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ABSTRACT. Electrochemical redox titrations of cytochromexidase fromParaccocus denitrificana/ere
performed by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. The majority
of the differential infrared absorption features may be divided into four groups, which correlate with the
redox transitions of the four redox centers of the enzyme. Infrared spectroscopy has the advantage of
allowing one to measure independent alterations in redox centers, which are not well separated, or even
observed, by other spectroscopic techniques. We found 12 infrared bands that titrated with the highest
observed midpoint redox potentidt{ = 412 mV at pH 6.5) and which had a pH dependence of 52 mV

per pH unit in the alkaline region. These bands were assigned to be linked togle@ar. We assigned

bands to the Cu center that showed a pH-independ&nt of 250 mV. Two other groups of infrared
differential bands reflected redox transitions of the two heme groups and showed a more complex behavior.
Each of them included two parts, corresponding to high- and low-potential redox transitions. For the
bands representing heragthe ratio of high- to low-potential components was ca. 3:2; for hagrithis

ratio was ca. 2:3. Taking into account the redox interactions between the hemes, these ratios yielded a
difference inEn, of 9 mV between the hemes (359 mV for heme350 mV for hemeas at pH 8.0). The

extent of the redox interaction between the hemekl6 mV at pH 8.0) was found to be pH-dependent.

The pH dependence of th&, values for the two hemes was the same and about two times smaller than
the theoretical one, suggesting that an acid/base group binds a proton upon reduction of either heme. The
applied approach allowed assignment of infrared bands in each of the four groups to vibrations of the
hemes, ligands of the redox centers, amino acid residues, and/or protein backbone. For example, the
well-known band shift at 1737/1746 crhcorresponding to the protonated glutamic acid E278 correlated
with oxidoreduction of heme.

Cytochromec oxidase (€O)! is a terminal transmembrane electrons and four “chemical” protons are accepted by the
enzyme of the respiratory chain in mitochondria and aerobic binuclear center, with reduction of oxygen to two water
bacteria. Its biological functions are to catalyze respiratory molecules. Chemical protons are delivered from the matrix
reduction of Q to water and to generate a transmembrane side in mitochondria or the cytosol in prokaryotic cells. At
electrochemical potential, which is used for driving ATP the same time, free energy from this reaction drives the
synthesis. €O includes four redox centers: guhemea, pumping of another four protons across the membrane. These
hemeas, and Cu. Cu, is the primary electron acceptor from  two mechanisms of electron and proton movements generate
cytochromec. Electrons are transferred from Cthrough a transmembrane difference in electrochemical potential,
hemea to the binuclear reaction center, composed of heme which is necessary for the synthesis of ATP (for reviews
az and Cwg, where the catalysis of {Jeduction takes place. see refsl—4).

During the catalytic cycle the binuclear center passes through  The redox centers and their ligands undergo a series of
consecutive intermediate states, each stable intermediate statgryctural alterations during electron and proton transfer.

being generated after acceptance of one electron by thegsome of these changes may take part in the mechanisms of
binuclear center. During one complete catalytic cycle, four the catalytic cycle and in transmembrane potential generation.
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tional Mobility (CIMO), Finland. not enough to define the protonation status of redox centers
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helsinki.fi. One of the most promising methods that allows more detailed

! Abbreviations: FTIR, Fourier transform infrared; ATR, attenuated information about structure, Charge, and the environment of

total reflectance; €0, cytochromee oxidase; WE, working electrode; ; ; ;
CE, counter electrode; RE, reference electrode; NHE, normal hydrogenthe redox centers is Fourier transform infrared (FTIR)

electrode; Ey, midpoint redox potential (relative to NHEXOD, spectroscopyq). Attenuated total reflectance (ATR) FTIR
difference in optical density; IR, infrared; red, reduced; ox, oxidized. spectroscopy has been used to measure changes in several
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enzymes §—10), including redox-induced change8, (L1, Inlet buffer with

12). ATR-FTIR spectroscopy works on a protein film and fiadkic o
allows for changing experimental parameters during the

measurements (including redox potential and buffer) with

the same sample film. kb i !

In the present study we report for the first time on full : ikl
electrochemical redox titrations oP. denitrificans aa U :
oxidase monitored by ATR-FTIR spectroscopy. This allowed hstbialiabior I 25 (IROBRT N, bubbles
us to create aA optical density-potentia-wavenumber” goid grains
surface, which was decomposed into separate titration curves ]
at peaks and troughs of redox-induced difference FTIR f ¢ lon-sxchange
spectra. All FTIR redox titration curves in the range of ] Ieiriiones

4000-1000 cnt! were sorted out into four groups and
assigned to each of the four redox centers.

