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ABSTRACT: Redox transitions in a film of detergent-purified bovine cytochromebc1 complex were
investigated by perfusion-induced attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy. The technique provides a flexible method for generating redox-induced IR changes of
components of bovine cytochromebc1 complex at a high signal:noise ratio. These IR redox difference
spectra arise from perturbations of prosthetic groups and surrounding protein. Visible difference spectra
were recorded synchronously using a light beam reflected from the exposed prism surface and provided
a quantitative means of determining the redox transitions that were occurring. IR and visible redox difference
spectra of iron-sulfur protein/cytochromec1, hemebH, and hemebL were separated by selective reduction
and/or oxidation that extends published data on the homologous bacterial enzyme. Several bands could
be tentatively assigned to redox-sensitive modes of hemes and ubiquinone and changes in the surrounding
protein by comparison with available data for bacterialbc1 complex, other related heme proteins, and
model compounds. Some tentative assignments of further signals to specific amino acids are made on the
basis of known crystal structures.

Bovine mitochondrial cytochromebc1 complex is a
member of a superfamily of membrane-embedded enzymes
that occur widely in eukaryotic and prokaryotic respiratory
and photosynthetic electron transfer chains. Although the
bovine enzyme is composed of 11 subunits (1), only three
of these [“Rieske” iron-sulfur protein (ISP),1 cytochrome
c1, and cytochromeb] are common to the superfamily. These
three subunits contain the four redox-active prosthetic groups
(a 2Fe-2S cluster, heme C, and two heme B forms,
respectively) and form a core structure that catalyzes its
ubiquinol-cytochromec oxidoreductase and associated trans-
membrane proton transfer activities. Bacterial forms of the
enzyme are composed of homologues of these three redox-
active subunits, generally with a fourth small nonredox
polypeptide (2). Functions of the additional subunits that are
associated with mitochondrialbc1 complexes are unclear,
except for a processing protease activity of one or more of
the large “core subunits” (3-5).

Structures of several eukaryoticbc complexes have been
determined at atomic resolution (6-9). It is widely agreed
(10) that the electron and proton transfer pathway occurs by
a “Q-cycle” mechanism (11). Ubiquinol oxidation at the
ubiquinol-binding “Qo” site results in a concerted electron
transfer in which the first electron is transferred to the ISP
and the second to the lower-potential heme B, termedbL.
The electron on the ISP is passedVia cytochromec1 to the
substrate cytochromec. The electron on hemebL moves
perpendicular to the membrane plane within the cytochrome
b to reduce the higher-potential hemebH. Reduced hemebH

reduces ubiquinone, which is bound at a second ubiquinone-
binding site termed Qi, first to a bound, stabilized semi-
quinone and then with a second electron to ubiquinol. The
Q-cycle provides a very efficient means of utilizing the
energy of electron transfer to form a proton-motive force
across the membrane.

The thermodynamic properties of the prosthetic groups are
known in some detail (Table 1) and, together with the
structures of the proteins, are in accord with expectations
from the Q-cycle mechanism. However, some key details
about the basic electron and proton transfer mechanism
remain unclear. Particularly enigmatic are the chemical and
physical factors that cause the strict bifurcation of electron
transfer at the Qo site (12, 13). For example, questions about
whether a remarkable long-range rotation of the globular
protein domain of the ISP center is an essential feature for
bifurcated electron transfer remain (14-16). Furthermore,
on the basis of positions of various bound inhibitors, the Qo

site appears to be rather extensive. Other data on the EPR
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line shape of the ISP have indicated that two ubiquinones
might be bound within the Qo site (17), a suggestion
supported by some inhibitor binding titrations (18) and more
recently by NMR monitoring of ubiquinone displacement
(19). These observations have led to proposals that two
ubiquinols are required for functioning of the Qo site (20)
or that two sequential binding positions for ubiquinone
species might be operative (12). Unfortunately, the Qo site
is unoccupied by quinone substrate in available crystal forms,
so this question remains unresolved. For both the Qo and Qi

sites, and for the redox prosthetic groups, very little is
presently known about which groups within the protein are
specifically responsible for the extensive redox-linked pro-
tonation changes that are integral to the catalytic cycle.

Fourier transform infrared (FTIR) spectroscopy has been
used extensively to probe structural changes in individual
cofactors and amino acids in proteins. The first such studies
on redox-induced changes were achieved by light-induced
perturbation of photosynthetic reaction centers (21, 22).
Introduction of spectroelectrochemical cells allowed applica-
tion of FTIR spectroscopy to redox changes in cytochrome
c (23). Such methods, together with induction of redox
changes with photochemicals, have since been extended to
cytochromec oxidase (24-29), complex I (30), and other
redox proteins (31), providing information about modes of
ligand binding, amino acid and prosthetic group changes,
and protonation changes within the protein. One transmission
FTIR study of abc1 complex has appeared, in this case by
application of thin layer spectroelectrochemistry to induce
redox transitions in a bacterialbc1 complex (32). An
alternative to transmission FTIR methods is the technique
attenuated total reflection (ATR)-FTIR spectroscopy (33, 34)
which allows measurement of FTIR changes in the sample
while an aqueous solution is perfused over its surface (Figure
1, top panel). The ATR-FTIR method has already been
applied to various proteins, including rhodopsin, bacterior-
hodopsin (35), the nicotinic acetylcholine receptor (36),
cytochrome oxidase (37-39), and reaction centers (40), and
its flexibility extends the types of transitions that can be
analyzed by FTIR spectroscopy. Here we describe the
application of ATR-FTIR spectroscopy to the study of redox
changes in thin layers of bovine cytochromebc1 complex
that have been deposited on the surface of a silicon
microprism. The results extend published data on the
bacterialbc1 complex (32) and are interpreted in light of

crystallographic data and by comparison with available
vibrational information about related proteins and model
compounds.

