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ABSTRACT:. Redox transitions in th&hodobacter capsulatusytochromebc; complex were investigated

by perfusion-induced attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy
combined with synchronous visible spectroscopy, in both the wild type and a cytochrqmoiat mutant,

M183K, in which the midpoint potential of heme was lowered from the wild-type value of 320 mV to 60
mV. Overall redox difference spectra of the wild type and M183K mutant were essentially identical,
indicating that the mutation did not cause any major structural perturbation. Spectra were compared with
data on the bovinbc, complex, and tentative assignments of several bands could be made by comparison
with available data on model compounds and crystallographic structures. The bacterial spectra showed
contributions from ubiquinone that were much larger than in the bovine enzyme, arising from additional
bound and adventitious ubiquinone. The M183K mutant enabled selective reduction of theutm

protein which in turn allowed the IR redox difference spectra of ISP and cytochrptodse deconvoluted

at high signal/noise ratios, and features of these spectra are interpreted in light of structural and mechanistic
information.

The cytochromebc; complex forms a superfamily of ISP is passed via cytochronogto the substrate cytochrome
membrane-embedded enzymes that occur widely in eukary-c. The electron on hemé. moves perpendicular to the
otic and prokaryotic respiratory and photosynthetic electron membrane plane within the cytochronteto reduce the
transfer chains. A core complex encoded pgt genes higher-potential hemby. Reduced hemly reduces ubiquino-
consists of three subunits which are common to the super-ne, which is bound at a second ubiquinone binding site
family: the “Rieske” iron-sulfur protein (ISP¥,cytochrome termed Q first to a bound, stabilized semiquinone and then
c1, and cytochromd. These contain a 2F€S cluster,a C  with a second electron to ubiquinol. The Q-cycle provides a
heme, and two B hemes, respectively. This core catalyzesvery efficient means of utilizing the energy of electron
its ubiquinol-cytochromes oxidoreductase and associated transfer to form a proton-motive force across the membrane.
transmembrane proton transfer activities. Some bacterial The thermodynamic properties of the prosthetic groups are
forms have one additional small subunit, whereas the known and, together with the structures of the proteins, are
mammalian mitochondrial form can contain eight additional in accord with expectations from the Q-cycle mechanism.
polypeptides. However, some key details about the basic electron and

Structures of several eukaryotic complexes have been proton transfer mechanism remain unclear, and this well-
determined at atomic resolutioh-4). The structures of the  defined enzyme provides a useful experimental material in
homologous cytochromaf complex from cyanobacteria and  which to probe such basic questions. Particularly enigmatic

green algae were also determined recer&|y). It is widely are the chemical and physical factors that cause the strict
agreed 7) that electron and proton transfer occurs by a “Q- bifurcation of electron transfer at the,Qite ©—11). For
cycle” mechanism §). Ubiquinol oxidation at the “@ example, questions about whether a remarkable long-range

binding site results in a concerted electron transfer in which rotation of the globular protein domain of the ISP center is
the first electron is transferred to the ISP and the second toan essential feature for bifurcated electron transfer remain
the lower-potential heme B, terméx. The electron on the  (12—14). Furthermore, on the basis of positions of various
bound inhibitors, the Qsite appears to be rather extensive.

* This work was funded by grants from the Wellcome Trust (Grant Other data on the EPR line shape of the ISP have indicated
062827) to P.R.R. and U.S. Public Health Service Grant GM-27309 to that two ubiquinones might be bound within the §te (15),

a suggestion supported by some inhibitor binding titrations
* To whom correspondence should be addressed: Glynn Laboratory o ?
of Bioenergetics, Department of Biology, University College London, (16) and more recently by NMR monltorlng of ubiquinone
Gower Street, London WC1E 6BT, U.K. Telephone and fax44) displacementX7). These observations have led to proposals
020 7679 7746. E-mail: prr@ucl.ac.uk. that two ubiquinols are required for functioning of thg Q
University College London. site (18) or that two sequential binding positions for

§ University of Pennsylvania. C . . .
1 Abbreviations: ATR-FTIR, attenuated total reflection-Fourier Ubiquinone species might be operati8). (Unfortunately,

transform infrared; ISP, Rieske irersulfur protein. the Q site is not occupied by quinone substrate in available
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crystal forms, so this question remains unresolved. For bothwashed several times with the same buffer, and once with 2
the Q and Q@ sites, and for the redox prosthetic groups, very mM phosphate buffer (pH 7.5). Finally, the ATR-ready
little is known at present about which groups within the detergent-depleted samples were dispersed inte20Q:L
protein are specifically responsible for the extensive redox- of distilled water and stored if necessary-&80 °C.

linked protonation changes that are integral to the catalytic A mixture of 2 uL of ATR-ready enzyme and 2L of
cycle. distilled water was dried onto the prism and rehydrated with