MATERIALS AND METHODS

Sample PreparationCytochromec oxidase fromP. ﬁrﬁr
denitrificans was extracted from culture as previously
described 13) and dissolved in 20 mM Tris-HCI and 0.05% v A
(w/v) B-dodecyl maltoside at pH 7.8. Oxidase was further Sl

apr . mediators
purified by Source 15-Q ion-exchange chromatography to Ficure 1. The flow-through electrochemical cell used to control

remove lipid contaminants. Production of a stable film for he potential of €0. The buffer with mediators was equilibrated
ATR-FTIR measurements required depletion of detergent with the working gold electrode when flowing through the cell.
content so that the sample became sulfficiently hydrophobic
(so-called “ATR-ready” sample)1@). The procedure of  electrode (about 300 ¢dnand continuous flow of mediator-
detergent depletion was essentially as described ii4ef  containing buffer, the redox reactions of the enzyme pro-
An ATR silicon microprism (Sens IR Technologies, three- ceeded very fast. The kinetics of the equilibration process
bounce version, surface diameter 3 mm) was slightly polishedwas controlled spectrophotometrically in the visible range.
with 0.05 um aluminum powder to ensure appropriate In most cases no changes in optical density (OD) were
sticking of the enzyme to the surface for the period of the observed after 10 min. The selected mediators were practi-
experiment. The ATR-ready sample was thawed, and 10 cally colorless and sufficiently stable in the pH and potential
20 uL was positioned on the prism surface and dried with a ranges used. Furthermore, they did not show any significant
gentle flow of nitrogen gas until changes in FTIR spectra contribution to the FTIR or visible spectra.
were no longer observed. The signal intensity of the amide The electrochemical cell was connected to the ATR cell
I band of the semidried film was 0-9..2. Then the protein by a 6 cmlong Tygon tubing (extremely low oxygen
film was rewetted with titration buffer and covered with the permeability, 0.08 cm inner diameter). To be sure that the
chamber, which allowed continuous flow of buffer over the potentials in the ATR cell are the same as in the electro-
sample surface, driven by a peristaltic pump at a flow rate chemical cell, the redox potential of the liquid was controlled.
of 2 mL/min. In such conditions the protein film was Redox titrations of cytochromeoxidase were performed
stabilized for about 20 h. as follows. Initially, the enzyme was equilibrated-a800
Redox Titration and Electrochemistfjo control the redox ~ MV (vs NHE). The titration was performed step by step,
potential, a homemade flow-by electrochemical cE8) (vas starting from+480 mV and going down to 0 mV in 40 mV
used (Figure 1). Gold grains (diameter 885 mm) were steps. Each point was equilibrated for 15 min, after which
used as the working electrode (WE), a platinum-plated Visible and FTIR spectra were measured. After each high-
titanium grid as the counter electrode (CE), and Ag/AgCl/ potential point, the system was reequilibrated for 15 min at
saturated KCl as the reference electrode (RE). A titration —300 mV in order to measure a new FTIR background and
buffer with mediators was continuously pumped through the to reduce possible trace amounts of oxygen that could have
working electrode to the ATR chamber. To restrict diffusion leaked into the titration buffer.
of oxygen from the counter electrode into the titration buffer, ~ To determine the pH dependence of the redox transitions
the CE was separated from the WE by two ion-exchange of CcO, titrations were performed at three different pH
membranes and an additional 1 cm thick compartment, which values. Potassium phosphate buffer (200 mM) was used at
was filled with 400 mM potassium phosphate buffer, pH 8.0, pH 6.5 and 8.0 and 100 mM borate buffer at pH 9.65&,
and continuously bubbled with nitrogen. The cell was (100 mM) was added to the borate buffer for better
connected to a Princeton Applied Research potentiostat, andconductivity.
the potential was set automatically by the software. To  SpectroscopyA Bruker IFS 66s FTIR spectrometer
equilibrate the enzyme film with the potential of the working (equipped with an MCT detector) and a visible spectropho-
electrode, a set of three mediators was used: 1,2-diaminocytometer USB2000 (Ocean Optics) were used. FTIR spectra
clohexaneN,N,N',N'-tetraacetic acid- Fe, midpoint potential ~ were measured in the range 46a000 cn1?® with 4 cn1?
+95 mV; terpyriding cobalt,+265 mV; ferrocene acetate, spectral resolution and scanner frequency 40 kHz; the number
+370 mV. Each component was used at a concentration ofof scans in background and sample spectra was 512;
200 uM. Due to the large surface area of the working apodization function, Blackman-Harris 3-Term. Visible



Redox Titration of Cytochrome Oxidase by FTIR Biochemistry, Vol. 45, No. 17, 2006643

spectra were measured in the range-4680 nm. The light
guide of the spectrophotometer was connected to the ATR 4+

cell, which allowed simultaneous collection of FTIR and P I
visible spectra.