MATERIALS AND METHODS

Sample Preparation. Cytochromebc1 complex was iso-
lated from beef heart Keilin-Hartree particles (41) by cholate
solubilization and ammonium sulfate fractionation (42). The
final preparation was redissolved to a final concentration of
100-300µM in 20 mM sodium phosphate (pH 8) and stored
in small aliquots at 77 K. Its concentration was estimated
from an ascorbate-reducedminusferricyanide-oxidized dif-
ference spectrum with an extinction coefficient of 18.9 mM-1

cm-1 for cytochromec1 at 553-575 nm (43). This prepara-
tion had a very low background succinate dehydrogenase

Table 1: Redox and Absorption Properties of Redox Components
of Bovine Cytochromebc1 Complex

redox potential at
pH 7.5 (mV vs SHE)

extinction
coefficient

∆ε (mM-1 cm-1)
wavelength

(nm)

all components 39.6 562-575
hemec1 242a 18.9e 553-575
ISP 280b - -
hemebL -50c 14.9 566-575
hemebH 80c 25.9 562-575
ubiquinone bound

in the Qi site
110-145 (QH2/Q)d - -

20-70 (Q•-/Q)d

200-230 (QH2/Q•-)d

a Assumed to be the same as the pH 7 value of Rich (63). b Assumed
to be the same as the pH 7.4 value of Trumpower (64). c From Rich et
al. (48). d Derived from pH 7 data in ref65 and approximating∆Em/
∆pH ) -120 mV for QH2/Q•-. e From King (43).

FIGURE 1: (A) ATR-FTIR/visible spectroscopy configuration and
protein film preparation. The sample was deposited on the surface
of a silicon microprism (3 mm diameter, three bounces, zinc
selenide optics). The IR beam was reflected below the sample and
detected by a liquid nitrogen-cooled MCT-A detector. A scanned
visible beam from a 1 mmdiameter fiber optic bundle was focused
simultaneously through the protein sample, reflected from the top
prism surface, and collected by a 3 mm fiber optic bundle for
transfer to a photomultiplier detector. A small liquid chamber above
the sample allowed continuous perfusion of buffers, which could
be switched by computer-controlled valves. (B) ATR-FTIR absorp-
tion spectra of a sample of bovine cytochromebc1 complex during
rehydrated film preparation. An 8µL aliquot of 10µM detergent-
depleted protein suspended in 1 mM potassium phosphate buffer
(pH 8.5) (see Materials and Methods) was placed on the silicon
prism, and the absorption spectrum was recorded (trace A). The
absorption spectrum was recorded again after the sample had been
dried with nitrogen gas (trace B). Finally, the absorption spectrum
was recorded again (trace C) after humidification for 30 min with
saturated with water vapor, followed by full rehydration with 200
µL of 50 mM HEPES, 50 mM potassium phosphate, and 100 mM
KCl (pH 7.5) for 60 min.
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activity, which could be exploited for selective reduction of
cytochromebH (see below) and retained close to one bound
ubiquinone perbc1 monomer as measured by quantitative
ubiquinone extraction (44). So that the sample could adhere
to the hydrophobic prism surface, excess detergent had to
be removed. To achieve this, the sample was diluted 100-
fold in 1 mM potassium phosphate buffer (pH 8.5) and
pelleted by centrifugation at 100000gav for 1 h. The
precipitated pellet was homogenized into a small volume of
1 mM potassium phosphate (pH 8.5) to a final concentration
of ∼10 µM and stored at-80 °C until it was required. An
8 µL aliquot of the suspension was placed on the silicon
ATR microprism and dried under a gentle stream of dry
nitrogen. The protein film was humidified by exposure for
30 min to an atmosphere saturated with water vapor and then
rehydrated by overlaying 200µL of 50 mM N-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid (HEPES), 50 mM
potassium phosphate, and 100 mM KCl at pH 7.5 for 60
min. Finally, a Perspex chamber, approximately 150µL in
volume, was placed over the sample to enable buffers to be
passed over the exposed protein surface at a rate of
approximately 1.5 mL/min. The perfusion buffer in all cases
was 50 mM HEPES, 50 mM potassium phosphate, 100 mM
KCl, and 5 µM phenazine methosulfate (PMS, a redox
mediator) at pH 7.5. Various oxidants or reductants were
added to this buffer to induce specific redox transitions (see
below).

ATR-FTIR Measurements.IR spectra were recorded with
a Nicolet Magna 860 or Bruker IFS 66S spectrometer
equipped with a liquid nitrogen-cooled MCT-A detector and
a 3 mm diameter three-reflection silicon ATR microprism
(SensIR Europe). Measurements were taken at room tem-
perature with a 2 mmaperture and a resolution of 4 cm-1,
and quoted frequencies have an accuracy of(1 cm-1. ATR-
FTIR difference spectra were recorded as redox changes were
induced by the change of perfusant that was passed continu-
ously above the surface of the film. Redox buffers were
interchanged automatically using electronically controlled
three-way valves. Buffer solutions were freshly prepared and
degassed prior to the ATR-FTIR measurements, and those
containing sodium dithionite were maintained under an argon
atmosphere. Typically, a background spectrum was recorded
during the flow of the first buffer over a period of
approximately 40 s (an average of 64 interferograms for the
Nicolet or 300 interferograms for the Bruker instrument).
The flow was then switched to the second buffer, and a
sample spectrum was recorded in the same way after a delay
of 30 s for sample equilibration. The process was then
reversed so that a full cycle resulted in both reducedminus
oxidized and oxidizedminusreduced difference spectra. The
cycle was repeated automatically 30-60 times on the same
sample, and data were averaged to provide a final spectrum.

For deuterium oxide (D2O) exchange, sample preparation
and ATR measurements were performed throughout by
substitution of D2O buffers at pD 7.5 and assuming pD is
equal to the pH meter reading+ 0.4 (45). The extent of
H-D exchange was estimated using published methods that
are based on the fact that the 60% N-H bending component
of the amide II band (40% C-N stretch) shifts from 1545
to 1445 cm-1 on deuteration (46). Calculation based on this
shift indicated that H-D exchange was>90% complete.