Fourier transform infrared (FTIR) spectroscopy has been 200 uL of 100 mM N-(2-hydroxyethyl)piperaziné¥-2-
used extensively to probe structural changes in individual €thanesulfonic acid (HEPES), 50 mM potassium phosphate,
cofactors and amino acids in proteins. The first such studies 100 mM KCI, and 50 mM KSGO, (pH 7.5) (buffer A), and
on redox-induced changes were achieved by light-induced@ Perspex chamber was placed over the sample to enable
perturbation of photosynthetic reaction centets, (20). buffer flow and synchronous visible band spectroscopy as
Introduction of spectroelectrochemical cells allowed applica- described in reB3. Perfusion buffers were either buffer A,
tion of FTIR spectroscopy to redox changes in cytochrome 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 50 mM
¢ (21). Such methods, together with induction of redox Potassium phosphate, 100 mM KCI, 50 mM3Q; (pH 6.0),
changes with photochemicals, have since been extended t® 10 mM 2-(\-cyclohexylamino)ethanesulfonic acid (CHES),
cytochromec oxidase 22—27), complex | @8), and other 100 mM potassium phosphate, 100 mM KCI, and 50 mM
redox proteins Z9), providing information about modes of ~K2SQO: (pH 9.0). Other additions are described in the figure
ligand binding, amino acid and prosthetic group changes, legends.
and protonation changes within the protein. Several FTIR ATR-FTIR and Visible SpectroscopiR spectra were
studies obc; complexes have appeared. Transmission FTIR recorded with a Bruker IFS 66S spectrometer equipped with
in combination with thin-layer spectroelectrochemistry has @ liquid nitrogen-cooled MCT-A detector and a silicon ATR
been used to study the bacterm; complex B0, 31). The microprism (3 mm diameter, three reflections, SensIR
bovine bc, complex has been analyzed by attenuated total Europe) as described in re§2. ATR-FTIR and visible
reflection (ATR)-FTIR spectroscopyg®), and this procedure  difference spectra were recorded synchronoudy ¢s redox
has provided the highest signal/noise data to @@ [This changes were induced by a change of the perfusant. Typi-
technique allows measurement of changes in the infraredcally, a background spectrum (500 interferograms over 60
spectrum of the sample while an aqueous solution is perfuseds) Was recorded during the flow of the first buffer. The flow
over the sample surface and has already been applied tdvas then switched to the second buffer, and a sample
various proteins, including rhodopsin, bacteriorhodopa), ( spectrum (500 interferograms) was recorded. After this, a
the nicotinic acetylcholine receptd), cytochrome oxidase ~ new background spectrum was recorded before the buffer
(36—38), and reaction center89), and it greatly extends Was switched and a new sample spectrum was recorded. The
the types of transitions that can be analyzed by FTIR process was cycled and repeated-200 times with two
spectroscopy32). Here we apply the method to the study different films to obtain the final redox difference spectra.
of redox changes in thin layers of tRiodobacter capsulatus ~ Corrections were made for any baseline drift due to protein
cytochromebc, complex that have been deposited on the swelling or shrinkage. IR spectra were measured with a
surface of a silicon microprism. Both the wild type and a resolution of 4 cm* and an accuracy o1 cnr™.
mutant form in which methionine serving as a sixth axial ~ For measurements in deuterium oxideq@D, D;O buffers
ligand to heme C in cytochroma is replaced with lysine ~ atpD 7.5, prepared assuming pPpHreadingt 0.4 43), were
(M183K) were studied. This mutation results in a large substituted throughout the detergent depletion procedures.
decrease in the midpoint redox potential of heme C, without The extent of H-D exchange was estimated to b&0%
affecting other parts or assembly of the complég)( and using the method described in réfl. Redox cycles were
has allowed accurate resolution of the IR redox difference repeated five to eight times to obtain the final spectra.

spectrum of ISP from that of cytochronog Analysis of Quinone Contentlbiquinone was extracted
with an acetone/methanol mixture and oxidized and purified
MATERIALS AND METHODS following the method described in re45. After being

dissolved in 95% ethanol, it was quantitated from its reduced

Sample Preparationwild-type and mutant forms of the  minus oxidized difference spectrum induced by reduction
cytochromebc, complex were isolated and purified from  with potassium borohydride and using an extinction coef-
Rba. capsulatuas described in ref1. TheRba. capsulatus  ficient, ¢, of 14 mM cm™* at 275 nm. The cytochrontec,
strain containing the M183K mutation was a generous gift complex was quantitated from the concentration of total
from F. Daldal (University of Pennsylvania). Generation and cytochromeb in a reduced minus oxidized difference
properties of this mutant have been described indef spectrum using aaof 28 MM~ cm at 560-574 nm @6),

Film Preparation Production of stable fiims for ATR-  or from the concentration of cytochroneein an ascorbate-
FTIR measurements required depletion of detergent so thatreduced minus ferricyanide-oxidized difference spectrem [
the sample became sufficiently hydrophobic. Film prepara- = 19 mM~t cm at 551-540 nm ¢7)].
tion and rehydration on a silicon microprism (3 mm diameter, =~ Combined Electrochemistry/ATR-FTIR Spectroscopy on
three-bounce, SensIR Europe) with an “ATR-ready” enzyme Ubiquinone Ubiquinone-50 was dissolved to 2 mg/mL in
were essentially as described previougl®)( In brief, 10— an 80% diethyl ether/20% ethanol mixture. Several micro-
20 uL of the cytochromebg complex (26-40 uM stock) liters were placed on a silicon microprism and allowed to
was diluted in 20 mM potassium phosphate buffer (pH 7.5) evaporate to dryness. The layer was then rehydrated first
containing 0.01% (w/v) sodium cholate and 0.01% (w/v) with distilled water, followed by exchange with 100 mM
octyl glucoside and pelleted by centrifugation. The pellet was potassium phosphate or 100 mM KCI (pH 8.0) and with 0.5
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Ficure 1: Perfusion-induced visible difference spectra ofRia.
capsulatuscytochromebc; complex. Reduced minus oxidized
visible difference spectra are shown for reduction and oxidation of
all components (A and B for the wild type in,® and DO and E

and F for the M183 mutant in ¥ and DO, respectively) or only
high-potential components (C and D for the wild type isgCHand

