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ABSTRACT. The cytochromebc; complex fromParacoccus denitrificangnd soluble fragments of its
cytochromec; and Rieske ISP subunits are characterized by a combined approach of protein
electrochemistry and FTIR difference spectroscopy. The FTIR difference spectra provide information
about alterations in the protein upon redox reactions: signals from the polypeptide backbone, from the
cofactors, and from amino acid side chains. We describe typical modes for conformational changes in the
polypeptide and contributions of different secondary structure elements. Signals attributed to the different
cofactors can be presented on the basis of selected potential steps. Modes associated with bound quinone
are identified by comparison with spectra of quinone in solution at 1656, 1642, and 161@mdrbetween

1494 and 1388 cmi, as well as at 1288 and 1262 ctinSignals originating from the quinone bound at

the @ site can be distinguished. On the basis of the infrared data, the total quinone concentration is
determined to be 2:63.3 quinones per monomer, depending on preparation conditions. The balance of
evidence supports the double-occupancy model. Interestingly, the amplitude of the band at 1746 cm
increases with quinone content, reflecting a protonation reaction of acidic groups. In this context, the
involvement of glutamates and/or aspartates in the vicinity of theit@ is discussed on the basis of
recently determined crystal structures.

Ubiquinol-cytochrome oxidoreductase [cytochrormnies; subunits. Its X-ray structure is as yet unknown; however, a
complex, complex Il {)] is one of the fundamental similar architecture for the three catalytic subunits can be
components of the respiratory electron transfer chains locatedinferred.
in the inner mitochondrial or bacterial cytoplasmic mem- . . .
brane. The enzyme couples the electron transfer from Both bacterlal'and mltoghondrldiicl complexes follow
ubiquinol to cytochrome to translocation of protons across tHe Same catalytic mechanism, the so-called Q cy&tes],
the membrane. As a minimum requirementbell complexes which relies on two separate binding sites for quinones, Q

contain three catalytic subunits: cytochrorbewith two and Q. The Q site is located close to hentie and the [2Fe-
b-type hemes (cytochroma andb), cytochromec; with 28] cluster, whereas the Qite is near hemby, on the other
a covalently bound-type heme, and the Rieske ireaulfur side of the membrane. The Q cycle comprises two identical

protein with a [2Fe-2S] cluster (ISP)Crystal structures of ~ half-reactions, leading to the oxidation of two quinol
the mitochondrial complexes, which contain additional molecules at the Qsite. With each quinol oxidation step,
subunits, have been reporte?—5). The cytochromebc, two electrons that undergo a bifurcation reaction are released.
complex of Paracoccus denitrificangepresents a small  One electron is transferred via the ISP and cytochrone
bacterial version of this enzyme lacking any additional reduce cytochrome. The other is transferred to the §ite

via hemeb, and heméy. In the first quinol oxidation step,

T This work is supported by Deutsche Forschungsgemeinschaft (SFB

472) this electron is used to reduce quinone to semiquinone at
~*To whom correspondence should be addressed. E-mail: hellwig@ Qi followed by further reduction to quinol after the oxidation
gggf)ésiglléglm-frankfurt-de- Phonet-49-69-6301-4227. Fax:-49-69- of the second quinol at QIn the quinone reduction reaction

* Institut fur Biophysik, Johann Wolfgang Goethe-Univetsita atQ, two protons are tak.en up from the negative side of the
SInstitut fir Biochemie, Abteilung Molekulare Genetik, Johann membrane, whereas quinol oxidation releases four protons

Wg'?t?g\g GftJ,ethe-%Jinffer'itad ETIR. Fourier transform infrared: &y O the positive side, resulting in an electrochemical proton
reviations: , Infrared; , Fourier transtorm infrared; . . . . .
vis, ultraviolet-visible; ISP, Rieske iromsulfur protein; ISF, soluble gradient for ATP production. Although this mechanism is

Rieske iror-sulfur protein fragment; cyt, cytochrombg; complex, generally accepted, not all aspects of the quinol/quinone

ubihydroguinone:cytochromeoxidoreductasey, high-potentiab-type binding and reaction are yet fully understood at the molecular
heme;b., low-potentialb-type heme; Q ubiquinol oxidation site; Q