Where necessary, baseline corrections were made to allow
for changes due to differences in perfusant constituents and
for small changes in absolute spectra with some buffer pairs
that arose from sample swelling and/or shrinkage and most
likely caused predominantly by osmolarity differences. The
correction for changes due to perfusion solutions was made
by recording buffer changes in the absence of protein and
subtraction from the experimental traces. Changes caused
by protein swelling and/or shrinkage of the layer are
composed of changes in the magnitude of the broad absolute
spectra of protein and water and are essentially identical in
shape to the difference spectrum of the fully rehydrated
Versushumidified film. Hence, this rehydration difference
spectrum, suitably scaled down, was used qualitatively to
correct for the small swelling and/or shrinkage changes that
were sometimes present. In practice, such changes are
anyway very broad in comparison to the much sharper redox-
induced features and result only in a distortion of the
underlying baseline in the amide I and II band regions
without altering the frequencies of the redox-induced bands
(e.g., see Figure 3).

Visible Difference Spectroscopy.Visible band difference
spectra in the 510-584 nm range were recorded synchro-
nously with the ATR-FTIR changes in an effort to quantify
the redox transitions that were induced by the buffer changes.
Light from a monochromator was delivered through the
enzyme film, reflected from the upper prism surface, and
delivered to a photomultiplier by fiber optics (Figure 1, top
panel). Before a transition was initiated, the monochromator
was stepped through the required range andIo values were
recorded. After making a transition, the monochromator was
stepped again through the same range, and absorbance
changes were computed as logIo/I. Approximate absolute
absorption spectra of the film could also be obtained by
scanning anIo spectrum before the film was deposited.

Light-Induced Transmission FTIR Measurements.For
comparison of ATR-FTIR spectra with more conventional
transmission methods, reducedminus oxidized difference
spectra of intact detergent-dissolved cytochromebc1 complex
(above) and of a soluble subfragment containing the globular
domain of bovine cytochromec1 without any other redox
prosthetic groups (prepared as described in ref47) were
generated by photochemical reduction with FMN of samples
mounted between CaF2 windows (26). The samples were 4
nmol of cytochromebc1 complex, 200 µg of dodecyl
maltoside, 0.2 nmol of FMN, and 8 nmol of potassium
ferricyanide or 1.3 nmol of cytochromec1 subfragment (47),
1 nmol of FMN, and 2 nmol of potassium ferricyanide, in
both cases in a final volume of 10µL of 0.1 M Tricine buffer
(pH 8.5). Background spectra of the oxidized samples were
recorded, and samples were then illuminated with white light
for 75 or 10 s, respectively (provided by a 100 W tungsten
light projector and delivered to the sample by fiber optics),
after which further spectra were recordedVersusthe oxidized
backgrounds. Visible difference spectra (not shown) con-
firmed that the samples had changed from the fully oxidized
to the fully reduced states.

RESULTS

IR Absorption Spectra during Preparation of the Protein
Film. ATR-FTIR absorption spectra were measured at
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different stages during preparation of a rehydrated film of
bovine cytochromebc1 complex (Figure 1, bottom panel).
In the region of 1800-1200 cm-1, the spectrum of the initial
suspension of protein was essentially dominated by the O-H
scissoring mode of water at 1637 cm-1 (trace A). After the
compound had dried, the spectrum was dominated by the
two main protein peaks at 1649 (amide I) and 1540 cm-1

FIGURE 2: Perfusion-induced visible difference spectra of bovine
cytochromebc1 complex. A rehydrated film prepared as described
in the legend of Figure 1 was perfused with buffer [50 mM HEPES,
50 mM potassium phosphate, 100 mM KCl, and 5µM PMS (pH
7.5)] containing 3 mM sodium dithionite and 3 mM KOH. After
30 s, an absolute reduced spectrum was recorded (trace A, average
of five cycles) vs a baseline recorded in the absence of the protein
film. The perfusant was switched to the same buffer containing 1
mM ferricyanide and 1 mM ferrocyanide, and an absolute oxidized
spectrum (trace B, average of five cycles) was recorded after 30 s.
The full reducedminusoxidized difference spectrum (trace C) was
calculated as trace Aminustrace B. Redox changes of individual
components were achieved with specific pairs of perfusant buffers,
as described in the text. The resulting reducedminus oxidized
difference spectra (each an average of 10 transitions) are shown as
follows: (trace D) cytochromec1 with ISP alone using hydro-
quinone/ferrocyanide and ferricyanide/ferrocyanide buffers, (trace
E) hemebL alone, using sodium dithionite and aerobic buffers, and
(trace F, expanded 2-fold for clarity), hemebH alone using succinate
and fumarate/succinate buffers. The bottom panel shows the three
component reference spectra of detergent-solubilized bovine cyto-
chrome bc1 complex in 50 mM HEPES, 50 mM potassium
phosphate, 100 mM KCl, and 0.05% sodium cholate (pH 7.5) and
obtained using conventional visible transmission spectroscopy and
sequential reductants of 500µM methylhydroquinone (which causes
full reduction of cytochromec1 alone), 5 mM potassium succinate
(which causes substantial reduction of hemebH), and sodium
dithionite (which reduces the remaining hemebH and all hemebL).
The pure redox spectra [(trace H)c1

-ISP-/cyt c1 ISP, (trace I) heme
bL

-/hemebL, and (trace J) hemebH
-/hemebH] are normalized so

that they represent the full extent of each component in the overall
redox spectrum (trace G) and using assumptions thatε of cyto-
chromec1 ) 18.9 mM-1 cm-1 at 553-575 nm (43) and that the
relative contributions of hemesbH andbL to the total heme B change
at 562-575 nm are in a 0.7:0.3 ratio (48).

FIGURE 3: Perfusion-induced ATR-FTIR redox difference spectra
of bovine cytochromebc1 complex. ATR-FTIR difference spectra
were recorded synchronously under conditions used to generate the
corresponding visible spectra in Figure 2. For each buffer change,
a background spectrum was recorded (300 interferograms at 4 cm-1

