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ABSTRACT: Thebag cytochromec oxidase fromrhermus thermophilusas been studied with a combined
electrochemical, UV/VIS, and FTIR spectroscopic approach. Oxidative electrochemical redox titrations
yielded midpoint potentials dt,, = —0.024+ 0.01 V andEn, = 0.16+ 0.04 V for hemeb andEq,, =

0.13+ 0.04 V andEy,, = 0.22 + 0.03 V for hemeasz (vs Ag/AgCI/3 M KCI). Fully reversible
electrochemically induced UV/VIS and FTIR difference spectra were obtained for the full potential step
from —0.5to 0.5 V as well as for the critical potential steps fred.5 to 0.1 V (hemd is fully oxidized

and hemeas remains essentially reduced) and from 0.1 to 0.5 V (hbmamains oxidized and hensg
becomes oxidized). The difference spectra thus allow to us distinguish modes coupled tb hadhe

heme as. Analogous difference spectra were obtained for the enzyme,® Buffer for additional
assignments. The FTIR difference spectra reveal the reorganization of the polypeptide backbone,
perturbations of single amino acids and of herfesdas upon electron transfer to/from the four redox-
active centers henteandags, as well as Cgland Cu,. Proton transfer coupled to redox transitions can be
expected to manifest in the spectra. Tentative assignments of heme vibrational modes, of individual amino
acids, and of secondary structure elements are presented. Aspects of the uncommon electrochemical and
spectroscopic properties of theg oxidase fromT. thermophilusare discussed.

Cytochromec oxidase (EC 1.9.3.1) is the terminal enzyme
of the respiratory chain in mitochondria and many prokary-

been solved. Two putative proton pathways, called “K-
pathway and D-pathway”, according to specific lysine “Lys-

otes. As integral membrane protein, it catalyzes the reduction354” and aspartic acid “Asp-124" residues involved, have

of dioxygen to water using electrons from cytochrome
according to the equation:

ACytcFe! + (4+nH" +0,—
ACytcFe®" + nH," + 2H,0

where H™ and H,* represent protons at the inner/outer side
of the membrane. Four redox-active sites are involved in
the electron transfer. Electrons from cytochromare first
transferred to a homobinuclear copper A site {Cand then
subsequently to hem& and to hemeas, which is located
close to copper B (@), forming a heterobinuclear metal

center where oxygen is reduced to water. The protons needed

for water formation are taken up from the cytosolic side.

been identified (the amino acid numbering in this paper refers
to that of subunit | of theaas oxidase fromP. denitrificans

if not specifically mentioned). A third proton pathway has
been recently proposed by Yoshikawa et @). The crucial
residue Asp-51 (humbering for bovine enzyme) suggested
to be involved in the H-pathway is not conserved in the plant
and bacterial oxidased); The K-pathway leads from the
cytoplasm to the binuclear center through Ser-191, Lys-354,
Thr-351, and Tyr-280. Interestingly, the latter has been
suggested to be covalently linked to one of the; Ggands
(His-276) @, 7). This suggestion has been verified using
protein chemical method8). Mutation of Lys-354 inacti-
ates the oxidase, and heragis difficult to reduce 9—

11). Mutation of Thr-351 decreases the activity of the

The proton consumption and the coupled translocation of €NZyme. These results suggest that the K-pathway is used
nH*/e~ across the membrane contribute to the proton gradient O Proton uptake coupled to the reduction of the heage

needed to synthesize ATP (for reviews, see fieand 2).
Recently the crystal structures of cytochromexidase
from P. denitrificans(3, 4) and from bovine hearg( 6) have

T Financial support from DFG to W.M. and G.B. (BU463/3-2) is
gratefully acknowledged.

Cug site. It is the turnover with @©that is inhibited in the
Lys-354 mutants, whereas the enzyme is still active with
H,O, as electron acceptorl®, 13, suggesting that the
protons involved in proton pumping follow a different path.
The D-pathway leads from Asp-124 via six polar residues
to a highly conserved glutamic acid residue, Glu-278. In
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the reoxidation of the enzyme stopped at the peroxy (P)
intermediate, with Cyremaining reducedld). It was also
found that proton pumping in the ferryl intermediate
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oxidized state (F— O) transition was impaired in the Glu- containing theba; oxidase were pooled, concentrated (Mini-
278 mutant 15). These results indicate that Asp-124 and tan 10 000; Millipore), and rechromatographed twice on
Glu-278 are relevant for oxygen reduction and proton transfer Fractogel TMAE-650 (S) (MERCK); the detergent 0.1%
1, 2. Triton X-100 was changed to 0.05% dodegyb-maltoside.