D,O and G and H for the M183 mutant in,8 and BO,
respectively). For redox changes of all components, a rehydrated
film was perfused with a flow of buffer A (pH 7.5) containing 3
mM sodium dithionite. After 30 s, a background spectrum was
recorded and the buffer was switched to buffer A containing 1 mM
ferricyanide. After 30 s, the reduced minus oxidized difference
spectrum was recorded. For redox change of high-potential
components, buffer A was used with either 1 mM ferrocyanide with
100uM hydroquinone or 1 mM ferricyanide. In all cases, data from
five cycles were averaged to produce the spectra that are shown

mM anthraquinone-2,6-disulfonate added as a redox media-

tor. An electrochemical cell (constructed in-house) was
placed over the sample. This consistédid mmdiameter
glassy carbon working electrode approximately 0.5 mm
above the prism that formed the top of a sample chamber
approximately 5Q:L in volume, connected via a salt bridge
to a chamber with platinum counter and Ag/AgCl reference
electrodes. An automated controller (constructed in-house)
in conjunction with a PAR model 174A potentiostat allowed
computer switching of the ambient potential of the sample
mixture.

RESULTS

Perfusion-Induced Visible Difference Spectrarfusion-
induced visible redox difference spectra are shown in Figure
1. For overall reduction and oxidation, the perfusant was
alternated between buffer A (pH 7.5) containing either 3 mM
sodium dithionite or 1 mM ferricyanide. The oxidation/
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Ficure 2: Perfusion-induced ATR-FTIR redox difference spectra
of all components of th&ba. capsulatusytochromebc, complex.
Reduced minus oxidized IR difference spectra are shown for
reduction and oxidation of all components (A and B for the wild
type in HO and BO and C and D for the M183 mutant in,&

and DO, respectively). The bottom traces show an overlay of wild-
type reduced minus oxidized IR difference spectra of all components
in H,O media at pH 6.0 (E), 7.5 (F, same as trace C), and 9.0 (G).
ATR-FTIR difference spectra were recorded synchronously with
visible spectra of samples shown in Figure 1. For each transition,
a background spectrum was recorded (500 interferograms over 60
s), the buffer was changed, and an equivalent sample spectrum was
recorded 30 s after exchanging the buffer. Spectrad &hd DO
media are averages of 20 and 5 reductive/oxidative cycles,
respectively. The inset shows expansions of the +7@8®5 cnr?!
regions of traces EG.

SHE, sufficient to fully reduce the cytochroneg and ISP
without reducing ubiquinone of the B hemes. In the wild-
type enzyme, the visible difference spectra (Figure 1C) had
a peak at 552 nm, demonstrating that cytochramand,
therefore, the roughly isopotential ISP were undergoing
oxidation and/or reduction, whereas both B hemes remained

reduction cycle was repeated five times, and spectra wereunchanged. In the M183K enzyme, in contrast, practically
averaged to produce the reduced minus oxidized differenceno changes occurred in the visible region due to the lowered

spectra that are shown. A positive peak at 559.5 nm with a
shoulder at 552 nm in the wild-type enzyme (traces A and
B) and peaks at 559.5 and 550 nm in the M183K mutant
(traces E and F) were observed in botaCHand DO,
consistent with the reported blue shift of the mutant cyto-
chromec,; o-band @0).

Redox transitions of cytochromg@ and ISP alone were
induced by alternation of buffer A containing 1QM
hydroquinone and 1 mM ferrocyanide with buffer A contain-
ing 1 mM ferricyanide. The ambient redox potential of the
hydroquinone/ferrocyanide buffer was around 200 mV versus

midpoint potential of cytochrome, (trace G) 40). Similar
results were obtained inJ media at pH 6.0 and 9.0 (not
shown) and in BO media (traces D and H).

Overall Redox IR Difference Spectrd&redox-induced
ATR-FTIR difference spectra were recorded concurrently
with the visible difference spectra shown in Figure 1,
although more cycles were averaged to produce an adequate
signal/noise ratio. Figure 2 shows the corresponding IR
difference spectra resulting from full oxidation or reduction
of the b, complex samples used in Figure 1. The reduced
minus oxidized spectra shown are the average of 20 oxidized
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minus reduced spectra inverted and averaged with 20 reduced
minus oxidized spectra, and after subtraction of a baseline
drift due to protein swelling or shrinkage. The reduced minus
oxidized difference spectra of both the wild type and the
M183K mutant in HO media (traces A and C) are very
similar to each other, with principle features at 1744),(
1723 (), 1693 (), 1653 (), 1556 (+), 1536 (+), 1490

(+), 1470 ¢), 1431 (+), 1336 +), 1289 ), 1265 (), %
1238 (t), 1204 ), 1151 (), 1116 (+), 1104 ), 1091

(+), 1054 &), and 1020 cm®.

The effects of pH on the full reduced minus oxidized
difference spectrum are shown in the bottom panel of Figure
2. All conditions of measurement were the same except for
the buffer that was used. Overall, the major features remained
remarkably similar over this pH range, and no significant
variations of the shape or intensity of the 1744/1723 tm
trough/peak were observed (Figure 2, inset). However, a
number of small but consistent changes were apparent and
are discussed further below.