ubiquinone reduction site; SHEstandard hydrogen electrode (for pH  1€V€l- Especially, for the quinol oxidation mechanism at the
7); DDM, n-dodecylg-p-maltoside; THF, tetrahydrofuran. Q. site different models are discussex-(13).
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FTIR difference spectroscopy is a sensitive method for cytochromes andc; could be removed as they stuck on a
detecting even subtle structural changes occurring during thehydroxyapatite column, while ISF could be eluted after
redox reactions of the enzyme. In this study, we investigate washing with 10 mM potassium phosphate (pH 7.2) and 150
the bc; complex fromP. denitrificansby a combination of mM KCI. Following dialysis against a buffer containing 50
protein electrochemistry and FTIR difference spectroscopy, mM potassium phosphate (pH 8) and 10 mM KCI, the ISF
a method established for several membrane proteins adraction was applied to a Mono Q HR 5/5 column (Phar-
described previouslyld—16). We present the FTIR differ-  macia). After the mixture had been washed with 50 mM
ence spectra of the complex, and tentatively assign redox-potassium phosphate (pH 8), 10 mM KCI, and 0.1% DDM,
dependent signals in this spectra from (a) cofactors, (b) the ISF was eluted at 200 mM KCI with a linear salt gradient
changes in the protein backbone, and (c) contributions of [from 0 to 300 mM KCI with 50 mM potassium phosphate
individual amino acid side chains involved in the electron (pH 8)]. The sample was concentrated by ultrafiltration
transfer reaction. Selected potential steps allow the assign<(Vivaspin 3 kDa, Vivascience), applied to a Superdex 200
ment of vibrational modes to the different cofactors. Ad- gel filtration column (Pharmacia), and eluted with 100 mM
ditional attributions are made by analyzing the spectra of potassium phosphate (pH 7) and 150 mM KCI. The final
the water-soluble fragments of cytochrommgand Rieske preparation was concentrated#0.5 mM and stored at 80
ISP, as well as the quinone in solution. We describe FTIR °C. SDS-PAGE, Western blotting, and UWis and EPR
difference spectra that differ in the quinone content and give spectroscopy confirmed the purity and identity of the ISF
an estimation of the number of quinones bound to the (data not shown). The isolated cytochromdragment was
complex and distinguish modes of the quinone bounddo Q purified as described previousl®3). For spectroelectro-

chemistry, the isolated subunit fragments were taken up in
MATERIALS AND METHODS 100 mM phosphate buffer (pH 7), containing a minimum of
100 mM KCI as a supporting electrolyte.

ElectrochemistryThe ultra-thin layer spectroelectrochemi-

cal cell was used as described previoud$, 24, 25). To

Sample PreparationThe fbc operon encoding thé.
denitrificans bg complex was cloned into theindlll and

Sad. sites c_)f the pRI2 vgctor](?). The plasm!d_ Was  avoid irreversible protein adhesion, the gold grid working
conjugated into aribc deletion mutant oP. denitrificans — gactrode was modified wita 2 mM cysteamine solution
(18), resulting in a strain overexpressing th_e enzyme. Cell 5. 1 b and then washed with deionized water. To accelerate
growt'h, me.mbra'me isolation anq SO.|ubI|I2atI0n, subsequ'entthe redox reactions, a mixture of 17 mediators (seelfef
protein purification, and determination of enzyme activity gy ent for diethyl 3-methylparaphenylenediamine and di-
were performed essentially as described inl@fwith the methylparaphenylenediamine, but adding quinhydrone) was

fqllowing modifications. (1) Solubi!ized membranes_ WEr€  added in a substoichiometric concentration ofid0 to the
diluted to a salt (NaCl) concentration of 350 mM with 50 protein solution. The solution (78 «L) was used to fill the

mM MES/NaOH (pH 6.0) and 0.02% (wiv}dodecylf-o- electrochemical cell. The cell path length was less than 10
maltoside (DDM) before anion exchange chromatography. ., “as determined at the beginning of each experiment. All

(2) A salt gradient between 350 and 600 mM NaCl was ‘o, nariments were performed at 278 K. Potentials are given
applied. For elution, pooled fractions were concentrated by with respect to the standard hydrogen electrode ($HE
ultrafiltration (Amicon Centriprep/Centricon, exclusion limit PH 7.

of 100 kDa), equilibrated with the standard buffer for the SpectroscopyETIR and UV-vis difference spectra were

FTIR experiments [100 mM phosphate buffer (pH 7), 150 ;. itaneous! . . :
e y recorded as a function of the applied potential
mM KCI, and 0.02% DDM] by gel filtration (Sephadex G25 \qin 4 5 setup combining an IR beam from the interferometer

fine), and afterward ultrafiltered again to a final concentration (modified IFS 25, Bruker) for the 40861000 cn1 range

of approximately 0.5 mM. and a dispersive spectrometer for the 4800 nm range as

Exchange of HO against RO was performed by concen-  reported previously24, 26). First, the protein was equili-
trating the enzyme several times and rediluting it in the prated at an initial electrode potential, and a single-beam
corresponding BD buffer (pD 7). H-D exchange was found  spectrum was recorded. Then the final potential was applied,
to be more than 80% Complete, as Judged from the shift of and a single-beam spectrum was again recorded after
the amide Il mode at 1550 crh (data not shown). For  equilibration. Equilibration generally took less than 4 min
measurements at different pH conditions, buffer exchange for the full potential step from-0.292 to 0.708 V. To resolve
was performed analogously. The following buffer solutions the spectra of individual cofactors with selected potential
were used: 200 mM cacodylate buffer for pH 5.5, 100 MM steps, significant higher equilibration times were required.
phosphate buffer for pH 6, and 200 mM borate buffer for pifference spectra as presented here were calculated from
pH 8, with all buffers containing 100 mM KCl and 0.02%  two single-beam spectra, with the initial spectrum taken as
DDM. a reference. Typically, 128 interferograms at 4 émesolu-

The purification of the soluble Rieske fragment (ISF) was tion were coadded for each single-beam spectrum, and
adapted from previously described protocd®§, (22). The Fourier transformed using triangular apodization and a zero
purified bc; complex was obtained in 20 mM Tris-HCI (pH  filling factor of 2. Eight to ten difference spectra were
8), 100 mM NacCl, and 0.02% DDM. The protein concentra- averaged. To take into account differences in sample
tion was adjusted to 10 mg/mL, and 5 mM Ca@hd 0.2% concentration and path length, the FTIR difference spectra
sodium deoxycholate were added. Limited proteolysis of the were normalized on the difference signals of thand in
complex was performed with thermolysin [Sigma; 1:100 (w/ the UV—vis spectrum (not shown).