The thermophilic Gram-negative eubacteridinermus ~ Fractions containingoas oxidase were again collected,
thermophilusHB8 (ATCC 27634) expresses two different concentrated, and purified by gel filtration on Superdex 200
terminal oxidases. Concerning the hemes incorporated, they(Pharmacia) in 50 mM Tris/HCI, pH 7.6, containing 0.1%
belong to thecaa andbas types (L6, 17), however, with a dodecylg-p-maltoside. The purifiedas oxidase was con-
geranyl/geranyl side chain at herag18). The bas oxidase centrated by Ultrafiltration (Centricon 100 000; Amicon),
is the smallest known cytochroneeoxidase. It consists of ~ desalted by passing through a Sephadex G-25 column, shock
only two subunits 19) which are distantly related to subunits ~ frozen in liquid nitrogen, and stored at74 °C.

I and Il of common cytochrome oxidases 20). It was For electrochemistry, thbas oxidase was solubilized in
shown that thdas oxidase reacts with cytochroness, that n-decyl3-p-maltopyranoside, 100 mM phosphate buffer (pH
appears to be the physiological substr&g, 2. The high ~ 7) containing 50 mM KCI and was concentrated to ap-
interest in the aberrabig; oxidase is based on: (i) the amino Proximately 0.5 mM using Microcon ultrafiltration cells
acid sequence reveals a very low homology with most (Millipore). Exchange of HO against RO was performed
terminal oxidases23) and belongs to the Sox-B clust@4), by repeatedly concentrating the enzyme and rediluting it in
(ii) all crucial amino acids in the D- and K-pathways @& D:O buffer. H/D exchange was found better than 80% as
discussed for water formation and proton translocation are judged from the shift of the amide Il mode at 1550 Crin

not conserved in thbas oxidase, (iii) several studies using the FTIR absorbance spectra (data not shown).

EPR, FTIR, resonance Raman, and magnetic CD spectros- ElectrochemistryThe ultra-thin-layer spectroelectrochemi-
copy clearly showed that the henag—Cug center of the cal cell for UV/VIS and IR was used as previously described
bas oxidase has peculiar ligand binding propertias,(22, (37, 38. Sufficient transmission in the 186@000 cnt*
25-28), and (iv) its crystal structure is being solvezb). range, even in the region of strong water absorbance around
Nevertheless, the enzyme is an electrogenic proton pumpl645 cm?, was achieved with the cell path length set to
that couples oxygen reduction to the consumption of'1 H 6—8 um. The gold grid working electrode was chemically

e and the translocation of 0-D.5 H'/e across the  modified by a 2 mM pyridine-3-carboxyaldehyde thisemi-
membrane 0). carbazone (PATS-3) solution as reported bef@¥).(To
FTIR difference spectroscopy is a sensitive method to accelerate the redox reaction, 15 different mediators were

detect the structural changes upon electron transfer angpdded as r_eported in réb (except K‘[Fe(CN)SD oa total.
coupled proton transfer. Although changes of vibrational concentration of 4@M each. At this concentration, and with

modes may be observed throughout the full mid-infrared, the path length below 16m, no spectral contributions from
focus is on the modes of diagnostic relevance which are the med|at0r§ in the V_IS and IR range could be d_etected n
observable between 2200 and 1200 &rThis spectral range control experiments with samples lacking the protein, except
was presented for the difference spectra of the light inducedor the POl modes of the phosphate buffer between 1200 and
CO photolysis from bovine heart oxidas81f and bo; 1000 cn™. As a supporting electrolyte, 5.0 mM .KCl was
oxidase fromk. coli (32). FTIR difference spectra induced addgq. Apprquately 56 4L of the protein solution was

by photoreduction have been presented in 3&f The suff|C|ent.to fill the spectroelectrochemical cell. Potentials
combination of protein electrochemistry and FTIR difference duoted with the data refer to the Ag/AgCI/3 M KCl reference

spectroscopy has been demonstrated by studiegegn  €lectrode; add-208 mV for SHE (pH 7) potentials.
oxidase fromParacoccus denitrificané34—36). In this paper SpectroscopytTIR and UV/VIS difference spectra as a

we present an analysis of the electrochemical, UV/VIS, and function of the applied potential were obtained simulta-
FTIR spectroscopic properties of thee, oxidase from neously from the same sample with a setup combining an
Thermus thermophilus IR beam from the interferometer (modified IFS 25, Bruker,