The redox difference spectra after4B exchange are
shown in traces B and D of Figure 2, obtained from an
average of five redox cycles. The majority of bands remained
unchanged. However, the 1744/1723 <¢éntrough/peak
downshifted by 3-6 cnT?, and the 1091, 1054, and 1020
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cm~! bands were absent. Downshifts of the 1490 and 1390 1700 1600 1500 1400 1300 1200 1100
cm! peaks were also evident, and some small changes were Wavenumber (cm-)
also evident in the 1600 ch region. FiGURE 3: Perfusion-induced ATR-FTIR redox difference spectra

Individual Redox IR Difference Spectra of ISP and of ISP and cytochrome; of the Rba. capsulatusytochromebc,
Cytochrome ¢ Reduced minus oxidized IR difference complex. Reduced minus oxidized IR difference spectra at pH 7.5
spectra of cvtochrome: with ISP in the wild-tvype enzyme  are shown for cytochrome with ISP in the wild type in HO (A)
ian O/D Oymedia wglre recorded with the nge sgm les and DO (B), for ISP alone in the M183K mutant in8 (C) and

-2 P D,0O (D). Calculated reduced minus oxidized IR difference spectra
used in Figure 1. Traces were the average of 100 redox cyclegyre shown for cytochrome; alone in HO (E, trace A minus C)
in H20 or 8 in D,O media, and baseline drifts due to protein and DO (F, trace B minus D). ATR-FTIR difference spectra were
swelling or shrinkage have again been subtracted from therecorded synchronously with visible spectra shown in Figure 1.
spectra. The difference spectrum of the wild type isOH For each transition, a background spectrum was recorded (500

. . . interferograms over 60 s), the buffer was changed, and an equivalent
media (Figure 3A) had major bands at 1699,(1669 (t), sample spectrum was recorded 30 s after exchanging the buffer.

1658 (-), 1643 (-), 1620 (t), 1535 (t), 1507 (-), 1494 Spectra in HO and RO media are averages of 100 and 8 reductive/
(+), 1466 (), 1448 (), 1405 (), 1212 ¢+), 1192 (), oxidative cycles, respectively.

1116 &), and 1101 ) cmL. After H—D exchange, small
bandshifts were observed in the 1688640 cnt* amide |
region with much larger effects in the 1570500 cn1?
amide Il region, together with a number of other small
changes discussed below (Figure 3B).

ISP are same in the wild type and M183K mutant). These
calculated spectra in4® and DO media are spectra E and
F of Figure 3, respectively. The spectrum isxHmedia has

To extract redox IR difference spectra of ISP alone, the Major bands at 1678+), 1666 (+), 1642 (), 1623 t),
same redox reagents were used with the M183K mutant. In1548 (+), 1529 (1), 1516 (F), 1404 (F), 1_2156 (), 1242
this case, only the ISP is expected to undergo redox changeé"_)' 1204 ¢), 1116 (), and 1100 £) cm. After H-D
since the midpoint potential of cytochromagis too low to  €X¢hange, as for the spectra above, small bandshifts were
be reduced by hydroguinone, which is confirmed by the lack observgd in the a'mlde | region Wl'th much larger effects in
of visible band changes in Figure 1. The resultant reduced € @mide I region, together with other small changes
minus oxidized difference IR spectra are shown in Figure discussed below.
3C,D. In O, major bands were present at 1699,(1672 A further series of experiments identical to those with the
(+), 1658 ), 1642 (+), 1617 (), 1536 (+), 1508 (), M183K mutant were performed with the wild-type enzyme
1495 (+), 1447 ), 1266 (), 1214 (+), 1194 ), 1135 in the presence of 1 mM potassium cyanide in all perfusion
(+), 1122 (), 1107 (), and 1095 ¢) cm™L. After H—D media. Cyanide has been shown to bind to cytochrome
exchange, small alterations in the difference spectrum werelowering its midpoint potential significantly4g) and hence
observed in the amide | region with much larger effects in mimicking the effects of the M183K mutation. Visible
the amide Il region. difference spectra of the protein film agreed with those

Since these spectra should represent changes induced bgneasured in solutior4@). Redox IR difference spectra of
redox changes solely of the ISP, subtractions of the differencelSP alone were essentially identical to those obtained in the
spectra of the M183K mutant from those of the wild type M183K mutant in the absence of cyanide (data not shown).
result in reduced minus oxidized IR difference spectra of Hence, this control shows clearly that the effects of the
cytochromec; alone (assuming that the spectra of 1S#nd M183K mutation are indeed localized to the heme C region
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from ubiquinone. Troughs at 1664 and 1648 ¢inave been
assigned to the €0 stretching modes of quinone carbonyls,
at 1610 cm* to the G=C ring bonds, and at 1288 and 1262
cm™! to combination methoxy €0/ring modes. Positive
bands at 1492, 1469, 1430, 1387, 1112, 1091, 1054, and 1015
cm™! can be assigned to ubiquinol formation. Since the
protons of the ubiquinol hydroxyls are exchangeable, shifts
LN L.g 2 on H—D exchange are expected and are indeed are seen in
g o ¢ - the 1492, 1387, 1091, 1054, and 1015 ¢ivands, indicative
T D of the contribution of the hydroxyl groups to these vibrational
bovine [x 2 ) modes.
Rba cac' Equivalents of all of these bands, except for the 1664'cm
. capsulatus . . . .
trough which is obscured by amide | changes, are seen in
the redox IR difference spectra of tiRba. capsulatus hc
T T T . complex (Figure 2), and their similarity to free ubiquinone
1700 1600 1500 1400 1300 1200 1100 1000 900 bands in terms of frequencies, relative intensities, and patterns
Wavenumber (cm-) of H—D shifts allows definitive assignment to ubiquinone
Ficure 4: Redox IR difference spectra of ubiquinone-50 and (Table 1). I—_|owever, when their magnitudes are C_ompared
comparison of redox difference spectra Rba. capsulatusnd to the magnitudes of the bands of the other prosthetic groups,
bovine cytochroméc, complexes. The ubiquinol minus ubiquinone these ubiquinone bands are-80 times larger than those
difference spectra are averages of three 1000 IF scans vs thepbserved in the bovinec; complex, which has close to one
oxidized background in kD (A) or D,O media (B), recorded as ubiquinone perbc, complex, bound at the Gite (33).