Before the titration started, the backgrounds in the visible
and infrared (IR) regions were measured at the initial g
potential 300 mV). Every potential step with equilibration < 0
was followed by collecting sample spectra in the visible and -1}
sample and new background spectra in the IR region. This
data acquisition system produced one oxidized-minus- | ..
reduced (ox-red) and one reduced-minus-oxidized (red-ox) o P o
FTIR difference spectrum and one ox-red visible spectrum -1
per applied potential step. All measurements were performed -5 B

at room temperature. 0 T
160

o]

The whole titration process (initializing, sending com- Roy L e ‘1000
. ' : 320 e e 1200
mands to/from Ocean Optics and FTIR Opus software, and it my, 4?0” 1600 1400
. . . 5 -1
collecting data) was controlled by Titrator software designed Ny \Wavenumber, om

in our laboratory by Nikolay Belevich. . . . . )
Data AnalvsisEvery ox-red FTIR difference spectrum was Ficure 2: Typical surfaceA optical density-potentiat-wavenum-
Y y p ber in the infrared region 186AL000 cnT!. The surface is a devel-

averaged with the corresponding red-ox spectrum. FAIR  opment of reduced-minus-oxidized difference FTIR spectra depend-
optical density-potential-wavenumber surfaces for three pH ing on potential. Applied potentials are in the rangetaf80:0 mV
values were generated. Redox titration curves (dependence’s NHE with a step of 40 mV. For other conditions see Results.
of AOD on applied potential at peaks and troughs) were

extracted from the surfaces in the region 460000 cn™. T R T
The FTIR titration curve extraction was carried out in two '
steps. In the first step, determination of intensity of every D I s— v s ‘ |

peak (and trough) was defined as the difference between the
intensity at the peak (trough) and half the sum of the _
intensities of the adjacent troughs (peaks). After this proce- 3

-05. ]

N
RN
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dure, the sum of the extracted titration curves was divided IS oA N
\
W

\'R\"s'\;“‘\}}’ h
into groups. In the second step, the assignment of each peak ™y~
and trough to each group was verified. This time the intensity 7 \‘i‘ : A
of a peak (trough) was calculated as the difference between 25 \h
the intensity at the peak (trough) and half the sum of the 0 N .
intensities at=3 cn1 ! distance from the peak (trough). This Fote, 320 3000 2500

. . . . . '3/ 3500
approach helps to avoid ambiguity in the assignment of peaks g, Wavenamber, o™
and adjacent troughs. All further calculation and fitting e ) ) )

in the 4006-2500 cnt?! infrared region. The surface is a develop-

RESULTS ment of reduced-minus-oxidized FTIR spectra depending on

potential. Applied potentials are in the range 5480:0 mV vs
Spectroelectrochemical FTIR Titrations of Cclhe redox NHE with a step of 40 mV.