Germany) for the 40081000 cn? range and a dispersive

MATERIALS AND METHODS spectrometer for the 4600 nm range as reported previ-
ously @38, 39. First, the protein was equilibrated with an
Sample Preparatiorf-or the expression of tHes; oxidase, initial potential at the electrode, and single-beam spectra in
Thermus thermophilusiB8 cells were grown at 70C in the VIS and IR range were recorded. A potential step toward

100 L of culture medium using a stainless-steel jar fermenter the final potential was then applied, and single-beam spectra
under restricted aeration. Thes-type cytochrome oxidase of this state were again recorded after equilibration. Differ-
was prepared according to a new protocol: 100 g of frozen ence spectra as presented here were then calculated from
cells was thawed in 500 mL of 100 mM Tris/HCI, pH 7.6, the two single-beam spectra with the initial single-beam
containing 200 mM KCI and 800 mg of lysozyme. After a spectrum taken as reference. No smoothing or deconvolution
60 min stirring period, the suspension was centrifuged. For procedures were applied. The equilibration process for each
the solubilization of the respiratory complexes, the pellet was applied potential was followed by monitoring the electrode
resuspended in 500 mL of 100 mM Tris/HCI, pH 7.6, current and by successively recording spectra in the visible
adjusted to 5% Triton X-100, stirred for 3 h, and centrifuged range until no further changes were observed. The equilibra-
at 1770@ (Beckman JA-10 rotor, 10 000 rpm) at’€. The tion generally took less than 8 min under the conditions
supernatant was diluted wit5 L of H,O and chromato-  (protein concentration, electrode modification, mediators) for
graphed on a DEAE-Biogel Agarose column (BioRad) in the potential steps reported. Typically, 128 interferograms
0.1% Triton X-100, 10 mM Tris/HCI, pH 7.6. Fractions at 4 cn1! resolution were coadded for each single-beam IR
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Ficure 1: Oxidized-minus-reduced UV/VIS difference spectra of llag oxidase fromT. thermophilusobtained for a potential step from
—0.5to0 0.5 V (a) and for the selected potential steps fro@n5 to 0.1 V where the hemecontributions dominate (b) and from 0.1 to 0.5

V (c) where the hemas contributions dominate. All potentials are quoted vs Ag/AgCI/3 M KCI. For experimental conditions, see Materials
and Methods.

spectrum and Fourier-transformed using triangular apodiza-adjusted manually until the theoretical Nernst curve and the
tion. Differences in sample concentration and path length measured data matched wdit py eyd.
were taken into account by normalizing the FTIR difference
spectra on the difference signal of the sample in the UV/ RESULTS AND DISCUSSION
VIS at 559 nm. Electrochemically Induced UV/VIS Difference Spectra.
Redox TitrationsThe redox-dependent absorbance changesFigure 1 a shows the oxidized-minus-reduced UV/VIS
of the cytochromec oxidase fromT. thermophiluswere difference spectra of thkas oxidase fromT. thermophilus
studied by performing electrochemical redox titrations in the obtained for a potential step from0.5 to 0.5 V (vs Ag/
UVIVIS spectral range. The redox titrations were performed AgCl/3 M KCI). In the oxidized-minus-reduced spectra, the
by stepwise setting the potential and recording the spectrumpositive signals correlate with the oxidized and the negative
after sufficient equilibration. Typically, data were recorded signals with the reduced form of the enzyme. The difference
at steps of 55 mV. All measurements were performed at 5 spectra are exact mirror images to the reduced-minus-
°C. The midpoint potentialsE,, and the numbemn of oxidized spectra (data not shown), indicating the full
transferred electrons were obtained by adjusting a calculatedreversibility of the electrochemical reaction. For the reduced
Nernst curve to the measured absorbance change at a singléorm, the Soret band can be observed at 427 and 441 nm;
wavelength by an interactive fit. All parameters have to be for the oxidized form at 408 nm. Th&band can be seen at
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528 nm, theo-band at 559 and 611 nm. A broad signal at a
656 nm can be observed for the oxidized form.