resolution, data acquisition time of 40 s) followed by a sample
spectrum at the appropriate time after the buffer had been switched.
The spectra that are shown are averages of 30 reductive (trace A,
solid line) and 30 oxidative (trace B, dotted line) transitions. Trace
C shows the qualitatively assessed extent of baseline change in the
reductive direction due to protein swelling and/or shrinkage,
obtained by scaling down the absorption spectrum change that
occurs during film preparation as the sample is hydrated (see
Materials and Methods). Trace D shows the difference spectrum
in the reductive direction due to buffer components alone (an
average of 15 reductive traces and the inverse of 15 oxidative
traces). The final reducedminusoxidized IR difference spectrum
due solely to cytochromebc1 complex (trace E, solid line) was
calculated as the average of trace A and inverse of trace B,minus
the tow baseline correction traces C and D. An equivalent reduced
minusoxidized IR difference spectrum in D2O media after H-D
exchange is overlaid (an average of 30 reductive traces and the
inverse of 30 oxidative traces after baseline correction; trace F,
dotted line). For comparison, trace G shows a reducedminus
oxidized IR difference spectrum of cytochromebc1 complex,
obtained by transmission FTIR spectroscopy using photochemical
reduction of FMN to induce reduction (see Materials and Methods).
Changes due to FMN have been subtracted, and the trace is a single
measurement of 300 interferograms at 4 cm-1 resolution.
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(amide II) together with some water that remained within
the sample (trace B), presumably in the form of tightly bound
structural water since further prolonged drying did not
remove it. When the dried sample was humidified with
saturated water vapor, the amplitude of the protein bands
decreased and stabilized within 30 min at∼60% of the
intensity of the dried sample. Finally, the protein film was
rehydrated by overlaying a drop of 50 mM HEPES, 50 mM
potassium phosphate, and 100 mM KCl at pH 7.5 (trace C).
This caused a further slight decrease in the amplitude of the
protein bands, which stabilized within 60 min. The humidi-
fication pretreatment produced a more stable protein film
than one rewetted with buffer directly from the dry state.

Perfusion-Induced Visible Difference Spectra of Cyt bc1

Complex.Perfusion-induced visible difference spectra of
redox transitions induced in the protein film are shown in
Figure 2. For full reduction and oxidation of the complex,
the perfusant was alternated between buffer containing either
3 mM sodium dithionite and 3 mM KOH or 1 mM
ferricyanide and 1 mM ferrocyanide. The KOH was added
to minimize swelling and/or shrinkage changes by minimiz-
ing pH differences. Absolute absorption spectra in reduced
and oxidized states (Vs an Io spectrum of the clean prism
surface) were recorded 30 s after buffer exchange. The redox
cycle was repeated five times, and the spectra were averaged
to produce the traces shown in panels A and B of Figure 2.
These absolute spectra showed that the protein film was
undergoing full oxidation and reduction in response to buffer
changes. The reducedminusoxidized difference spectrum
(trace Aminustrace B) is shown as trace C. At the end of
experiments, reducedminusoxidized difference spectra were
routinely re-recorded to check for sample stability. In all
cases, no significant change in the extent or shape of spectra
occurred, indicating that no denaturation or cofactor loss had
occurred during the course of the measurements. Figure 2D
shows the redox transition that occurred when the buffer was
alternated between one containing 100µM hydroquinone and
2 mM ferrocyanide and a second containing 1 mM ferri-
cyanide and 1 mM ferrocyanide. Spectra were recorded 30
s after buffer exchange, and the spectrum that is shown is
an average of five reductive spectra and the reverse of five
oxidative spectra. The magnitudes and shapes of the positive
peaks at 553 and 524 nm demonstrated that cytochromec1

and, therefore, the roughly isopotential ISP were undergoing
oxidation or reduction, whereas both heme B forms remained
unchanged.

For measurement of the redox transition of cytbL alone,
a background was recorded after perfusion for 2 min with 3
mM sodium dithionite in buffer to cause full reduction of
all redox components. The buffer was then replaced with an
aerobic one without dithionite, and after 5 s, the difference
spectrum was measured. The sample was reperfused with
dithionite-containing buffer, and the measurement was
repeated. The trace shown in Figure 2E is the inverse of an
average of seven such oxidative spectra. The peaks at 565.5
and 531 nm and shoulders at 559 and 531 nm indicate that
only the lower-potential hemebL changed redox state during
this treatment with no contribution from redox changes of
other components.

Figure 2F shows the visible difference spectrum induced
by alternation of buffer containing 300µM succinate or 285
µM fumarate and 15µM succinate. Spectra were recorded

30 s after buffer exchange, and the spectrum that is shown
is an average of five reductive spectra and the reverse of
five oxidative spectra. The spectrum exhibited positive peaks
at 562 and 532 nm, and their shapes confirmed that only the
hemebH (and, presumably, the optically invisible Qi site
ubiquinone) redox state changed during this treatment.

Also shown in Figure 2 are quantitative reducedminus
oxidized reference spectra of the three heme components
(traces H-J) that make up the full redox difference spectrum
(trace G). These were obtained with an identicalbc1 complex
sample by conventional visible spectrometric methods.
Comparison of the experimental traces (C-F) with these
reference data indicates that the extents of redox changes of
hemesc1, bH, and bL under the selective partial reduction
conditions of the ATR-FTIR experiments were 75, 30, and
70%, respectively, of their extents in the full redox difference
spectra and also that each of these specific partial redox
transitions had negligible contributions from redox transitions
of the other hemes.

ATR-FTIR Redox Difference Spectra of the Whole Com-
plex. Redox-induced ATR-FTIR difference spectra were
recorded concurrently with the visible difference spectra
shown in Figure 2, although more cycles were averaged to
produce an adequate signal:noise ratio. Figure 3 shows the
corresponding IR difference spectra resulting from full
reduction and reoxidation of thebc1 complex of the sample
used for traces A and B in Figure 2. The raw data for an
average of 30 cycles are shown for both reductive (trace A)
and oxidative (trace B) directions. These spectra are nearly
mirror images of each other, confirming the reversibility of
the transitions. Adjustments were made to these spectra to
minimize any baseline distortions due to protein swelling
and/or shrinkage and buffer components. The estimated
swelling and/or shrinkage spectrum that was subtracted is
shown as trace C, and the spectrum due to change from
oxidative to reductive buffer in the absence of protein is
shown as trace D. To generate the final corrected reduced
minus oxidized spectrum shown as trace E, the oxidized
minusreduced spectrum (trace B) was inverted and averaged
with the reducedminusoxidized one (trace A), and both the
swelling and/or shrinkage (trace C) and the buffer (trace D)
spectra were subtracted from it. The resultant reducedminus
oxidized difference spectrum (trace E) exhibits principle
features at 1741 (-), 1724 (+), 1691 (-), 1665 (+), 1651
(-), 1630 (+), 1622 (-), 1612 (+), 1565 (-), 1550 (-),
1537 (+), 1507 (-), 1406 (+), 1390 (-), 1338 (+), 1258
(-), 1238 (+), and 1213 (+) cm-1.