described in Materials and Methods. The bottom spectra (trace C) . . o
show the reduced minus oxidized IR difference spectrum of all Eduivalentbands have been observed inRhdenitrificans

components of thba. capsulatusytochromebc; complex (wild- bc, complex previously and were also attributed to ubiquino-
type spectrum in kD of Figure 2A) after an interactive fractional  ne, in this case bound at the Q site(s) since the ubiquinone
subtraction of the redox difference of ubiquinone; i.e., the sum of pg complex ratio was estimated to be close to 3 by
trace A multiplied by 0.17 and trace C results Figure 2A. Overlaid comparison to IR spectra of free ubiquinosd)( To address
on this is a normalized reduced minus oxidized IR difference he i f thei iqin in theb |

spectrum of all components of the bovine mitochondrial cytochrome tN€ 1SSue of their origin in th&ba. capsulatuenzyme,

bc, complex (derived from data in Figure 3 of ra8). ubiquinone was extracted and quantitated from its UV redox

difference spectrum, giving a ubiquinonbc; complex
with no additional alterations being induced in the ISP monomer ratio of 68/1, consistent with the IR spectral

structure. intensities. Hence, although some of the ubiquinone is likely
to be bound at one or both Q sites, the majority of the
DISCUSSION ubiguinone-related signals in our preparation can be attributed

to adventitiously bound ubiquinone that remains attached to

Perfusion-induced ATR-FTIR spectroscopy can provide the preparation, a conclusion consistent with the similarity
data with a sufficient signal/noise ratio for identification of  of the ubiquinone/ubiquinol bands with those of free quinone.
specific redox-induced atomic changes in large membraneTentative assignments of IR bands of ubiquinone in cyto-
proteins such as the cytochrorhe, complex studied here.  chromebc, complexes and in its free form are summarized
The wide range of perfusants makes it possible to separatgn Table 1.
specific components of complex systems, and the ability to ¢ compare the IR features bf; complexes fromRba.
record synchronous visible band changes in the same sampl@apsulatusand bovine mitochondria more precisely, the
provides a means of definitively associating specific IR dominating contributions of ubiguinone/ubiquinol were
features with individual redox components. By comparison syptracted from the fully reduced minus oxidized difference
with model compounds and by comparison with literature spectrum of the bacterific; complex. Figure 4C shows the
information on related proteins, preliminary assignments of result after interactive fractional subtraction of the redox
several features of IR difference spectra are possible. difference spectrum of ubiquinone (Figure 4A) from the

Overall Reduced minus Oxidized Specttansistent with redox difference spectrum of Figure 2A. The resulting
recent a recent transmission FTIR study of lleecomplex ubiquinone-free redox difference spectrum (Figure 4C) is
of Paracoccus denitrificang31), the overall reduced minus  overall strikingly similar to the corresponding spectrum for
oxidized IR redox difference spectra of tRba. capsulatus  the bovine enzyme (Figure 4D; replotted from &8). A
enzyme are dominated by large signals that arise from prominent trough at 1655 crhin the amide | region, which
ubiquinone and ubiquinol (re0and49and Figure 2). This  was hidden by IR bands of ubiquinone, is clearly seen after
is clear if the spectra of Figure 2 are compared with redox subtraction. There are still some differences at 1272/1258
difference spectra of ubiquinone-50 itself. Its electrochemi- cm™ that might arise because the environment of the
cally induced reduced minus oxidized difference spectra, adventitious ubiquinone results in slight bandshifts in
shown in Figure 4, traces A (in4@) and B (in O), both comparison to the free ubiquinone spectra of Figure 4,
confirm and extend published spectra and assignm@&ijfs ( resulting in slight inaccuracies in the subtraction process.
49-52). Ubiquinone has no exchangeable protons, so its Nevertheless, the comparison highlights the conservation of
absolute spectrum is unaffected by-B exchange. Thiscan  major IR features between these highly conserved structures
be seen from the lack of HD sensitivity of the negative  once their differing ubiquinone contents are taken into
features of the redox difference spectra, all of which arise account, and also shows that redox transitions of the
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Table 1: Tentative Assignment of IR Bartdda Reduced minus Oxidized FTIR Spectra of Ubiquinone inRm. capsulatu€ytochromebc;
Complex

Rba. capsulatus Rba capsulatus P. denitrificans
this work® electrochemistry, like @ electrochemistry UQ, this worke
H.0 DO H0O H.O H.O DO assignment
1653 () 1653 () 1652 () 1656 () 1664/48 ) 1664/48 ) quinone G=O
1610 () 1610 ) 1608 ) 1610 ) 1610 ) 1610 ) quinone G=C
1490 () 1482 () 1488 (+) 1494 (+) 1492 +) 1482 () quinol OH
1470 () 1465 () 1464 () 1468 (+) 1469 ) 1469 () quinol
1431 () 1431 () 1428 (+) 1430 (+) 1430 () 1429 () quinol
1390 () 1369 () 1388 (+) 1388 (+) 1387 (+) 1367 (+) methoxy Me
1289 () 1289 ) 1284 () 1288 () 1288 () 1287 ) quinone methoxy/ring
1265() 1265 () 1262() 1262(¢) 1262(¢) 1262 () quinone methoxy/ring
1204 ) 1204 ) 1202 ) 1204 ) 1203 () 1203 () quinone methoxy/ring
1151 () 1151 ) 1150 ) 1150 ) 1149 () quinone methoxy/ring
1116 () 1112 ¢+) 1114 ¢+) quinone methoxy/ring
1091 ¢+) (<1000) 1091 ¢) <1000 quinol OH
1054 ¢+) (<1000) 1054 ¢) <1000 quinol OH
1020 () 1004 () 1015 ¢+) 1001 ¢+) quinol OH
963 (+) 954 (+)
916 (+)