w) proteasdic ratio] for 2 h at room temperature, and Quinone ContenfThe quinone content in the sample was
stopped by addition of 5 mM EDTA. A major portion of determined using the absorption band of the methoxy side
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indicating a fully reversible redox reaction at the working
electrode. This reversibility is also observed for thgOD
spectra (data not shown). Generally, in the given spectral
range, signals from conformational changes of the protein
backbone and the cofactors will appear, as well as protona-
tion and deprotonation reactions of the amino acid side
chains. Three main regions can be distinguished: the-1690
1620 cnt?! region (amide 1), the 15601520 cm? region
(amide 11), and the region from 1100 to 1000 chmwhere
contributions of the phosphate buffer dominate the spectrum.

The amide | modes predominantly result frorrQ stretch
vibrations of the polypeptide backbone. Characteristic ab-
sorptions for the different secondary structure elements can
be distinguished4p). The electrochemically induced FTIR
spectrum in Figure 1A shows strong positive bands in the
. amide | region; the band at 1650 chincludes signals from
-0,002- the predominanthya-helical structure of the enzyme.

The coupled CN stretching and NH bending modes of the
backbone contribute in the amide Il region. The-Bl
exchange experiment of Figure 1B can be used to assess the

T T y . g T —— contribution of the amide 1l signals to the observed redox
1800 1600 1400 1200 1000 difference spectra. If bands in the region from 1560 to 1520
Wavenumber / cm’” cm ! were principally due to amide Il vibrations, the

Ficure 1: Electrochemically induced FTIR difference spectra of deutgrlum exchange WQL"d uncouple CN StretCh'_ng and NH
the cytochromebc; complex fromP. denitrificansobtained for a bending modes and shift the peak+d480 cnt. Since no
potential step from-0.292 to 0.708 V. (A) Oxidized-minus-reduced clear shifts can be seen in Figure 1B, contributions of the
spectrum (thick line) and reduced-minus-oxidized spectrum (dotted gmide 11 modes can be excluded.

line) of a sample equilibrated in phosphate buffer (pH 7). (B) ; ; ;
Oxidized-minus-reduced spectrum of the sample equilibrated in the . The difference spectra are strongly dominated by quinone

corresponding BD buffer (thick line). The dotted line shows the  Signals. Some of the quinone is lost after buffer exchange.
H,O spectrum. The spectra are normalized to the same concentrationl his includes the HD exchange experiment and explains
according to thex-band (553/559 nm) in the visible spectral range. several shifts in the amide | range and, for example, at 1262
) ) ) cml. On the basis of direct comparison with isolated
chain of the quinone typically observed at 1262°¢m  guinone 86) and samples with different quinone contents,

©
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0,002~
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-0,002
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0,000
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Therefore, we measured the amount of free ()@ a contributions from the bound quinone are found from 1700
tetrahydrofuran solution (THF) at distinct concentrations of 15 1200 cnv® and will be described in a following paragraph.
3—50 mM in an infrared cell consisting of two Caindows Modes from the three hemeb, ( by, andcy), including

With a_deﬁned [_:)E:_lth length. On the basis of the_calculated signals from the heme propionates, vinyl side chains, and
extinction coefficiente at 1262 cm*, corresponding 0 a  the porphyrin ring itself, are expected, and will be discussed
value of 0.4 mM* cm™?, the unknown quinone concentration |ater in detail.
of the protein sample was determined for different prepara-  gjgnals from the Rieske [2Fe-2S] cluster itself cannot be
tions. The vibrational mode involving coordinates of the found in the investigated spectral range, because theSFe
C—OCH side chain was observed to be especially insensitive yjpration mode is present at lower frequencies. However,
to the direct environment, in different solvents as in different giterations of the backbone and amino acid side chains of
proteins. The evaluation of the spectra in water and THF the direct cluster environment may contribute to the spec-
resulted in the same extinction coefficient. trum.
RESULTS Overall, the spectrum shown here contains a significant
number of overlapping bands. A summary of tentative
Electrochemically Induced FTIR Difference Spectra of the assignments for the overddt; spectrum based on a detailed
P. denitrificans be ComplexFigure 1A shows the oxidized-  analysis of the signals given in the following paragraphs is
minus-reduced (thick line) and reduced-minus-oxidized (dot- listed in Table 1.
ted line) difference spectra of thec, complex fromP. Discrimination of Indvidual Contributions in the @erall
denitrificansobtained for a potential step from0.292 to SpectrumFor analyzing the contributions of the individual
0.708 V in the spectral range of 1860000 cn’. Figure cofactors and their vicinities with regard to the overall
1B shows the oxidized-minus-reduced spectrum recordedspectrum, we followed two different strategies: (1) spectral
after equilibration in RO buffer (thick line), in direct separation of the cofactors on the basis of their midpoint
comparison to the spectrum of the sample isOHouffer potentials in the intact enzyme and (2) investigation of
(dotted line). The spectra are normalized using the peaks atisolated water-soluble fragments of the; complex. The
553 and 559 nm in the UMvis difference spectrum (not  midpoint potentials of thé-type hemes determined in this
shown). In the oxidized-minus-reduced FTIR difference work using potentiometric titrations in the visible spectral
spectra, positive bands represent signals associated with theange are comparable with published dad)( The heme
oxidized state of the protein and negative bands signals withc, potential published a$180 mV @4) differs significantly
the reduced state. The spectra in Figure 1A are mirror imagesfrom our results, which range from 268 to 338 mV. The
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Table 1: Tentative Assignments for the Electrochemically Induced
FTIR Spectrum of theéP. denitrificans bg Complex Shown in
Figure 14