titrations were performed by a combination of an electro-
chemical and a spectroscopic approach in the potential range The development of the typical visible red-ox difference
0:+480 mV vs NHE, with a step of 40 mV, as described in spectra (recorded simultaneously with FTIR spectra) is shown
Materials and Methods. After each measurement point, the at Figure 4. The main contributors in the spectral range-400
system was reequilibrated at300 mV and then poised at 650 nm are hemesandas. To define the number of redox-
the next measuring point shifted by 40 mV from the previous active components, analysis of the first derivative of the
one. At each step, visible and infrared spectra were collected.optical density measured at different wavelengths along the
Almost no changes in the FTIR or visible region were redox potential axis brought out three maxima, corresponding
observed betweenr300 and 0 mV. Two sets of titration data  to three redox components in the data set at each pH. These
at each pH value were averaged to obtain the final data for data show two major components (cf. &§) with apparent
further analysis. Em values of ca. 400, 360, 280 mV and 240, 200, 200 mV
Figure 2 shows a typicah optical density-potentiat- for pHs 6.5, 8.0, 9.0 and a minor one%%) with ankE, of
wavenumber surface in the 1800000 cn1?! region; the ca. 120 mV at all three pH values. The minor component
surface was generated by collecting the electrochemically has a peak at 590 nm and most likely reflects a small fraction
induced difference FTIR spectra as a function of the applied of low-spin hemeas produced during protein film preparation
redox potential. The electrochemically induced fully reduced and/or its interaction with products of the decay of redox
minus fully oxidized difference FTIR spectra ofctG had mediators.
the same features as those published earlidy 16—18). Assignment of FTIR Redox Titration Ges in the 1806
Titration curves were extracted at every maximum and mini- 1000 cm® Region. Practically all infrared bands were
mum of the FTIR surface. The same FTIR surface for the complex, but with one major component in each. The
infrared region 400062500 cn1? is presented in Figure 3. interpretation of the FTIR titration curves is based on the
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potentials of 391, 359, and 330 mV for heragand 383,
350, and 320 mV for hema; at the investigated pH values.
The fit also showed that the equilibrium constant of electron
transfer between the two hemes is pH-independent in the
investigated pH range but that the anticooperative redox
interaction between them depends significantly on pH. The
extent of this interaction was found to bel32,—115, and
—86 mV at the measured pH values.
The pH dependence of the high-potent] values for
the two hemes was the same, viz30 mV/pH unit, which
is one-half of the theoretical value for uptake of one proton
on reduction. Such a dependence is expected if the two hemes
share a group that binds a proton upon reduction of either
heme (cf. ref20).
. 4 Devel + of the visible diff (reduced-mi We assigned the third group of curves to the reduction of
IGURE 4. Development orthe viSibie difierence (reduced-minus- - ¢y, (Figure 5C), with Ey, values of the high-potential
o o o O e e omy.  transition of 412, 366, and 314 mV at pH 6.5, 8.0, and 9.0.
The pH dependence of these curves was 52 mV/pH at
alkaline conditions, which is close to the theoretical one.
fact that the 18061000 cm! infrared region consists of  However, there is also a low-potential wave contributing by
vibrational modes of the heme groups and the ligands directly 20—33% and with a pH-independei, of ca. 220 mV
bound to the four redox centers and to other groups reflecting (Figure 5C). It is possible that this reflects a redox interaction
the redox changes indirectly. between Cg and either or both of the heme groups. More
The whole population of redox titration curves fell into data are required to test this possibility, but in this work we
four groups according to their behavior. During the analysis, have chosen to initially apply the simplest model where only
all data from the same group were normalized to the the heme-heme interaction is considered. Another possible
maximum amplitude and averaged, and the averaged pointexplanation for the low-potential wave in Figure 5C is that
were fitted. In one of the four groups, the experimental points vibrational modes reflecting reduction of centers with a pH-
could be well fitted with a simple Nernstian curve for a one- independent midpoint potential in this region (low-potential
electron transition (Figure 5D). In the other three groups the heme or Cw) are in the same wavenumber region as those
experimental points exhibited more complicated behavior sensing the Guredox changes.
with two apparent redox transitions (Figure 58). The fourth population of the FTIR titration curves (Figure
For bovine @O an anticooperative effect in the reduction 5D) was pH-independent with ak, of 250 mV. We
of the hemes is knowrlg, 20). As a result, the redox titration ~ assigned these transitions to LCbecause th&,, value is
curve of each heme is split into two components: a high- close to that found for this center . denitrificans(21)
and a low-potential transitiornl®, 20). Panels A and B of  and bovine €O (22). For the bovine enzyme it was also
Figure 5 show two populations of titration curves of FTIR found to be largely pH-independeri3).
features with such a splitting into high- and low-potential ~ Furthermore, there was a population of titration curves that
parts. The ratio of amplitudes (high potential/low potential) had no systematic redox/pH behavior. The first reason for
of those components was ca. 3:2 for the first group of curves this is a low signal-to-noise ratio. The second is that these
(Figure 5A) and 2:3 for the second one (Figure 5B). On the bands are the result of overlapping bands originating from
basis of optical spectroscopy (see also Bloch et al., to bedifferent redox centers. Because of obscurity of their origin
submitted for publication), we have found that the high- these bands were not analyzed or assigned.
potential part contains a slightly larger contribution of heme  Midpoint potentials of Cg and of the high-potential
avs hemeag and vice versa for the low-potential part. Hence, components of hem@andas are located in a potential range
we assigned the curves presented in Figure 5A to infrared higher than 400 mV at pH 6.5. Normalization of data points
features coupled to oxidoreduction of hemand the curves  at maximal amplitude, together with the fact that the titration
presented in Figure 5B to henag (see also Bloch et alto was performed with the high-potential limit of only 480 mV,
be submitted for publication). could cause an erroneous shift of thdsg values (at pH
We applied the “neoclassical model'9) to fit data points 6.5) in the direction of lower potentials.
of these first two groups. This model describes titration of a  The values of midpoint redox potentials and anticoopera-
system of two redox centers with a redox interaction between tive interaction of redox centers are listed in Table 1, and
them. The high-asymptotic potentials (reflecting the midpoint assignments of the resolved peaks to direct and indirect
potentials of the hemes without interaction), the extent of ligands of the redox centers and to heme vibrations in the
anticooperativity, and the apparent midpoint potentials for region 1806-1000 cm* are systematized in Table 2a.
the high- and low-potential transitions were found from the  Figure 6 represents different contributions of bands,
fit for both hemes. As follows from the model, these apparent assigned to all four redox centers, into difference FTIR
En values for high- and low-potential transitions were the spectra. The complete red-ox spectrum in Figure 6A,
same for hemea andagz. The high-potential transition had obtained as a difference betweer800 and+480 mV,
Em values of 405, 372, and 342 mV at pH 6.5, 8.0, and 9.0; contains the redox transitions of all four redox centers.
the low-potential values were correspondingly 238, 222, and However, at different potential levels the contribution of each
221 mV. The fit of these data resulted in high-asymptotic redox center varies. The biggest diversities are seen at pH
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Ficure 5: Four patterns of redox titration curves extracted from FTIR surfaces. Redox titration curves at three pH values are presented:
circles and solid line, pH 6.5; squares and dashed line, pH 8.0; triangles and dotted line, pH 9.0. Pattern assigned to the redox transitions
of (A) hemea, (B) hemeas, (C) Cus, and (D) Cu. Extracted titration curves with the same behavior were averaged and fitted (for details