2 Peak positions in the reduced minus oxidized spectra are given in inverse centithEtera.Figure 2A,B.° From Baymann et al30). ¢ From
Ritter et al. 81). ¢ From Figure 4A,B.

adventitious ubiquinone do not result in additional IR band composed mainly of amide | changes from all redox
changes in the protein and prosthetic groups, again consistentomponents, of which the latter was overlapped by the
with its nonspecific binding to the hydrophobic exterior of ubiquinone carbonyl bands. The lack of significantBl

the complex. exchange effects on the 1556 and 1536 thands suggests

The redox spectra exhibit a large 1744/1723 ttmough/ that this region cannot be dominated by amide Il shifts and
peak that most likely arises from=€D stretching modes of ~ must contain other components, most likely from the heme
protonated aspartic and/or glutamic aci8,(54). These  groups themselves (cf. re29 and55). The H-D exchange-
changes, which are essentially pH-independent between pHnsensitive 1346/1336 cthtrough/peak and 1238 crhpeak
6 and 9 (Figure 2), were not associated with the +SP  are also typical of heme reduced minus oxidized difference
cytochromec; redox difference spectra (Figure 3) and arise SPectra 29). A trough at 1104 cm' that is overlapped by
instead from redox changes of the B hemes and ubiquinone the 1116 and 1091 cm ubiquinol peaks most likely arises
A similar signal was found in equivalent spectra of the bovine from histidine ligand(s) to the hemeSg).
bc; complex (Figure 4 and re33), where it was shown to Figure 2 (traces EG) also shows an overlay of the overall
be composed of two components, one redox-linked to hemereduced minus oxidized difference spectra at pH 6, 7.5, and
b. and the other to hemby, tentatively ascribed to the 9. Remarkably, the overall pattern, including the 174020
conserved amino acids E272 and D229 (yeast numbering),cm™ carboxylic acid region discussed above, remains
residues that are located close to hdmandby, respectively relatively constant over the pH range from 6 to 9, despite
(1—4). A similar feature has been observed in reduced minusthe fact that there are known redox-linked protonation
oxidized difference spectra of th®. denitrificans beg changes with K values within this range both for the B
complex B1). However, in contrast to the bovin83) and hemes and for the ISRLY). However, the redox spectra are
Rba. capsulatusystems 30), no changes at this position dominated by ubiquinone/ubiquinol bands, which will not
were present in the resolved redox difference spectra of thebe expected to change over this pH range. pH-dependent
two hemes B alone, being replaced instead by a possiblebands associated with redox-linked amino acids will underlie
1710 cmt band in hemeoby (31). Furthermore, emphasis these bands, and a detailed study of pH dependencies of
was placed on small changes when the pH was variedspectra of deconvoluted components should provide insight
between 5.5 and 7, in contrast to our data where such pHinto the key groups responsible for the known redox-linked
sensitivity is not evident. These authors suggested that theprotonation reactions.
quinone content of their preparations was pH-dependent and  Tentatve Band Assignments for ISPhe use of selective
that the shifts were linked to quinone bound in the Q sites reductants in combination with the perfusion ATR-FTIR
(31). Hence, given these discrepancies, conclusions aboutechnique 83) has allowed the separation of FTIR features
the origin of the signals, its linkage to prosthetic groups, associated with redox transitions of cytochrocp¢SP from
and its pH-dependent behavior should remain open until acytochrome by/b, and ubiquinone. By combining this
more detailed analysis has been undertaken. technique with the use of the M183K cytochromenutant,

Despite the domination of the spectra overall by ubiquino- we have been able to selectively reduce the ISP alone and
ne contributions, changes in the 1701620 and 15761500 hence deconvolute very precisely the individual ISP and
cmregions will inevitably contain changes in amide | and cytochromec; IR redox difference spectra. This extends the
amide Il bands, whereas other features can be assigned tdrequency range, and with a considerably improved signal/
vibrational changes of amino acid residues and specific redoxnoise ratio, in comparison to previous attempts to resolve
cofactors. The deep troughs at 1693 and 1653'care these components by a combination of transmission FTIR,
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Table 2: Tentative Assignment of IR Bartdda Reduced minus Oxidized FTIR Spectra of ISP in Riga. capsulatu€ytochromebc;
Complex

Rba. capsulatus Rba capsulatus P. denitrificans ISP fragment
this work® electrochemistry electrochemistry bovine
H0 D0 H,O HO H,O tentative assignment
1695 () 1690 () 1692 () 1692 () 1691 () amide |
1672 (+) 1670 (+) 1676 (+) amide |
1658 () 1658 () 1656 () 1660 () amide |
1642 (+) 1645 (+) 1646 (+) amide |
1617 @) 1614 &) 1612 @) 1610 @) amide |
1536 (+) 1538 (+) 1532 (+) 1536 (+) 1534 (+) amide Il
1508 () 1504 () 1507 () Tyr
1495 (+) 1492 (+) Tyr
1447 ) 1450 () 1446 ) 1464 )
1446 )