Table 2: Midpoint Potentials of thiec; Cofactors fromP.
denitrificans(pH 7) Determined in Potentiometric Titrations for the
Spectral Range from 400 to 700 nm

band position (cm?) assignment cofactor midpoint potential (mV)
1746¢) v(C=0) Asp/Glu hemeb, —-92
1710¢) v(C=0) Asp/Glu (cytby) hemeby +58
1692¢+) amide | (Rieskes-sheet) hemec; 268-338
r(C=0) heme propionatds , by hemec; (isolated cytc; fragment) +163
1680¢+) v(C=0) heme propionatds , by, ¢ Rieske ISP 313
v(C=0) GIn/Asn (cytby) A
amide | (Rieske loop structures) From ref19.
1670¢+) v(CNgHs) Arg (cyt by)
1656¢t) a”(‘:'ﬂ% | e-helical, unordered) to —0.022 V, where the redox reaction of herbg is
164264) ch;og 33:2822 expected. The spectrum includes only small absorption
vs; hemec, changes in comparison to the spectrum of the entire complex
1630(+,s) amide | (Riesk@-sheet) (dotted line). Very small but reproducible and reversible
v(CNsHs) Arg (cytbr) positive signals can be seen over the complete spectral range.
iggggg ¥(C=C) quinone The signal pattern of the amide | region is very similar to
15706+ amide Il that of hemeb, from Rhodobacter capsulatuss observed
v37 hemeby at pH 6.5 (4). The band positions differ for approximately
V3s hemgcl _ four wavenumbers in both spectra. Stronger signals can be
1558() Y(COO™) heme propionatels , by, ¢1 found in the range of the amide | vibration at 1656, 1646,
r(COO ) Asp/Glu (cytby) 1 . .
1550¢+) amide II and 1636 cm'. These signals represent the=O stretching
v3g hemeby modes of the polypeptide backbone. On the basis of heme
1536(-) amide I model studies, likely candidates for<©O modes of proto-
Y(COG ™) Asp/Glu (cytb) nated heme propionates are the positive signals at 1690 and
»(COO ) heme propionatels, , by 1 L
1518¢) amide II 1676 cnt (_28). The _modes characten_stlc of deprotonated
1506¢) amide Il (Rieske) heme propionates in cytochrome oxidase have been
1494(-) quinone ring determined by specifit®C labeling at the propionateg9).
iigggg Quinone fing On this basis, the signals are expected in the range from
1408(-) guinone ring 1570 to 1530 cm* for the antisymmetric COOvibration.
1388() quinone ring The negative signals at 1560 and 1540 émre tentatively
»(COO™) Asp/Glu (cytby) assigned to this vibration, whereas a possible candidate for
1368¢) ¥(COO™) heme propionates the symmetric COO vibration can be found at 1372 cth
V(COO ) ASp/Glu (cytby) The C=C vibrations of the vinyl substituent are expected to
1288(+) r(C—0) methoxy group, quinone y ; ’ p .
1262() »(C—0) methoxy group, quinone be around 1620 cm, where a signal is present in the
va2 hemec; spectrum shown in Figure 2B. In the case of the porphyrin
1240() Va2 EemebH ring, several vibrations are describe@0 The CaCm
1204¢) Sﬁingrﬂecl vibration (v37) is expected in the range from 1655 to 1586
117664 cmt, and several peaks are present in this region, with
1152(+) signals at 1602 and 1584 cibeing candidates for this
1090 P=0 buffer vibration. In heméo model studies, th€bChbvibration (/3g)
1068 P=0 buffer

a Positive signals describing the oxidized state of the comptex (
the reduced state~), and the shoulder (s). For details, see the text.

reason for this variation is not known, but in previous
publications, a wide range for tlog potential in mitochondria
was also found46). For the isolated cytochrontg fragment,
we found a midpoint potential of 163 mV, significantly lower

was identified between 1604 and 1542 ¢npwhere a number
of signals can be detected in our spectri28) (A negative
signal can be found at 1580 cfand positive signals at
1570 and 1554 cnt. Conclusive assignments are difficult
here, because of the possible involvement of CQfbra-
tions.