The difference signals observed in the visible spectral heme b
range from 400 to 700 nm can be assigned to contributions 559 nm
of hemesb and az (40, 41), whereas Cg does not show -0.001
detectable absorptions in the visible spectral rad@g The
bands observed at 427, 528, and 559 nm are characteristic
for low-spin hemes. The difference signals at 441 and at
611 nm can be assigned to high-spin heswé42). At 656 =0.002
nm, a band can be seen which has been previously assigned
to the high-spin heme@;s in bovine heart oxidase4B). In
addition to the heme contributions, weaker signals from the
Cu, center can be expected at approximately 480, 530, and
834 nm, based on investigations on the isolated subunit Il
fragment ofaas oxidase 44, 45. However, these signals
are superimposed by the intense contributions from the -0.004-——7—+——1————"—"F————
hemes. -0.2 0.0 0.2 0.4

In a recent publication7), the presence of a peroxy ligand Potential (V)
in the binuclear center of the cytochroraeoxidase from
bovine heart was postulated for the oxidized state. We found  0.000
no evidence here for the expected shift of theband 1
described for the development of the peroxy form in dds ]
and41 However, this was not explicitly investigated for the -0.004+
bag oxidase fromT. thermophilusyet. In addition, a short ]
lifetime was reported for the peroxy state. ;

Figure 1 shows the oxidized-minus-reduced UV/VIS  -0.0087
difference spectra of thes; oxidase obtained for a potential 2
step from—0.5 to 0.5 V (Figure 1la) and for the critical < i
potential steps from-0.5 to 0.1 V (Figure 1b) and from 0.1 -0.0127]
to 0.5 V (Figure 1c). In the UV/VIS difference spectra :
obtained for the critical potential step from0.5 to 0.1V, 1
the fully developed Soret (427 nmfj;band (528 nm), and -0.0167]
a-band (559 nm) of hemk can be seen. The characteristic 1
absorptions of hemas only contribute approximately 20% 1

. . . . . . -0.020 T T T T T T T
of the amplitudes in this potential range (cf. titration curves 02 0.0 0.2 04
in Figure 2). For the potential step from 0.1 to 0.5 V, the Potential (V)
contribution of hemeaz develops. Clear arguments for our _ )
assignment are the characteristic optical properties of the t\(vor'?'rﬁués 2a'n dPg:‘et?]téalsg?gteggﬁgcoef %feige;%?”f‘lgfnhnﬁnzs %Igggd
heme centers, differing due to their coordination and Spin gjrcles represent the oxidative redox titration. The data were
state and clearly distinguishable in the titration presented interactively fitted to a calculated Nernst curve (solid line). Two
here. The potential-dependent absorbance changes observedidpoint potentials can be determined for each heme from these
in the higher potential range (Figure 1c) show characteristic fits: Em, = —0.02+ 0.01 V andEm, = 0.16- 0.04 V for heme
features (peak position and intensity) of high-spin 5-coor- b, andEy, = 0.134 0.04 V and&y, = 0.22+ 0.03 V for hemes.
dinated hemeaz model compounds described b42f. The heme a; at 441 nm (Figure 2b) reveals two midpoint
changes observed for the lower potential range (Figure 1b)potentials aE,, = 0.13+ 0.04 V andE,, = 0.22+ 0.03
can be clearly attributed to heme The possibility of V. These potentials can be assigned to hemeA clear
separating the heme contributions as documented unequivoargument for the attribution of the potentials to heimer
cally by separated UV/VIS spectra will be accordingly used az is the optical properties of each heme described above.
for the IR spectroscopy in order to support attribution of  The potentials of the hemes and especially the order in

0.0007

A Abs

-0.003- i

heme modes to henteor as. which the redox transitions can be observed are uncommon
UV/VIS Redox Titrationgzigure 2 shows a redox titration — as compared to bovine heart oxidaé6-51). For the bovine
of the bag oxidase in the potential range fror0.5 to+0.5 heart enzyme, undistinguishable midpoint potentials of the