Superimposed on the reducedminusoxidized spectrum
in H2O media (trace E) is an equivalent spectrum recorded
in D2O media after H-D exchange (trace F) and normalized
so that the amide I changes are comparable. Differences
between these two spectra can aid band assignments as
described in detail below.

Figure 3 also shows for comparison (trace G) a reduced
minusoxidized difference spectrum recorded by transmission
FTIR spectroscopy of a sample ofbc1 complex in which
full reduction was induced by photochemical reduction with
FMN (see Materials and Methods). Although the complex
exhibit much poorer signal:noise ratios because it could not
be easily cycled repetitively, the principle features are
consistent with the ATR-FTIR spectrum, but with the ATR-
FTIR spectrum showing the expected increase in the relative

ATR-FTIR Studies of Bovine Cytochromebc1 Complex Biochemistry, Vol. 42, No. 38, 200311113



signal intensity with decreasing frequency because of the
increased depth of penetration of the evanescent wave (33).

ATR-FTIR Redox Difference Spectra of Cytochrome c1 and
ISP.The reducedminusoxidized IR difference spectrum due
to cytochromec1 with ISP was recorded for the same samples
used to generate the cytochromec1 visible redox spectrum
in Figure 2D. The resultant spectrum, after correction for
buffer reagents and swelling and/or shrinkage, is shown in
Figure 4A and is an average of 60 reductive and the reverse
of 60 oxidative spectra. It exhibits major bands at 1691 (-),
1666 (+), 1657 (-), 1653 (+), 1643 (-), 1631 (+), 1623
(-), 1610 (+), 1594 (-), 1534 (+), 1521 (-), 1516 (+),

1507 (-), 1496 (+), 1484 (-), 1464 (+), 1446 (-), 1439
(+), 1407 (+), 1392 (-), 1384 (+), 1342 (+), 1326 (-),
1312 (+), 1279 (-), 1267 (+), 1258 (-), 1241 (+), 1232
(-), and 1214 (+) cm-1.

ATR-FTIR Redox Difference Spectra of Heme bL. The
reducedminusoxidized IR difference spectrum due to heme
bL was recorded for the same samples used to generate the
heme bL visible spectrum in Figure 2E. The resultant
spectrum is plotted in Figure 4B as a reducedminusoxidized
difference spectrum after correction for buffer reagents and
swelling and/or shrinkage and is an average of 60 cycles. It
exhibits major bands at 1741 (-), 1728 (+), 1717 (-), 1701
(+), 1692 (-), 1683 (+), 1675 (-), 1664 (+), 1649 (-),
1612 (+), 1602 (+), 1549 (-), 1537 (+), 1525 (+), 1509
(-), 1500 (+), 1487 (-), 1473 (+), 1427 (-), 1407 (+),
1389 (-), 1347 (-), 1336 (+), 1292 (-), 1277 (+), and
1237 (+) cm-1.

ATR-FTIR Redox Difference Spectra of Heme bH and Qi

Ubiquinone. The reducedminus oxidized IR difference
spectrum due to hemebH was recorded for the same samples
used to generate the hemebH visible spectrum in Figure 2F.
Since the redox potentials of hemebH and ubiquinone bound
in the Qi site overlap at this pH (ref48 and Table 1), the
spectrum will also contain ubiquinone contributions. The
resultant spectrum, after correction for buffer reagents and
swelling and/or shrinkage, is shown in Figure 4C and is an
average of 60 reductive and the reverse of 60 oxidative
spectra. This reducedminusoxidized difference spectrum
exhibits major bands at 1744 (-), 1721 (+), 1688 (-), 1679
(+), 1673 (-), 1665 (+), 1656 (-), 1637 (+), 1630 (-),
1619 (+), 1567 (-), 1553 (+), 1544 (-), 1537 (+), 1519
(-), 1514 (+), 1508 (-), 1486 (+), 1475 (-), 1467 (+),
1459 (+), 1449 (-), 1430 (+), 1414 (-), 1406 (+), 1393
(-), 1368 (+), 1363 (-), 1297 (+), 1261 (-), 1237 (+),
and 1218 (+) cm-1.

DISCUSSION

Perfusion-induced ATR-FTIR spectroscopy can provide
data with a sufficient signal:noise ratio for identification of
specific redox-induced atomic changes in large membrane
proteins such as mammalian cytochromebc1 complex. The
wide range of possible perfusants makes it possible to
separate specific components of complex systems, and the
ability to record synchronous visible band changes in the
same sample provides a means of definitive association of
specific IR features with individual redox components. By
comparison with model compounds and proteins and by
comparison with literature information about related proteins,
preliminary assignments of several features of IR difference
spectra are possible.

Absolute Spectra and Sample Deposition. Once an aqueous
suspension of protein is placed on the prism surface, the 1637
cm-1 band of water dominates the absolute spectrum (Figure
1, trace A), due to the fact that it is predominantly water
that occupies the small volume above the prism surface that
interacts with the evanescent wave of the IR beam. After
the sample is dried, however, the spectrum (Figure 1, trace
B) becomes dominated instead by the absorption spectrum
of protein complexes that form a thin layer on the prism
surface. Regardless of the length of the drying process, it is
clear from their absolute IR spectra that the dried samples

FIGURE 4: Perfusion-induced ATR-FTIR redox difference spectra
of individual components of bovine cytochromebc1 complex. ATR-
FTIR difference spectra were recorded synchronously under condi-
tions used to initiate redox changes of specific components shown
in traces D-F of Figure 2. For each buffer change, a background
spectrum was recorded followed by a sample spectrum at the
appropriate time after the buffer had been switched. Trace A is a
redox difference spectrum of cytc1

-ISP-/cyt c1 ISP (average of
60 reductive and 60 oxidative spectra, 300 interferograms/spectrum),
trace B a redox difference spectrum of hemebL

-/hemebL (average
of 60 oxidative spectra, 64 interferograms/spectrum), trace C a redox
difference spectrum of hemebH