Contributions of Hemeb Figure 2C shows the oxidized-
minus-reduced spectrum for a potential step fref.022

than that of the bound form. Since the separation of the to 0.208 V, which is assigned to herbg. It is substantially

subunit may induce a shift of the midpoint potential, we similar to the spectrum of the whole complex (dotted line),
attribute the shift to the loss of the interaction with the overall but lacks typical quinone signals, which are also expected
complex. For investigation of the Rieske protein, we used in this potential range. The heme reaction itself was complete,
an En, value of 313 mV 19). All the values that were  as observed in the spectrum in the visible spectral range
determined are listed in Table 2. Contributions of helmes  shown in Figure 2A. Generally, the quinone reacts very
by, andc, could be clearly separated by choosing a potential slowly under conditions near its midpoint potential. After
step according to their midpoint potential. The correct longer equilibration times¥30—40 min), the quinone signals
discrimination of the cytochrome contributions was con- appear; however, the quality of the IR spectra is too poor
trolled by simultaneously recording spectra in the visible for detector stability. This phenomenon was also observed

region (shown in Figure 2A).
Contributions of Heme b Figure 2B shows the oxidized-
minus-reduced spectrum for a potential step fre®.292

for quinol oxidase (P. Hellwig, unpublished observations).
To visualize the quinone signals, we measured and calculated
a difference spectrum using selected potential steps (Figure
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Ficure 2: Oxidized-minus-reduced difference spectra of lioe
complex fromP. denitrificansfor selected potential steps. (A)
Spectra in the region of the- and-band from 510 to 610 nm:
b (thick solid line),by (dashed and dotted ling, (thin solid line),
and whole complex (dotted line). (B) Potential step fre10.292
to —0.022 V, showing signals from hent®. (C) Potential step
from —0.022 to 0.208 V, showing signals from herbg and
partially signals from quinone. (D) Potential step from 0.208 to
0.708 V, showing signals from hensgand the Rieske iroasulfur
protein. (E) Sum of spectra-BD. The dotted line in panel E
represents the spectrum of the whole complex.

Biochemistry, Vol. 42, No. 42, 20032395

that includes the signals from herbg, cytochromec;, the
Rieske protein, and the quinones (potential step fredr022

to 0.708 V, not shown). In this double-difference spectrum,
contributions from all bound quinones and in addition from
hemeby are involved. The data confirm that the quinones
dominate the spectra (more details about the vibrational
modes of the quinones are given later in the text).

The by spectrum is dominated by several signals in the
amide | region, and smaller modes can be found in the amide
Il range. Also here, similarities to the spectrum frérb.
capsulatusare obvious, and only minor shifts in the band
position occur, especially in the amide | range. This region
exhibits a dominant signal at 1656 cinmost probably due
to a-helical structure elements of the cytochromsubunit,
as found previously for the henig. Most of the other signals
can be tentatively assigned to contributions of the porphyrin
ring. Candidates for vibrations of protonated heme propi-
onates are the modes at 1692 and 1680 ‘cnvhile
contributions of the deprotonated form are likely at 1560
and 1540 cm®. The signal at 1620 cni is a candidate for
a vibration of the vinyl substituents, and the; vibration
from the porphyrin ring could contribute to the small signals
at 1604 and 1582 cm. Thewzg vibration, together with the
amide Il vibration and COOmodes from deprotonated heme
propionates and amino acid side chains, contributes to the
signal at 1550 cmt. The CmH deformation vibrationsy)
was previously identified at 1236 crhand can assigned to
the negative signal at 1240 cin(14).

Several signals can be identified at positions typical for
contributions of amino acid side chains. Signals at 1740 and
1710 cnm! can be assigned to the=© group of protonated
aspartic and glutamic acid residues, and describe the
reorganization of the acidic group upon electron transfer and
coupled protonation reactions. In this case, the corresponding
r(COO" )2 mode is expected to be between 1574 and 1560
cm™! on the basis of studies on isolated Asp and @) (

In the respective spectral range, difference signals can be
found at 1560 and 1540 crh The symmetric COOmode

can be expected at approximately 1400 ¢nwhere small
signals are present. However, a conclusive assignment is not
possible without supporting data from mutants.

Previous studies on isolated amino acids show typical
signals of Arg, Asn, and GIn at approximately 1671680
cm~tand around 16261630 cn1! (31). For GIn, additional
modes are found at 1610 and 1590¢nin the presented
difference spectrum (Figure 2C), relevant signals can be seen
at 1680 and 1670 cm, as well at 1630 and 1620 crh
Baymann et al.14) assign contributions from an Arg at 1676
and 1642 cm! in the hemeby spectrum; in our spectrum,
we found signals at 1670 and 1630 ¢min the cytochrome
b amino acid sequence, several highly conserved candidates
that may be discussed here are present: Arg85 (Arg70 with
the equivalent yeast numbering), Arg94 (Arg79), Arg114 (not
conserved in yeast, but Lys99 is making an identical salt
bridge with the heme propionate), Asn99 (Asn83), or Asn279
(Asn256) B, 43). These amino acid contributions will be
conclusively assigned in mutant proteins.

Contributions of Heme;cand the Rieske ISREigure 2D
shows the oxidized-minus-reduced spectrum for a potential

5C). This difference spectrum was calculated by subtracting step from 0.208 to 0.708 V, where signals from redox-

a spectrum that includes signals from cytochramand the
Rieske protein (0.2080.708 V, Figure 2D) from a spectrum

dependent changes of heroeand the Rieske ISP appear.
We note that the midpoint potentials of both cofactors are
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close (see above). Therefore, a strict separation was not be,
possible, and a small overlap of the contributions has to be 0,002 A
considered. The spectral features derived from henaad T
the ISP are significantly smaller than the overall spectrum
of the bc; complex. Nevertheless, several clear signals can 0 002_'
be found, mainly in the amide | region. As mentioned before, ’ 3
the FeS cluster of the Rieske protein itself will contribute at 0,0027 5 e
wavenumbers below 1000 cth However, signals from ]