see text). Resulting theoretical curves were plotted together with experimental points of one characteristic curve in each pattern [band at

1661 cnr? for (A), 1641 cnt? for (B), 1489 cnt? for (C), and 1603 cm' for (D)].

Table 1: Estimated Values of Midpoint Redox Potentials of
Electron Transfer Cofactors ofcd© from P. denitrificansand
Anticooperative Interaction between Them Based on
Electrochemical Titration by FTIR Spectroscopy

pH
redox component, mV 6.5 8.0 9.0

high-potential heme transition 405 372 342
low-potential heme transition 238 222 221
hemea, high-asymptote redox potential 391 359 330
hemeas, high-asymptote redox potential 383 350 320
hemea/a; anticooperative interaction —-132 -115 -86
Cug 412 366 314
Cua 250 250 250

6.5. The spectra at the potential step frem860 to +400
mV (Figure 6B) are dominated by @wand main changes
linked to hemea; Cuy and hemeas transitions are poorly
presented. At the same time, the potential step fro280
to +320 mV (Figure 6C) mainly includes transitions linked
to hemeag and Cy, and a smaller portion of transitions linked
to hemea and Cu.

Assignment of FTIR Titration Cues in the 40062500
cm! Region.The development of a typical FTIR ox-red
spectrum in the 40062500 cn1? region is shown in Figure

3. This so-called “water region” is noisy because of very
strong absorption from water-€H vibrations in liquid and
semiliquid samples. To be able to analyze this region, spectra
were smoothed and redox titration curves extracted. The
redox titration curves at two peaks were sufficiently resolved
to assign them to the patterns mentioned above. These curves,
with minima at 3092 and 2876 crh(Figure 3), showed the
behavior of Cy oxidoreduction. Hence, these vibrational
modes may, for example, be due to NH modes of the
histidine or OH ligands of Cy (see Table 2b) but could
also be due to reorientation of the dipole moments of water
molecules. A tentative assignment of the peaks in the 4000
2500 cn1! region is shown in Table 2b.

In addition to differential bands due to single diatomic
groups, the water region includes a redox-dependent shift
of a wide continuum (Figure 3). To be able to extract titration
curves of the continuum shift, the spectra were highly
smoothed. Redox titration curves of this shift were calculated
as the difference between the minimum at ca. 3040'cm
and the maximum at ca. 3280 ci Figure 7 shows this
redox titration curve at pH 8.0. Thig, of this curve was
335 mV and showed no significant pH dependence. The shift
of the continuum band might be speculatively assigned to
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Table 2: Linkage of FTIR Bands to Oxidoreduction of Individual Redox Centers and Tentative Assignment of the Infrared \Abrations

band position, cmt redox center redox state band assignment (absorber; vibration type; tentative Pesidue)
(a) 1806-1000 cnT! Region

1746/1737 hema ox/red E, Glu-COOHy(C=0); E278 @8)

1689 Cu 0oX amide |,5-sheety(C=0)

1684 Cu red amide |-sheety(C=0)

1674 hemes, complex band [0)4 R, Arg-H; vad CN3Hs"); R473 @8)/propionate;
»(C=0) (18)/formyl (29)/amide I, turnsy(C=0)