-/hemebH (average of 60 reductive
and 60 oxidative spectra, 300 interferograms/spectrum), and trace
D a redox difference spectrum of pure cytc1

-/cyt c1 in a soluble
cytochromec1 subcomplex, obtained by transmission FTIR spec-
troscopy and with reduction induced by FMN-mediated photore-
duction (see Materials and Methods; average of two samples, each
of 300 interferograms at 4 cm-1 resolution). Where required,
baseline corrections for swelling and/or shrinkage and/or buffer
components were made as described in the legend of Figure 3.
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retain significant amounts of tightly bound water that is never
removed (most easily seen in the 3000-4000 cm-1 region,
not shown). It is likely that this water helps maintain the
native structure of the protein during the drying and/or
rewetting procedure. The 1649 and 1540 cm-1 bands in the
dried film arise predominantly from the amide I/II vibrations,
and their shapes (49) reflect the predominance ofR-helical
secondary structure. The bands at lower frequencies arise
from the plethora of overlapping bands of amino acids and
prosthetic groups. The overall shape of the 1700-1200 cm-1

region is very consistent between preparations. The band at
1740 cm-1 is more variable in relative magnitude, however.
It arises from ester carbonyls of the associated phospholipid
and is accompanied by a 3010 cm-1 band arising from sp2

hybridized carbon-hydrogen bonds of unsaturated phos-
pholipid (50). Hence, the magnitude of these phospholipid
bands relative to the protein amide I/II bands may be used
as a simple measure of the lipid:protein ratio of the
preparations.

Once the sample is rewetted (Figure 1, trace C), the
magnitudes of the bands due to protein and lipid decrease
uniformly and the water contribution at 1637 cm-1 increases
as the protein layer swells as it absorbs water. In samples in
which detergent depletion is thorough, the sample stabilizes
with roughly 50% of the protein absorption bands remaining
in the rewetted state.

OVerall Reduced minus Oxidized Spectrum.The stability
of the rewetted protein film to subsequent changes in
perfusant allows redox difference spectra to be recorded with
a relatively high signal:noise ratio, and these spectra reveal
a range of previously unreported features. In the overall
reducedminusoxidized difference spectrum shown as Figure
3E, positive peaks are associated with the reduced protein
whereas negative peaks will be those of the oxidized form.
This is the first reported full IR redox difference spectrum
of a cytochromebc1 complex. The principle features of the
redox spectrum are consistent with those observed in an
equivalent spectrum derived from a solubilized sample by
transmission FTIR (Figure 3F). This transmission spectrum
has a much poorer signal:noise ratio, especially at lower
frequencies where the ATR spectrum is enhanced due to the
increased depth of penetration of the IR beam (33). Never-
theless, the similarity of the major reliable features of this
spectrum provides evidence that the protein samples used
for ATR are not damaged by the manipulations, a result
supported by the fact that the visible spectra of the three
heme components remain constant throughout the measure-
ments and are identical to the spectra from the fresh enzyme
(Figure 2). This is consistent with prior studies of cytochrome
oxidase where IR spectra of CO photolysis were found to
be comparable in ATR and transmission samples (37).

Changes in the 1700-1610 (in both H2O and D2O) and
1570-1500 (in D2O) cm-1 regions will be dominated by
changes in the amide I and amide II bands, respectively, and
will tend to obscure more informative bands. However, some
other features can be assigned tentatively to vibrational
changes in amino acid residues, the peptide backbone, and
specific redox cofactors (51). Specifically, the positive bands
at 1406, 1338, and 1238 cm-1 (whose positions are relatively
unaffected by H-D exchange), together with at least part
of the positive bands in the 1550-1530 cm-1 region which
remains in the D2O spectrum of Figure 3, are similar to heme

modes seen in the redox spectrum of the model compound
iron protoporphyrin IX-bisimidazole (31) and so might be
expected to be associated with cytochromeb hemes and,
possibly, cytochromec1 since the redox spectrum of the
“model” cytochromec1 subfragment also exhibits some
related features (Figure 4, trace D). The 1741 cm-1 trough
and the 1724 cm-1 peak (at least part of which shifts down
by several wavenumbers in D2O) most likely arise from the
CdO stretching mode of protonated aspartic and/or glutamic
acids (52) that have redox-linked perturbations. Unfortu-
nately, the most prominent redox-sensitive ring modes of
ubiquinone at 1649 and 1610 cm-1 (53, 54) will be obscured
by amide I band changes. However, redox-sensitive bands
at 1289 and 1264 cm-1 that should be relatively insensitive
to H-D exchange and have been attributed to methoxy and/
or ring modes of ubiquinone (53) are in a less crowded
region. Hence, troughs at 1289 and 1258 cm-1 in the redox
spectra of traces E (H2O) and F (in D2O) of Figures 3 might
be associated with the ubiquinone that is associated with the
complex. To assess further such possible assignments, the
IR signatures associated with redox changes of specific
cofactors were analyzed in more detail below.

TentatiVe Band Assignments for Cytochrome c1 and ISP.
The use of selective reductants allowed the clean separation
of FTIR features associated with redox transitions of cyto-
chromec1/ISP, cytochromebH/Qi, and cytochromebL. This
previously was achieved for the bacterial complex by a
combination of spectroelectrochemistry with global decon-
volution algorithms (32). In the case presented here, such
deconvolution was not necessary since the visible spectra
(Figure 2) show that redox changes of the three-component
hemes have been achieved separately. As a result, and
because of the nature of the ATR-FTIR method itself, the
signal:noise ratio of these data is greatly improved, even
although the bovine enzyme has a larger molecular mass than
the bacterial counterpart.

The cytochromec1/ISP reducedminus oxidized FTIR
difference spectrum is shown in Figure 4A. Some assign-
ments as heme C bands can be suggested by comparison
with iron-protoporphyrin IX-bisimidazole (31), and also with
the assignments previously made for the homologous bacte-
rial components (32). Comparison with horse heart cyto-
chrome c as a modelc-type cytochrome (23), however,
proved to be of limited use, despite the fact that both
cytochromesc andc1 are type Ic-type cytochromes and both
have His-Met heme coordination (8). As a result, a cyto-
chromec1-containing subfragment of bovine cytochromebc1

complex was isolated (47) and its redox IR spectrum was
determined so that it could be used as a model template
instead (Figure 4D). Comparison of the Figure 4A spectrum
with these models suggests heme C features could include
the positive bands at 1534, 1516, 1407, 1267, and 1241 cm-1

since similar bands appear in the spectra of cytochromec1

subfragment (Figure 4D) and/or iron-protoporphyrin IX-
bisimidazole (31). Similar assignments were made for
equivalents of several of these bands in the bacterial
cytochromebc1 complex (32).