0,000

1682
1572

conformational changes in the polypeptide backbone that 8 0,000
surrounds the cluster and is involved in the electron transfer s 0 002_'
reaction can be perceived in the measured range. For cyto- ‘8' ’
chromec,;, modes of the heme and the environment of the £ 0,002
cofactor are expected. As is known from mitochondrial < 1
bc, structures, cytochrome; is a predominantlyo-helical °’°°°'_
protein, whereas the catalytic domain of the Rieske protein -0,002-
comprises three layers of antiparaljelsheets to yield a :
relatively compact and rigid extrinsic domain, which is 0,002 -
connected to a transmembrane anchor helix by a flexible

linker. Signals originating from the reorganization of this 0,000-

structure elements (amide |) coupled to the electron transfer
can be expected in the IR spectrum.

In the amide | region, larger positive modes can be seen
at 1698, 1680, 1658, and 1636 chnwith a smaller signal Wavenumber / cm’
present at 1646 cm, and negative signals can be found at Ficure 3: Oxidized-minus-reduced FTIR spectra of isolated
1672 and 1630 cni. The signals at 1698 and 1636 cn components of thbc, complex fromP. denitrificansfor a potential
could indicate reorganizations in tfiesheet structure of the ~ Step from—0.292 10 0.708 V: whole complex (A), cytochrorog

. . . fragment (B), Rieske iroasulfur protein fragment (C), and free
Rieske ISP, whereas the signal at 1658 Emight represent ubiquinone UQin solution (D). The spectra are normalized to the

changes ir-helical structure elements of herogor inthe  same concentration. Spectra in panels B and C are magpnified 5-fold.
membrane anchor of the Rieske ISP. Conformational modi-

fications in the loop structure of the flexible linker region two positive bands at 1682 and 1644 ¢nand a smaller
of the Rieske protein during the movement of the extrinsic mode at 1658 cmt that include the &O stretch vibrations
domain as described in the literatude 82) may be expected  of the polypeptide backbone. The mode at 1658 taiso
around 1680 cm. In contrast, contributions of structurally  points toa-helical structure elements involved here. How-
unordered parts or helical turns in this loop will contribute ever, most of the dominant bands may be attributed t@the
at 1646 cm?. heme itself. The signal at 1682 cfis present in all spectra
Besides the signals of the secondary structure elementswhere reactions of cytochrome, are involved, and is
contributions of heme are expected. The protonated heme overlapped by a strong signal at 1680 ¢drin the spectra of
propionates could contribute to the positive mode at 1680 the whole complex (Figures 1A and 2D). We tentatively
cm%, and the corresponding signals of the deprotonated formassign these bands to the COOH modes of one of the heme
are likely between 1560 and 1524 thin contrast to the  propionates. The(COO")2s vibration of the deprotonated

1800 1600 1400 1200

b-type hemes, no vinyl substituents are present-tgpe heme propionates may contribute to the signals at 1534 and
hemes, due to thioether bonds to cysteine side chains of thel552 cnt!, whereas they(COO")$ vibration could be
protein. attributed to the negative signal at 1384 émThe large

The bands at 1598, 1548, and 1566 ¢énwith a shoulder modes at 1644 and 1572 cfrare candidates for théaCm
at 1576 cm?, may result from amide Il vibrations. This  (v37) andCbCb(vsg) vibrations of the heme porphyrin ring,
assumption is supported by a decrease in the magnitude ofespectively. Overlaps from the amide Il band and the COO
the 1548 cm? signal and a shift of the signal at 1566 ¢ vibration of deprotonated acidic amino acid side chains are
after H-D exchange (data not shown). Additional signals possible. A positive signal at 1392 cfis in the range where
are expected from the porphyrin ring of hemethe mode the CaN (v4,) vibration is expected. Another noteworthy band
at 1598 cm?® and the shoulder at 1576 cfshow no can be identified at 1260 crmy and is tentatively assigned
absorption changes after-HD exchange and are possible to theCmH (v42) mode of thec heme. In previous studies of
candidates for th€aCmvibration of the heme porphyrin  water-solublec-type cytochromes33, 34), this signal was
ring. The mode at 1548 cm could partially result from the  attributed to a tyrosine €0 stretch vibration. However, in
CbCb vibration, whereas th€aN mode of the porphyrin  the spectrum shown here, we could not identify significant
ring might contribute to the small signals at 1338 and 1330 modes in the spectral region characteristic for tyrosine, such
cm L, as the prominent mode at 1518 tn

To assign the signals in Figure 2D to either cytochrome  Figure 3C shows the difference spectrum of the water-
¢, or the Rieske ISP, we investigated water-soluble frag- soluble fragment of the Rieske protein (ISF). The fragment
ments. Figure 3B shows the electrochemically induced comprises only the redox-active domain, lacking the N-
oxidized-minus-reduced FTIR difference spectrum of the terminal membrane anchor and the flexible linker. The band
isolated water-soluble cytochrorogfragment (note that the  structure is very similar to that found for the isolated Rieske
spectrum was enlarged 5-fold). The amide | region exhibits protein fragment from beef heart mitochondréb) and the
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calculated difference spectrum of the Rieske protein from
Rb. capsulatugl4). The peak positions of these spectra only
differ by a few wavenumbers, and the peak intensities vary
slightly, an effect probably based on subtle differences in
each protein. In Figure 3C, a prominent band is present at
1690 cm™. This is a characteristic signal for Rieske proteins
that was previously assigned to the amide | mode of the
predominantly3-sheet secondary structu@s). Other signals
partially involved in the GO vibration of the polypeptide
backbone can be found at 1660 tm(a-helical and