1661 hema red amide lo-helix; v(C=0)/amide I, turnsy(C=0)

1655 hemex ox amide l,o-helix; v(C=0)

1651 Cu red amide lo-helix; v(C=0)

1641 hemes [0 formyl; v(C=0) (11)/amide |,5-sheety(C=0)

1630 hemes red R, Arg-H"; v(CN3Hs"); R473/H, HisH™; v(C=C);
H403 28)/formyl (29)/amide |,3-sheety(C=0)

1618 hemes red Y, Tyr-OH;»(CC) ring,6(CH); Y280/W;»(CC), »(C=C);
W272, W164 28)/vinyl; v(C—C) (26)/amide I,5-sheety(C=0)

1603 Cu red amide | 3-sheety(C=0)

1592 Cu ox H, HisH;»(C=C); H224, H181/R, Arg-K"; vad CNsHs");
R473/D, Asp-COO; v,{COO"); D178 28)

1561 hemes 0oX W, Trp-NH;»(CC), 6(CH); W164 @8)/propionate {8)

1546 hema red hemeysg, (26)

1537 heme [0 propionate 18)

1526 hemexs red propionate/hemesgdheme;vsgy (26)

1510 Cu red W, Trp-NH;»(CN), 6(CH), 6(NH); W121 28)

1489 Cuy red W;v(CC),6(CH); W272/H, HisH;»(C=N), 6(CH); H325, H326 28)

1483 Cw ox W, Trp-NH;»(CC), 5(CH); W272 @8)

1473 hemexs red F;0a{CHs); F412 @28)/heme;Aq,vs (29)

1468 Cu oX W, Trp-NH;6(CH), »(CC),v(CN); W121 @8)

1455 Cup 0X H, His™; H326, H325, H27630)

1431 Cu ox W, Trp-NH; 8(CH), »(CC), »(CN); W121/D, Asp-COOHp(COH);
D178/E, Glu-COO; v(COO"); E218 @8)

1419 Cuy red W, Trp-NH;6(NH), »(CC), 6(CH); W121/H, HisH;

»(CN), 5(NH), 5((CH,); H181, H224/D, Asp-COOH;
5(COH); D178 @8)

1407 Cu red E, Glu-COO; v(COO"); E218/D, Asp-COO; »{(COO);
D178/W, Trp-NH;»(CC), 0(NH), 5(CH); W121 @8)

1389 heme oxX T; 6(COH); 6(CH); T50/E;yw(CHy); E278 @8)/propionate 18)

1354 hemey red W;1(CC),v (CN), 6(CH); W164, W272/Y ;yu(CH,);
Y280 (28)/ Axg, v4 (29)

1332 Cy ox W; yu(CHa); W272/Y, Tyr-O"; yw(CH,); Y280/D, Asp-COOH;
5(COH); D399/T;5(COH), 5(CH); T344 @8)

1321 Cu red W;0(CH); W272/Y;5(CHy) (tail group),»(CC) 6(CH); Y280/T;
5(COH), 6(CH); T344/D, Asp-COOHp(COH); D399 @8)

1308 Cuy [0 D, Asp-COOH;0(COH); D399/W;»(CC); W272/T;

5(COH), 5(CH); T344/H, HisH;»(C=N), »(CN);
H326, H325 28)

1250 Cuy red W;v(CC),8(CH), y(CH,) (tail group); W272/T3(COH), 5(CH);
T344 (28)
1151 hema red E, Glu-COOHy(CO) E278/H, His Hy(CN), 6(NH); H94, H413 28)
1128 Cy red D, Asp-COOHy(CO) D399/W, Trp-NH(CC), 6(CH); W272/T;
v(CO); T344 @8)
1105 Cy 0oX H; v(CN), 6(CH); H326, H325, H276/Yy(CH),) (tail group);
Y280 (28)
1032 Cy ox H,0; H*-oscillation; H" x (H20),, n=2, 6 31)
(b) 4000-2500 cn! Region
3092 Cu 0X OH, OH; »(OH); CuB OH ligand/Y; v(OH); Y280/ H;

v(NH); H326, H325/(CH) alkenes)(C=H);
H326, H325, H276, W272, Y280

2876 Cuy [0 OH, OH"; »(OH); CuB OH" ligand/Y;v(OH); Y280/ H; v(NH);
H326, H325/(CH) alkanegy(CH); any ligand/HO™;
vadOH); H" x (H20),, n=5 (31)

@ Nomenclature:v, stretching vibrationys, symmetric stretching vibrationj,s asymmetric stretching vibratiod, in-plane bending vibration;
yw, Wagging vibrationAyg, vs, Aug, va, vasy, v3ss heme vibrations; Ck CH, group in 4-ethylimidazole and GHyroup in 4-methylimidazolen,
number of water molecules in'Hx (H,0), cluster.P Alternative assignments are separated by a solidus.