Because of the heavier masses of its component atoms,
the iron-sulfur prosthetic group of the ISP is not expected
to have contributions in the 2000-1000 cm-1 region, and
only surrounding protein should contribute to redox-induced
IR changes. The changes in the 1690-1610 and 1570-1500
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cm-1 regions will therefore arise largely from amide I and
II changes from both cytochromec1 and the ISP and cannot
be separated with the present information. However, the very
deep trough at 1691 cm-1 has previously been associated
with the ISP in theRhodobacter capsulatusenzyme (32),
and is not seen in the cytochromec1 subfragment. Hence, it
seems likely that this trough is ISP-associated. This frequency
can be associated with amide I bonds in turns and bends in
the secondary structure (55, 56), and hence, the trough at
1691 cm-1 could reflect the conformational change of the
flexible hinge region that has been observed by X-ray
crystallography to connect the C-terminal domain of the ISP
protein to its transmembrane helix (6-8). Features equivalent
to the 1464 cm-1 peak and the 1446 cm-1 trough in Figure
4A were also assigned tentatively to proline in the ISP (32),
Further work will be needed to separate and assign in more
detail these cytochromec1 and ISP signals. The tentative
assignments of IR bands for cytochromec1 and ISP are
summarized in Table 2.

TentatiVe Band Assignments for Hemes bH, cyt bL, and
Qi. Reducedminus oxidized FTIR difference spectra of
hemesbL and bH are shown in Figure 4, and again, some
heme band assignments (Table 2) can be made by compari-
son with spectra of iron-protoporphyrin IX-bisimidazole (31)
and with the assignments previously made for the homolo-
gous bacterial components (32). These include bands at 1612
(+), 1407 (+), 1336 (+), and 1237 (+) cm-1 in the heme
bL

-/bL spectrum, and 1619 (+), 1553 (+), 1406 (+), 1237
(+), and 1218 (+) cm-1 in the hemebH

-/bH spectrum.
Assignments to specific heme modes based on assignments
in ref 31 are summarized in Table 2. It may be noted that
positive bands at 1405-1407 and 1237-1240 cm-1 appear
to be common to protein-bound and model heme groups, as
might be expected for internal vibrational modes of the heme
macrocycle. These bands therefore can provide useful general
marker bands for heme redox transitions.

The troughs at 1692 cm-1 in hemebL
-/bL and 1688 cm-1

in hemebH
-/bH are likely to have contributions from heme

Table 2: Peak Positionsa and Tentative Band Assignments for IR Redox Difference Spectra of Cytochromec1/ISP

bovine Rb. capsulatusb model compound

cyt c1/ISPc cyt c1 subcomplexd cyt c1 ISP FePP(Im)2e FePP(Im)2e assignment

1691 (-) 1692 (-) amide I ISPb

1657 (-) 1654 (-) 1656 (-) amide Ib

1631 (+) 1631 (+) 1632 (-) amide Ib

1623 (-) 1622 (-) amide Ib

1610 (+) 1612 (+) 1612 (+) 1612 (+) 1616 (+) 1613 (+) CRCâ hemee and amide I ISPb

1558 (+) 1554 (+) 1552 (+) 1553 (+) CaCm or CbCb hemeb,e

1534 (+) 1535 (+) 1536 (+) 1532 (+) 1535 (+) CbCb hemeb,e and amide II ISPb

1516 (+) 1514 (+) amide II hemeb

1507 (-) 1504 (-) amide II ISPb

1484 (-) 1481 (-) 1478 (-) CaCm hemee

1464 (+) 1462 (+) ring of Pro ISPb

1446 (-) 1446 (-) ring of Pro ISPb

1407 (+) 1409 (+) 1402 (+) 1405 (+) 1405 (+) CaN hemeb,e

1342 (+) 1337 (+) 1337 (+) CaN ordCH2 vinyl hemee

1241 (+) 1243 (+) 1240 (+) 1239 (+) 1239 (+) CmH hemeb,e

1214 (+) 1217 (+) 1224 (+) 1224 (+) CmH hemee

a Peak positions in the reducedminusoxidized spectra are given in cm-1. b From Baymann et al. (32). c From Figure 4A.d From Figure 4D.
e From the spectrum of Fe-protoporphyrin IX-bisimidazole [FePP(Im)2] from Berthomieu et al. (31).

Table 3: Peak Positionsa and Tentative Band Assignments for IR Redox Difference Spectra of CytochromesbH andbL and Ubiquinone