1742

_d_#ﬂdd,/ffﬂ_HHHjé\\MJ/’,EE55

0.0002
736

A Abs =
1746
1
1
1730
E -
- o

1760 , 1720

1740
Wavenumber / cm

unordered regions) and 1632 ch{j-sheet structure). This PHS:5
assignment is supported by a band shift of 5 trior the 8 H6
first mode and 12 cmt for the second mode after+D g P
exchange (data not shown), excluding a contribution from 7

Asn, GIn, or Arg, since a major shift of the=€D vibrational 2 H7
mode and the CMHs mode, respectively, would be expected < P

(31, 45).

A strong negative signal identified at 1536 chand
positive signals present at 1568, 1510, and 1488'aran
be tentatively assigned to the coupled CN/NH modes of the
amide Il vibration. Contributions from individual amino acid 1800 1600 1400 1200
side chains are possible, but conclusive assignments are

difficult because of several overlapping bands from the amide - . :
. f . Ficure 4: Oxidized-minus-reduced FTIR difference spectra of the
Il mode. The [2Fe-2S] cluster is coordinated by cysteine and bc; complex fromP. denitrificansin phosphate buffer (pH 6 and

histidine residues. The histidipe ring vibration is expected 7) and cacodylate buffer (pH 5.5) for the potential step frefn292
at 1596 cm?, but the signal intensity is too low for an to 0.708 V. The inset shows the enlarged view of the spectra from

identification in the spectrum. A positive signal is present 1770 to 1710 cm". Spectra are normalized to the same concentra-
at 1256 cm?, which may tentatively be assigned to a tyrosine tion according to thex-band in the visible spectral range.
mode.

Contributions of the Quinoned.he overall spectrum of  vibrations of the neutral quinone methoxy groups contribute
the P. denitrificans bg complex (Figure 1A) is dominated to the spectrum.
by modes of the bound quinone. This can be clearly Protonation of Acidic Groups upon Quinone Binding.
demonstrated by comparison with spectra of free quinone Measurements under different pH conditions provide ad-
in solution. The spectrum in Figure 3D shows the oxidized- ditional information about protonatable groups and redox
minus-reduced FTIR difference spectrum of the ubiquinone relevant amino acid side chains of the enzyme. The spectra
UQ: in aqueous solution, as previously obtain&6)(for a recorded at pH 5.5, 6, and 7 are shown in Figure 4. Spectra
potential step from-0.292 to 0.708 V. The IR spectroscopic recorded at pH 8 are not given here, because the complex
properties of the free UQIin solution are very similar to ~ was not stable at the applied potentials and the loss of redox
those of the endogenous WJfrom P. denitrificans(37). reactivity of hemeb was observed in the visible region.
The positive signals at 1650, 1610, 1288, 1264, and 1204 Figure 4 shows the normalized oxidized-minus-reduced FTIR
cm ! correlate with the neutral quinone, while the negative difference spectra determined for a potential step from
signals at 1490, 1470, 1432, and 1388 ¢émepresent the  —0.292 to 0.708 V. The three spectra are similar, but
reduced and protonated quinol form. The mode at 1650 cm differences in the signal intensity and peak position can be
was previously assigned to the=O vibration of the quinone,  seen. In detail, in the spectra recorded at pH 5.5 and 6,
whereas the mode at 1610 chwas attributed to the €C different small signals in the range from 1730 to 1750 €m
vibration. The CG-O modes of the methoxy groups contribute can be identified, indicating that several protonated groups
to the signals at 1288 and 1264 tinReorganizations of  are involved here (see the enlarged inset). In the spectrum
the quinone ring likely lead to the negative signals present obtained for the sample at pH 7, a band at 1746'coan
in the spectrum. be identified. At pH 6, this band becomes broader and

All difference signals of the quinone in solution can clearly additional shoulders at 1736 and 1730 ¢émappear. Con-
be identified in the overall spectrum of the; complex comitant with the decrease to pH 5.5, the maximum of the
shown in Figure 3A. The €0 vibrational mode of the  broad band shifts to 1742 crh the shoulder at 1736 crh
bound quinone splits into two bands at 1656 and 1642'cm  can be only weakly observed, and the shoulder at 1730 cm
depending on different hydrogen bonding. TheC vibra- disappears. The bands previously assigned to the bound
tion of the quinone ring, a mode that is rather unsensitive to quinone are also affected. In detail, a decrease in the
the environment, can be tentatively assigned to the band atmagnitudes of the signals at 1610, 1468, 1430, 1288, and
1610 cmt (14). These signals become more distinct due to 1262 cm? is observable. We assume a relationship between
formation of hydrogen bonds as well as changes in the the protonation signals shown in Figure 4 and the quinone
orientation and configuration of the quinone upon binding. content of the sample, which obviously differs depending
Signals from 1500 to 1430 cmh may be attributed to the  on sample preparation. To probe this suggestion, samples
ring modes of the fully reduced and protonated forms of with different quinone contents have been compared (Figure
ubiquinol (14, 36). At 1288 and 1262 cmi, the C-OCHs 5A). The solid line represents the lowest quinone content,