redox-dependent entrance of water molecules, as describedo redox transitions of any redox center is much larger.

in ref 23. Averaging a large number of bands, even if the majority of

them overlap a little with the bands of other centers, gives

DISCUSSION a more objective picture than the two strongly overlapping
Titration of the Redox Centers in Cc®edox titration of bands in the visible region (Soret andl. Furthermore, the
the peaks in the infrared has great advantage compared tditration of the Cyg center, invisible by UV-vis spectroscopy,

the visible region because the number of bands correspondingshows 12 bands (see Table 2) that reflect oxidoreduction of



Redox Titration of Cytochrome Oxidase by FTIR Biochemistry, Vol. 45, No. 17, 2006647

Cuh  hemea3  heme a3 number of infrared vibrations showed a two-potential
X 10° tenda mea | G o o i interactive behavior, which would not be expected if the two
hemes would titrate at widely separate potentials without
redox interaction. In contrast to the mammalian enzyme,
where the amplitudes for the high- and low-potential waves
are about the same for both hemesParacoccughe high-
potential wave for one heme represents 3/5 and the other
2/5 (Figure 5A,B). This ratio would correspond to an
equilibrium constant of 1.5 for electron transfer between them
and a 10 mV difference in their midpoint redox potentials.

p/\rf\/ o my We have assigned all bands with the larger amplitude of the
8 high-potential transition to herree(Figure 5A), because the

2.5

A
Tl TN,

AOD
w

titration at 605 nm, where henasbsorbance dominates over
hemeag, clearly shows a larger fraction of the high-potential
transition. Detailed analysis of the WWis data onP.
denitrificansCcO will be published separately (Bloch et,al

ﬁW\J AVINIVALY N ) Y

-0.5- +280/+320 mV

: to be submitted for publication).
TEYRTT 1646 | 1430 | 1419 Application of the thermodynamic model with redox

1321 1105
1661 1526 1455 interaction between hemes for the fit of the experimental

data allows us to estimate not only thkg, values for the
hemes at each pH but also the extent of the redox interaction
Ficure 6: (A) Complete red-ox FTIR difference spectrum300 in every case. The pH dependence of Bags —30 mV/pH

minus +480 mV) reduced five times to be comparable with (B) . .
and (C). (B) Difference FTIR spectrum representing a potential for both hemes. The simple model of two redox centers with

step betweer-360 and+400 mV. (C) Difference FTIR spectrum & common protonatable group, which takes a proton upon

Wavenumber, (:m"I

representing a potential step betweeB80 and+320 mV. All reduction of either heme?2(), precisely describes this
spectra are at pH 6.5. situation. Thus we conclude that reduction of either hame
10 or ag is coupled to protonation of a single common group.
] 3 The difference between thg, values for the two hemes
R sl characterizes the equilibrium constant of electron transfer
LI N between them. From the data in Table 1 it is clear that the
05 ‘\‘ equilibrium constantK ~ 1.5) is pH-independent in the
3 ‘

whole investigated pH range (6-89.0). Such pH indepen-
dence can have two possible reasons. First, the shift of the
pK of the group that accepts the proton is the same whether
hemea or a; is reduced. This would suggest that the acidic
group is located at an equal distance from both hemes. The
3 second possibility is that theKpvalue for the oxidized
- enzyme is at least one pH unit lower than the low border of
v the investigated range and at least one pH unit higher than
A\ . the upper border when either heme is reduced.
kN s Surprisingly, the redox interaction between the hemes has
T a pH dependence that is opposite to the one expected if the
-3 5 e 240 30 0 80 negative cooperativity were of a simple and purely electro-
static origin. Indeed, if the decreasebip of one of the hemes
FIGUReE 7: Redox titration of the continuum shift in the water region would be the result of a Coulombic interaction with the
IGURE 7. X U ; electron located at the neighbor heme, charge compensation
:tsp(jll—égé(r)i.bTeréeigtggglrjlgfrve of the shift was extracted and analyzed of the latter by the bind_ing of the proton would be_ less the
higher the pH. Thus a simple electrostatic interaction would
this center, even though these bands are not as large as sormze expected to increase with pH, but the opposite was found.
of the heme bands. Therefore, other possible explanations for the anticooperat-
Titration of the IR bands that we ascribe to be linked to ivity should be considered. For example, the proximal
hemea andas, respectively, shows clear splitting into high- histidine ligands of hemes anda; are located on opposite
and low-potential parts. Such behavior was earlier found by sides of the same transmembrane helix, so that their relative
optical spectroscopy in the mammalian enzyme and ex- position is fixed. Reduction of one of the hemes might create
plained in terms of redox interaction; i.e., the redox potential a small displacement of the imidazole ring of its proximal
of one heme is lowered by reduction of the oth&g, (20). ligand, and this movement may be transmitted to the ligand
This interpretation is at variance with the conclusion by of the other heme.
Hellwig et al. £6), who ascribed the two main optically Assignment of Differential FTIR Bands in Red-Ox Spectra.
observed redox transitions in tHearacoccusenzyme to The well-known redox-dependent band shift at 1737/1746
hemesa andas, respectively, without redox interactions and cm™! has been assigned to changes in the environment of
interpreted their FTIR data accordingly. The FTIR titrations the protonated carboxyl group of E2734. Here we show
reported here do not support such a model, because a larg¢hat this shift correlates with oxidoreduction of hea& his