1266 () 1255 +)
1214 ¢+) 1214 (+)
1194 () 1194 )
1135 +) 1135 (+) His
1122 ) His
1107 &) His
1095 (+) His

2 Peak positions in the reduced minus oxidized spectra are given in inverse centifhEtera.Figure 3C,D¢ From Baymann et al30). ¢ From
Ritter et al. 81). ¢ From Iwaki et al. 83).

spectroelectrochemistry, with global deconvolution algo-

. . cytochrome ¢,
rithms @30), although the data presented here are roughly in

accord with this previous study. c1o4

The IR redox difference spectra of the ISP are not expected M2 010‘1.97
to contain vibrational modes of the 2F2S prosthetic group Rieske FeS ,:}
in the frequency range used here, since these are expected H105
only below 800 cm!. Indeed, the major changes occur Y185 1315‘5 .
between 16951617 and 15361508 cnt* and are likely & Srea Xy Yis0
to be dominated by amide | and amide Il polypeptide ci59 7 o :\
backbone changes with other smaller changes elsewhere in P195 ﬂq- ,tf*? C180
the 2000-1000 cn1! window. The large size of the trough H161 H1a1
at 1695 cm? in the amide | region is somewhat unusual,
and has been observed consistently in other stugig@3(, stigmatellin f heme b,
33). An amide | C=0 stretching band at this frequency is

associated with backbone turns and berﬁ:B.(The bands
at 1672 {+), 1658 (), and 1642 {) cm™! can be assigned
to amide | of g-sheets, turn/bends, and random coil, FIGURES: Some key conserved amino acid residues in the vicinity

of the 2Fe-2S and heme C domains of the yeast cytochrme
respectively. Itis likely that changes in the conformation of complex. Selected amino acid residues and metal ligands that are

the hinge region of the ISP that have been observed incandidates for redox-induced IR-detectable changes are highlighted
crystallographically determined structurels-@) will con- %/east sequence numbering). These residues are located within 7.0

tribute to these amide | changes. Further comparison with A of the surfaces of the 2Fe2S and heme C prosthetic groups
the spectra of the isolated headgroup (cf.3®fnd work in ~ @nd are conserved in thRba. capsulatysbovine, and yeast

. e . . sequences. Hentg and a stigmatellin molecule that occupies the
progress) should help in clarification of this point. However, Qo site are also shown. Fe and S atoms in the metal centers are

the degree of HD exchange sensitivity of this region is  shown as black and purple dots, respectively. Atomic coordinates
much greater than expected if the changes arose solely fromwere taken from PDB entry 1KYO of the yeast cytochrobe
amide | changes. Furthermore, the band at 164)7om™, complex 61).
which is missing after HD exchange, is rather outside the
amide | envelope. Hence, it seems likely that changes inupon ISP reduction. The finding that both the peak and
H—D exchange-sensitive amino acids are also present withintrough are lost in BO media would then have to arise from
this region, possibly related to residues in the extensive saltthe downshift in RO of the 1508 cm? trough into the 1495
bridge/hydrogen bond network of arginine and carboxylic cm™ peak (Table 2), causing them to cancel in the difference
acid residues that is preseig]. spectrum. The change at 1266 ¢inwhich is also present
The peak at 1536 cm is very sensitive to HD exchange in the ISP headgrouB(), may be an additional feature of
and is assigned to amide Il shifts, consistent with assignmentthe same tyrosine. A candidate is Tyr185 whose hydroxyl
for the Rba. capsulatusSP 30) and an ISP fragment d?. group is hydrogen bonded to the sulfur of the iron-ligating
denitrificans(31). A rather sharper peak/trough can be seen Cys159 ligand (yeast numbering, Figure 58). A trough
at 1508 ()/1495 () cmt. This region is typical of the  at 1447 cm?® was slightly upshifted upon HD exchange
tyrosine ring vibrational mode, and its downshift may arise and disappeared at low pH (not shown). A similar trough
from an environmental shift or ring hydroxyl deprotonation was assigned to a ring vibration of proline (P166 and/or P195,
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Table 3: Tentative Assignment of IR Bardda Reduced minus Oxidized FTIR Spectra of Cytochroznén the Rba. capsulatu€ytochrome
bc; Complex

Rba. capsulatys Rba capsulatus P. denitrificans bovine,
this worlk® electrochemistry ¢, fragment electrochemistty c1 fragment
H0 D,O H,O H,O H.O tentative assignment

1678 () 1675 ) 1682 () 1686 () heme propionate

1666 (+) 1658 (+) 1666 (+) amide |

1642 () 1642 () 1638 () 1644 ) 1631 (+) amide |

1623 (+) 1618 (+) 1612 (+) 1622 () amide I, GxCS heme
1612 (+)

1548 (+) 1558 (+) 1554 (+) 1558 (+) CaCm/CbCb heme, amide Il

1529 (+) 1542 (+) 1536 (+) 1534 (+) 1535 (+) CbCb heme, amide I

1516 +) 1512 (+) 1514 (+) amide Il

1404 (+) 1404 (+) 1402 (+) 1409 ) CaN heme

1256 (+) 1251 ()

1242 () 1239 (+) 1243 CmH heme
1217 (&)

1116 ¢+) 1116 &) His

1100 ) 1100 ) His

a peak positions in the reduced minus oxidized spectra are given in inverse centifhEters.Figure 3E,F¢ From Baymann et al.30). ¢ From
Ritter et al. 81). ¢ From Iwaki et al. 83).

