in local heme
pocket contacts are predicated on more extensive structural
equilibria within the complex.

SUMMARY AND CONCLUSIONS

The results of this study form the basis for a more detailed
investigation of the structural and functional characteristics
of the heme active sites inbc1 complexes. The resonance
Raman spectra of hemec1 strongly suggest that it is a
relatively typicalc-type heme whose local environment is
not influenced by the rest of the complex. In contrast, the
hemeb sites exhibit distinct spectra which indicate that their
local environments directly affect both their structure and
their function. The extent of axial ligand protonation clearly
affects the electron density within the macrocycle and
provides a means to modulate heme redox potential. Struc-
tural heterogeneity within the individual heme pockets is,
to our knowledge, quite novel and not as readily interpreted.
In any case, theb hemes (particularlybH) clearly reside in
structurally flexible protein environments which induce at
least two energetically accessible conformers. It is tempting
to speculate that these structural equilibria may be controlled
by more global protein structural changes, and thus provide
a means of long-range communication between redox sites
in the complex.
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