Wavenumber / cm™
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guinone midpoint potentials, at the, @ Q site, the different
quinones are indistinguishable for the given pH and the

1746

— chosen potential step.
E The inset in Figure 5 shows an enlarged view of the region
 Abe - = 0,000 § - from 1770 to 1710 cm’. The signal at 1746 cm, only

present in the high-quinone contdrt; preparation, disap-
pears with a decrease in quinone content, whereas additional

1A : 1760 a0 20 signals at 1742 and 1734 ctnappear. These effects have
0,002 - : Wavenumber / cm’ been observed similarly in the spectra in Figure 4. In the
spectrum obtained at pH 7 with a higher quinone content,
the mode at 1746 cm is present, and bands at 1742 and
0,001 1734 cmi! could be identified in the pH 5.5 spectrum, which
contains a smaller amount of quinone. From our results, we
0,000 - can conclude there is a combination of two effects. (I) The
quinone content can be decreased by concentration and
0,001 - redilution of the protein sample, and (Il) the quinone binding
affinity is also affected by pH conditions. Acidic pH values
decrease the quinone content.
-0,002 . r . y . .
CONCLUSIONS
0,001
This study is the first FTIR spectroscopic characterization
of thebc, complex fromP. denitrificans Electrochemically
0,000 - ) .
induced difference spectra of the complex clearly show
1c contributions of all cofactors (Figure 1A), and are dominated
-0,001 by modes from bound quinones. The tentative assignments
made in this report are summarized in Table 1. The quinone
1800 1600 1400 1200 content of the sample strongly depends on the sample
P preparation and buffer exchange procedures before the FTIR
Wavenumber / cm measurements are carried out (Figure 5). We determined the
FiGURE 5: (A) Comparison of oxidized-minus-reduced FTIR quinone concentration on the basis of the absorption proper-
difference spectra of théc, complex fromP. denitrificansin ties of the methoxy group at 1262 ci The signals of this

phosphate buffer (pH 7) for the potential step fret.292 to 0.708 group are only weakly affected by binding of quinone to

V with different quinone content. The variation is based on the - - -
handling of the sample during the last concentration step (seethe protein. We estimated a ratio of 2.8.3 molecules per

Materials and Methods). The thick line represents a sample with a monomer of théac, complex, depending on the preparation.
low quinone content and the dotted line a spectrum with a higher This corresponds to the high quinone content of Ehe
quinone content. The inset shows the enlarged view of the spectradenitrificans complex found by Yang et al3@). In mito-
from 1770 to 1710 cm'. The spectra are normalized to the same chondrial complexes, Bartoschek et @9) reported three

protein concentration as observed in the visible spectral range. (B) ~ . b d to th I h tal struct
Double-difference spectrum of the spectra given in panel A (solid quinones bound to the complex, whereas crysial structures

line) in comparison to the spectrum of free p@otted line), signals ~ reveal only one quinone in the; Qte @, 5, 40, 41). For the
originating likely from the quinone bound at the, Qite. In Qo occupancy, two different models are discussed, named,

comparison, the spectrum for all bound quinones (C) is given, the single-occupancy moded)(and the double-occupancy
calculated on the basis of selected potential steps (for details, S€&n0del (L2). Our results more likely support the double-

the text). . : .
e texy occupancy model with two quinones bound in the SQe.

In addition, we found a pH dependency of the quinone
and the dotted line represents the highest content found incontent, linked to the amplitude of protonation signals in
our experiments at pH 7. The quinone content in the different the spectral region around 1740 tnThe signal at 1746
samples ranged from 2.6 to 3.3 molecules per monomer,cm™! (Figure 1A) correlates with high quinone concentra-
based on the signal intensity at 1262 ¢nte = 0.4 mM? tions. As a likely possibility, one or more protonated Glu or
cm). Asp side chains are involved in the redox reaction. This

The double-difference spectrum (Figure 5B) demonstrates group(s) is deprotonated upon quinone release since the
the vibrations of quinones most likely originating from the magnitude of the signal decreases with a lower quinone
Q. site. This assumption is based on the double-occupancycontent in the sample (Figure 5). Bands at 1742 and 1734
model of Ding (2), which postulates a weakly bound cm™ are found in spectra with lower quinone content.
quinone at Qthat can be removed easily. The position of Possible candidates in the cytochromgubunit are Glu295,
the G=0O modes at 1658 cm and probably at 1640 cm Asp252, Asp86, Asp278, and E41B. denitrificansnumber-
and the signal shape clearly exclude any unspecifically bounding; 43), which are all conserved in most of the bacterial
quinone. The quinone can be easily removed by buffer and mitochondriabc, complexes§, 43). Glu295 corresponds
exchange procedures. For a comparison, Figure 5C showgo Glu272 in mitochondrial complexes and is probably
signals of all bound quinones. This spectrum also includesinvolved in quinone liganding at the ite. Asp252 is
the small signals of heméy (see Figure 2C) and was equivalent to Asp229 in mitochondrial complexes and is
determined as described previously. On the basis of thelocated at the (Xite. Further assignments of individual side
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chains involved in the cytochromiac, reaction cycle will

be performed in combination with site-directed mutagenesis

in the future.
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