yeast numbering) or tryptophan Rba. capsulatué30) and, cluster. Tentative assignments of the IR bands of ISP are
although not noted, may also be in the corresponding summarized in Table 2.

spectrum of thd?. denitrificansenzyme 81). Such assign- Tentatve Band Assignments for Cytochrome dhe
ment will require further studies. M183K cytochromec; mutant has also allowed the redox

X-ray crystal structures suggest that the globular headgroupIR difference spectrum of cytochronegto be deconvoluted
of ISP can move betweet™and “c;” positions to facilitate from that of ISP by subtraction of the ISP contribution from
redox reaction with @ ubiquinol and cytochromec;, the spectrum of the wild type that can be attributed to both
respectively {—4). In theb position, the N atom of H181 ISP and cytochrome; together (Figure 3). An equivalent
of ISP (yeast numbering) can form a hydrogen bond with a spectrum, albeit at a lower signal/noise ratio, has been
Q, ubiquinol hydroxyl, whereas in thg position, this residue  achieved previously by combination of transmission FTIR,
may hydrogen bond with a free heme C propion@te). It spectroelectrochemistry, and global deconvolution algorithms
is quite possible that the distribution of the ISP headgroup (30). In addition, redox IR difference spectra of the soluble
between binding sites is dependent on the ISP redox stateglobular domain of bovine33) and P. denitrificans(31)
with occupancy of thes; position expected to be favored cytochromec; have been reported at rather low resolution.
when ISP is reduced and cytochromas oxidized. Hence, = The deconvoluted spectra presented here are in general
some of the bandshifts in the ISP redox IR difference spectraaccord with these prior spectra.
may actually arise from cytochromg and/or the Q site The main features of the IR redox difference spectrum of
and its bound ubiquinone occupant(s), induced by ISP cytochromec; are again as expected concentrated in the
headgroup redistribution. Features in the ISP redox IR amide I and Il regions. These are dominated by troughs at
difference spectra at 1214-f and 1194 ) cm™! are not 1678 and 1642 cmi, together with smaller overlapping
frequencies that can be assigned to any known major aminobands, and a large amide Il trough/peak at 1572/1548 cm
acid vibrations. Comparison with the IR features of ubiquino- However, whereas large+D shifts are both expected and
ne-50 (Figure 4) suggests the possibility that they could be observed in the amide Il region, significant changes also
associated with bandshifts of oxidized ubiquinone, causedoccur in the amide | bands where+D shifts should be
by conformational strain, rather than redox changes, of the small. Hence, as for the ISP spectra, it seems probable that
ubiquinone ring. A W-shaped feature at 1135/1122 )/ amino acid(s) that have strong—HD exchange-sensitive
1107 ()/1095 (+) cm* may indicate perturbation of two  bands are also contributing in this region. Smaller features
histidine residues, H161 and H181 (yeast numbering), thatat 1529 and 1516 cnd and changes around 1404, 1256, and
ligate the iron atoms of the 2F&S cluster through their 1242 cm! occur in regions where redox-dependent heme
Nz atoms 68). According to theoretical predictions of bands should occur and, therefore, are likely to arise from
Hasegawaet al. (56), an Nt metal-ligated and Kdeproto- the heme C itself. Again their pattern is roughly consistent
nated form of 4-methylimidazole should exhibit a C5N1 with data of Baymanret al. (30) and with soluble cyto-
stretching mode at 1132 crh) whereas an N metal-ligated chromec; (31, 33). Our spectra presented here extend data
and Nr-protonated form should have a corresponding mode to 1000 cm?* for the first time and show a deep trough at
at 1094 cm?. These changes may be induced not only by 1100 cm? that is H-D exchange-insensitive. This is
ISP redox change but also by changes in binding to the Q characteristic for an N metal-bonded histidine with a
site and cytochrome,. Further studies of this ISP signature protonated Ix position 66, 59) whose environment is
in isolated components should help address this issue, anderturbed when the heme group undergoes redox change and
its pH dependency should provide a means of identification is likely therefore to represent perturbation of the histidine
of protonation sites that are redox-linked to the 2B8 heme ligand (H105 in yeast sequence numbering; Figure 5).
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A further positive band at 1204 crhthat is absent after 10
H—D exchange is also evident in the spectrum, though its
origin is unknown at present. Tentative assignments of the |,
IR bands of cytochrome; are summarized in Table 3.

In contrast to ISP where there is strong sequence conser-

surround heme C are not well-conserved between bacterial
and mammalian forms, and since the bactds@lstructure

has not yet been determined, this limits the degree to which 13:

tentative assignments to specific residues can be made (see
Figure 5). However, it is likely that a bacterial structure may
soon be available6Q), in which case a comparison of
differences in redox IR spectra with differences in structures
may aid further assignments.

In conclusion, we have determined individual redox-
induced IR signatures of the ISP and cytochrome
components of th&ba. capsulatusytochromebc; complex
at high quality by using perfusion-induced ATR-FTIR

spectroscopy combined with mutagenesis. The major features 16.

of the redox difference spectra of the components show
reasonable consistency with prior data on bacterial and
bovine enzymes and can in part be interpreted in terms of
localized changes in cofactor and amino acids. The work
now provides a basis for more detailed studies aimed at
definition of redox-linked protonation events, domain move-
ments of the ISP, and properties of the ubiquinone and
ubiquinol substrates when bound in the two catalytic Q sites.

19.
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