V in the visible spectral range. The potential-dependent two heme centers in the absence of inhibitors are reported
development of thex-band at 559 nm is shown in Figure due to their cooperativity and to the cooperativity withsCu
2a. The closed circles represent the measured data interacf46—51). For the interpretation of the complex data describ-
tively fitted to a calculated Nernst curve (cf. Materials and ing the cooperative interactions between the redox centers,
Methods). Two redox midpoint potentials can be determined several models have been developed. The most prominent
from this fit: E,, = —0.02 £ 0.01 V andE,, = 0.16 £+ one is theneoclassical moddl6). In the bovine hearaas

0.04 V. The error was estimated from the standard deviation oxidase, a triphasic titration curve describing the cooperative
of several titrations. We assign these midpoint potentials to interactions, with both hemes contributing through the
hemeb which contributes at 559 nm, as discussed above. phases, is expected. £oooperativity with the hemes causes
The potential-dependent development of the Soret band ofthis complex picture 46, 47. The potential-dependent
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development of the contributions in the UV/VIS is first spectra of isolated amino acids and small peptides as model
dominated by hemas and then by the hengcontributions. compounds, and information on contributions from the

In the oxidative titrations presented here, first contributions secondary structure from infrared absorbance spectra and the
from hemeb and then from hema; can be seen, describing deconvolution of the amide | region.

a biphasic development for each of the hemes. The potential- Byffer ContributionsIn the lower spectral region from
dependent developments of the heme redox states clearlyj200 to 1000 cm!, a broad difference structure with a
differ from those reported for bovine heart oxidase. The tWo maximum at 1160 crit and a minimum at 1088 cr upon
steps in the fitration curve of each heme might be explained oxjdation can be observed (Figure 3a). Upon H/D exchange,
in the sense of theneoclassical modelith the steps  an ypshift of the signals to 1182 and 1098 éncan be
describing the heme coupled to the different cofactors. If ghserved (Figure 4a). This indicates a change in the hydrogen
we assume that both hemes contribute at the same absorptioBonding strength to/from the contributing group after H/D
(as in the bovine heart oxidase), a triphasic curve as describediychange. As previously described for the cytochrame
for bovine heart can be found, however, with inverted oxjdase fromP. denitrificans these bands can be assigned
potentials for hemeb andas. The contribution of heme to PO modes caused by deprotonation of the phosphate
could be determined to amount to approximately 80% in the pyffer, correlating with proton uptake by the protein and the
UVIVIS difference spectra for a potential step fre0.510 mediators upon electron transfed4). If other buffers are
0.1V. However, the functional role of the deviations cannot yse, these PO signals are absent, and modes characteristic
be explained yet. We keep in mind thbtthermophiluss — for the puffers used appear. It was shown recently that the
an organism living at extreme environmental conditions, at 4, oxidase fronil. thermophilusicts as a proton pumga).
approximately 80C. The measurements presented here have|t is thys conceivable that the signals at 1160 and 1088-cm
been performed at 8C, and the effect of higher temperature  yofiact proton uptake coupled to proton transfer in the protein.
on the potentials should be regarded. However, potential\yg keep in mind that proton uptake from the redox reactions
titrations of thecaas oxidase fromT. thermophilusat 5°C of the mediators contributes here as well. Blank difference
showed titration curves for hemesanda; describing the  gpacira of samples lacking the protein verify that the proton

same triphasic shape and potentials close to those of boving 4 1e/release of the mediators can be observed in the buffer
heart oxidase (P. Hellwig, unpublished results). On the basis 5 es: however, no infrared signals from the mediators can
of the determined potentials, we assume that electron—transfe:?e seen (data not shown).

measurements could reveal uncommon rates as compared " H Modds, th o g
to bovine heart oxidase. In a recent publication, the unique _ASSignment of Heme Modés the approach presente
here, the contributions of both hemes can be distinguished

kinetic behavior of thédag oxidase fromT. thermophilusn X ) ) .
the reaction with oxygen and cy652 as well as ligand ~ ©" the basis of the electrochemically induced FTIR difference
spectra for the potential step from0.5 to 0.1 V (Figure

binding dynamics are reported1). On that basis, uncommon : :
gy b g 3/4b) and 0.1 and 0.5 V (Figure 3/4c), as discussed for the

electrochemical properties of the hemes ang & to be . ; ;
expected 21). UV/VIS difference spectra, and tentative assignments of