AoD

-25

Potential, mV vs. NHE
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is surprising at first sight because E278 is equidistant from enzymes. Practically all infrared bands in the redox difference
the two heme groups. Possibly, the carboxyl group of E278 FTIR spectra of €O were found to be complex, but with
is sensitive to a redox state-dependent arrangement of watepne major component in each. Most of these bands could

molecules in the vicinity (see r@b), or this group may itself

be assigned to specific vibrations of the redox centers

be oriented in a redox-dependent fashion relative to adjacenthemselves and their ligands.

water molecules. The largest maximum at 1661 tsmowed

hemea oxidoreduction behavior, and the adjacent minimum ACKNOWLEDGMENT

at 1641 cm? reflects hemeas oxidoreduction. The assign-
ment of the 1641 cm band is in agreement with a previous
assignment for bovine oxidas&1], but our assignment of
both these bands is opposite to that in & Previous
assignments of infrared differential bands in red-ox spectra

We thank Nikolay Belevich for excellent technical support,

Peter R. Rich for invaluable help in setting up the ATR
technique, Anne Puustinen for discussion and samples of
Paracoccusenzyme, and Markus Kaukonen for help with

S .~ data analysis.
were originally based on resonance Raman data on bovine y

CcO. The band intensities of Raman spectra are relative while ReFERENCES

they are absolute in IR. Band intensities in the two methods
are often reciprocal. Hence, if two bands from different redox
components are at the same frequency, they may be
differently emphasized in FTIR and Raman spectra, which
may explain the different interpretation in this work com-
pared to that in ref6.

Deprotonation Reactions in CcO in the pH Range-6.5
9.0. No disappearing or appearing new bands were found
within the pH range 6.59.0. The intensities of the majority
of the bands (normalized by the global peak difference 1661/
1641 cmt red-ox FTIR spectra) differed within 25% at the
employed pH values. However, several bands were found
to be twice as small in intensity at pH 6.5 compared to pH
9.0. Redox titration of most of them reflectedgeduction
(the positions of these bands were 1489, 1483, 1321, and
1308 cm?); three of these bands showed Credox-
dependent behavior (1603, 1468, and 1431 %¢nand one
band titrated as henag (1473 cn1?). These infrared bands
may reflect protonation reactions otQ. For example, the
two bands at 1489 and 1308 cmay be attributed to
histidine ligands of Cglwhich have been proposed to take
part in H" translocation 27). However, this pH-induced
difference in band intensities may be caused by the normal-
ization (which is imperfect) of titration surfaces to the global
peak difference (1661/1641 cr) and by the fact that the
high-potential titration region was limited t6480 mV (for
details, see Assignment of FTIR Redox Titration Curves in
the 18006-1000 cn1* Region). For example, bands assigned
to Cu, (1603, 1468, and 1431 crj are unlikely to
demonstrate protonation/deprotonation behavior of surround-
ing ligands due to the pH-independdty.

In conclusion, in this study complete redox titrations of
the enzyme by ATR-FTIR spectroscopy have been performed
for the first time. The titrations revealed the possibility of
measuring transitions of all four redox centers separately
(including those “invisible” by other spectroscopic tech-
niques, such as Gu This approach allows a direct estimate
of the thermodynamic constants such asBhevalues and
the redox interactions, which are necessary for the construc-
tion of a thermodynamic model ofd® functioning. How-

ever, we stress that these values are model-dependent. In

this work we present the simplest model, which only allows
a redox interaction between the hemes. Inclusion of a
possible interaction between gwand the hemes would

change these values, and further work is required to assess

this possibility. However, our current approach demonstrates
a new way of assigning the infrared bands of redox-active
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