cyt bL cyt bH/Qi

bovineb Rb. capsulatusc bovined Rb. capsulatusc assignment

1741 (-) 1744 (-) CdO Asp/Glu
1728 (+) 1720 (+) 1721 (+) 1720 (+) CdO Asp/Gluc

1717 (-) CdO Asp/Glu
1701 (+) 1704 (+) 1702 (+) CdO Asp/Gluc

1692 (-) 1690 (-) 1688 (-) 1686 (-) CdO heme propionatee

1683 (+) 1680 (+) 1679 (+) 1676 (+) CdO heme propionatee

1675 (-) 1674 (-) CdO heme propionatee

1664 (+) 1665 (+) 1662 (+) amide Ic

1649 (-) 1646 (-) 1637 (+) 1642 (+) amide Ic

1656 (-) 1666 (-), 1650(-) amide I and CdO ubiquinonec,f

1612 (+) 1608 (+) 1619 (+) CRCâ hemec,g

1553 (+) 1554 (+) CaCm or CbCb hemec,g

1549 (-) 1556 (-) amide IIc

1537 (+) 1532 (+) 1537 (+) 1534 (+) CbCb hemeg

1525 (+) CbCb hemeg or amide II
1486 (+) 1488 (+) C-C ubisemiquinone ringc,f

1407 (+) 1400 (+) 1406 (+) CaN hemec,g

1336 (+) CaN ordCH2 vinyl hemeg

1261 (-) 1262 (-) OCH3/ring ubiquinonec,f

1237 (+) 1236 (+) 1237 (+) 1236 (+) CmH hemec,g

1218 (+) CmH hemeg

a Peak positions in the reducedminusoxidized spectra are given in cm-1. b From Figure 4B.c From Baymann et al. (32). d From Figure 4C.
e From Behr et al. (57). f From Bauscher and Ma¨ntele (59) and Hellwig et al. (60). g From Berthomieu et al. (31).
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propionic acid groups (57). However, for both heme spectra,
the 1700-1610 cm-1 region will have contributions from
amide I changes while the 1570-1500 cm-1 region will
contain amide II changes. These protein backbone bands will
overlap any underlying heme or specific amino acid bands
and are distinct for the two different heme spectra. However,
one amino acid region not obscured by the amide I/II bands
is that around 1740 cm-1 where protonated carboxylic acid
residues absorb (52). Bands occur in this region at 1741 (-)/
1728 (+) and 1717 (-)/1701 (+) cm-1 in hemebL-/bL, and
at 1744 (-)/1721 (+) cm-1 in hemebH-/bH, and features in
this region were also reported for the bacterial enzyme (32).
These are likely to represent perturbations and/or protonation
and deprotonations of aspartic or glutamic acid residues close
to each heme group. Scrutiny of the crystallographic data
(6-9) indicates two plausible candidates for these signals:
D229 and E272, associated with the Qi and Qo sites,
respectively. Of the acidic residues within bovine mitochon-
drial cytb, only the equivalents of D229 and E272 fall within
a 8 Å radius of either heme moiety (see Figure 5). The side
chain carboxylate of D229 is oriented toward the pyrrole B
propionate carboxylate of hemebH. The 7 Å separation
between these two groups is too large to allow for hydrogen
bonding, although long-range electrostatic or conformational
interactions may occur. In addition, the carboxylic group of
D229 is closely associated with quinone bound at the Qi site,
and is involved in hydrogen bonding via an intermediary
water molecule to the headgroup C1 carbonyl of the quinone
molecule in the yeastbc1 structure (9). Hence, its perturbation
may well be linked instead to redox changes of the Qi

quinone rather than the heme group. E272 forms part of the
highly conserved and catalytically essential “PEWY” element

of the Qo site (58). The side chain carboxylic acid of E272
is separated by 6.5 Å from the propionic oxygen atoms of
hemebL pyrrole ring A and so may well be influenced by a
redox state change of this heme group.

A ubiquinone is retained in thisbc1 complex preparation
during protein purification. Quantitation indicates that
ubiquinone is present at roughly one per monomeric unit,
and it is evident that this quinone resides in the Qi site. This
bound quinone has a relatively stabilized semiquinone, the
detailed parameters of which are known (48). Several
prominent IR bands are lost when free ubiquinone is reduced
to either semiquinone or quinol (53, 54, 59, 60). Most
prominent are the 1649 cm-1 bands (CdO) and 1610 cm-1

bands (CdC), but these are in the crowded amide I region
and are likely to be obscured by other overlapping bands.
Combination methoxy/ring vibrations of ubiquinone occur
at 1289, 1264, and 1205 cm-1 (53, 54, 59, 60) and should
be less obscured by other signals. Interestingly, the heme
bH spectrum exhibits a trough at 1261 cm-1 (Figure 4C).
Hence, the 1261 cm-1 trough could arise from the reduction
of the Qi site ubiquinone. A similar trough was described
and assigned to ubiquinone in a study of the bacterial enzyme
(32), although in this case the size of the signals relative to
the heme bands was very much greater, suggesting that a
significant level of “free” ubiquinone might also have
copurified with the enzyme. Weaker positive bands due to
ubiquinol are known to occur at 1490, 1471, 1431, and 1389
cm-1 (53, 54, 59, 60), evidence for which was found in
studies of the bacterialbc1 complex (32). However, the small
size of the troughs that might be due to ubiquinone in the
bovine enzyme means that any positive ubiquinol bands
would also be extremely small. The spectrum of hemebH

does, however, exhibit a prominent positive peak at 1486
cm-1 in this region. Studies with isotopically labeled
ubiquinones in the QA and QB sites in the bacterial reaction
center have associated similar large bands with ubisemi-
quinone (61, 62), as have model compound studies (54), and
hence, this band in the bovine enzyme might arise from a
semiquinone form of ubiquinone in the Qi site. Equivalent
isotope replacement studies on the cytochromebc1 complex,
together with comparison with spectra for the enzyme in
which specific inhibitors have displaced ubiquinone from its
binding sites, should provide a means of clarification of the
nature of these possible ubiquinone signals.

In summary, this report documents the basic IR redox
difference spectra of the major components of the bovine
mitochondrialbc1 complex at a resolution that extends the
initial equivalent studies of a bacterial homologue (32).
Comparison with this previous study, together with com-
parisons with model materials, has already allowed tentative
assignments of many bands. This work is now being
extended by enlargement of the model database and by more
detailed investigation of the quinone binding sites by use of
specific inhibitors and isotopically labelled quinone replace-
ments. Further extension is also underway (in collaboration
with P. L. Dutton et al.) for the study of well-defined redox-
active maquettes and site-directed mutants of the homologous
complex of Rhodobacter capsulatus, hence opening the
possibility of study by IR spectroscopy of a range of structure
and mechanism questions in this class of enzymes that have
to date remained unresolved.

FIGURE 5: Crystallographic data on hemesbL and bH and sur-
rounding residues in cytochromebc1 complex. Coordinates of
chicken cytochromebc1 complex were taken from PDB entry 1BCC
(7) as this contains a crystallographically defined ubiquinone bound
at the Qi site. This figure, drawn using RasMol, shows hemesbL
and bH together with ubiquinone bound in the Qi site. Also
illustrated are Asp, Glu, His, Arg, Tyr, and Trp residues that are
within 8 Å of thesurface of one or more of these cofactors in both
bovine and chicken structures (chicken numbering).
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