Electrochemically Induced FTIR Difference Spectra in characteristic heme vibrational modes and comparison to
H,0 and DO. Figure 3ac shows the oxidized-minus- '€Sonance Raman data for the same enzyme are posible (
reduced FTIR difference spectra of the; oxidase for the %2, 52, 53. The nomenclature used in this paper to describe
full potential step from—0.5 to 0.5 V (Figure 3a) and for ~"€me modes was described in Spiro and 34)(and was
partial potential steps from0.5 to 0.1 V (Figure 3b) and prewously mtroduced in reb5. For the electrochemically
from 0.1 to 0.5 V (Figure 3c), respectively. Figure-4a induced FTI_R d_|fference spectra,€ and C-N modes of
shows the oxidized-minus-reduced FTIR difference spectrum the Porphyrin ring, &0 modes of protonated or deproto-
of the cytochromec oxidase equilibrated in £D buffer nated propionates, and@ ylbrqtlons of the vinyl substit-
obtained for the same potential steps as in Figure 3. TheUents can be expected originating from herhedas. In
difference spectra obtained for,© buffer (Figure 4&ac) addition, G=0 vibrations of the hemes formyl group can
show spectral features comparable to those 40 KFigure be found.
3a—c). The major signals are almost unaffected by deutera- (A) Porphyrin Ring ModesModel compound investiga-
tion; however, variations in band amplitudes can be observedtions indicate that the &Cm vibration (37) from the
in particular between 1700 and 1646 ¢mand will be porphyrin ring can be expected between 1586 and 1653 cm
discussed in the following paragraphs. (56). In resonance Raman spectra of the oxidizzy

The entity of difference signals represents the total of oxidase fromT. thermophilusa signal at 1584 cnt was
molecular changes concomitant with the redox reactions, i.e.,assigned to the’s; vibration of hemeas (53). Park et al.
conformational changes or charge redistributions in the (31) have assigned signals at 1565 and 1580'dm thevs;
cofactor sites, and thus describes the scenario of the enzyme’sibration in photochemically induced FTIR difference spectra
function. In the FTIR difference spectra, signals reflecting of CO-poisoned beef heart oxidase. A direct comparison to
the reorganization of the hemes, of the polypeptide backbonethese difference spectra obtained by completely different
and amino acid side chains occurring upon electron transfertechniques, and of native and poisoned enzyme, however,
of the four redox-active centers (heni#ss, Cus, and Cug), must be handled cautiously. In the electrochemically induced
can be expected. In addition, proton transfer coupled to the FTIR difference spectra of the cytochroro@xidase from
redox process can be expected to manifest in the spectra. P. denitrificans a signal at 1588 cnt was assigned to the

In the following paragraphs, the difference spectra will vz vibration of hemeas (55). In the spectral region where
be described and discussed. Tentative assignments will bethe v3; vibration is expected (1586 and 1655 ¢ several
presented on the basis of comparison to IR and Ramanoverlapping signals can be observed (Figure 3/4c). The
spectra of heme model compounds and other oxidases, FTIRlifference signal at 1610 cmiis a possible candidate for
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Ficure 3: Oxidized-minus-reduced FTIR difference spectra ofdhgoxidase fromr. thermophilusequilibrated in HO buffer (a) and for
the selected potential steps fron®.5 to 0.1 V where the hentecontributions dominate (b) and from 0.1 to 0.5 V (c) where the hagne
contributions dominate.

the v37 vibration of hemeas. In electrochemically induced as compared to typeporphyrins 42, 52. Thex andy axes
FTIR difference spectra of hentemodel compounds, the  describing the orientation of the split vibratiord andvss))
v3; mode was assigned to signals at 1571 €ifoxidized have been introduced in r&b. In resonance Raman spectra
form) and 1553 cm! (reduced form) %7). On the basis of  of reduceccaa oxidase fromT. thermophilug53) and from
these model compound spectra, we propose the involvementas beef heart oxidase, theg, vibrational mode of hemas

of thevz; vibrational mode of hemkin the difference signals  could be identified at 1531 cr (53). In the electrochemi-
at 1570/1574 and 1556/1554 chobserved in Figures 3 and  cally induced FTIR difference spectra of the cytochrome

4b. oxidase fromP. denitrificans the vzg, vibrational mode of
The Cb vibration (35) was observed between 1529 and hemeas could be identified at 1528 cmi In the correspond-
1535 cntt in hemeb model compound studie§T). In the ing difference spectra presented here (Figures 3, 4c), no

electrochemically induced FTIR difference spectra in Figure significant difference signal can be observed at this position.
3/4, thevsg vibrational mode cannot be identified. In spectra The strong negative signal at 1542 Tmis a possible

of type a porphyrins, thevsg vibrational mode is expected candidate for thersg, vibrational mode. This would be an

to split due to the reduced symmetry of the porphyrin ring uncommon absorption as compared with the beef heart and
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Ficure 4: Oxidized-minus-reduced FTIR difference spectra ofdhgoxidase fromr. thermophiluequilibrated in DO buffer (a) and for
the selected potential steps fron®.5 to 0.1 V where the hentecontributions dominate (b) and from 0.1 to 0.5 V (c) where the hagne

contributions dominate.

P. denitrificansoxidase and may indicate differences in the
local site of the binuclear center. The vibrational modes
can be expected at 1564570 cnt (56) and could be
observed for hemas in the P. denitrificansoxidase at 1564
cm1 (55). In the electrochemically induced FTIR difference
spectra ofbag oxidase fromT. thermophiluspresented in
Figures 3c and 4c, the involvement of that vibration in the
1570 cn1? difference band is conceivable.

In the photochemically induced FTIR difference spectra
of CO-poisoned beef heart oxidase, thgvibrational mode
was assigned to signals at 1565, 1540, and 1531 ¢&1);
the splitting of thevsg vibrational mode (discussed before),
however, was not discussed. Oertling et al) (attribute in
resonance Raman spectra of the; oxidase fromT.

thermophilusa signal at 1559 cnt (reduced form) to the
vsg Vibrational mode; however, the splitting of the mode is
not discussed there.

The absorption of the &N vibration, termedvs;, can be
expected between 1319 and 1389 énand could be
identified in resonance Raman spectra at 1374dar the
oxidized and at 1365 cm for the reduced cytochrome
oxidase fronmP. denitrificans(52). Park et al. 1) proposed
difference bands at 1371 and 1366 ¢nfor the v
vibrational modes from photochemically induced FTIR
difference spectra of CO-poisoned beef heart oxidase. In the
electrochemically induced FTIR difference spectra of the
cytochromec oxidase fronP. denitrificans a signal at 1362
cm ! (reduced form) and a signal at 1380 cir{oxidized
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form) could be observed for henag (55). In Figures 3c Similarly, signals at 1390 cni are observed which could
and 4c, a difference signal at 1380 thtan be tentatively  be characteristic for the(COO")s vibration.

assigned to they; vibrational mode of the hemes. Therfl For theaas cytochromec oxidase fromP. denitrificans
vibration (©4;) was observed between 1150 and 1268tm the contributions of protonated and ionized carboxylic groups
in hemeb model compound spectr&¥). The positive signal  of the heme propionates were assigned by speéiiz

at 1266 cm? can be tentatively assigned to thg vibrational labeling of the carboxylic groups of the four heme propi-

mode. onates 86). Comparison of the electrochemically induced
It is clear that, in addition to the modes assigned here, FTIR difference spectra of wild-type and specific-labeled

further C—C or C—N vibrations of the porphyrin ring,vso) cytochromec oxidase allowed assignment of a signal at 1676

will contribute to the electrochemically induced FTIR c¢m* to contributions of protonated carboxylic groups.
difference spectra. However, we refrain from discussing and Difference bands at 1570 and 1538 Crwvere assigned to
assigning these modes on the basis of the data presented herthe »(COO")* vibration and at 1380 crit to the»(COO")*

(B) Formyl Substituent ModeShe #(C=0) mode of the vibration of deprotonated heme propionates. The analysis

formyl group of hemes can be expected between 1680 and®f the difference spectra strongly suggests that the heme
propionates in the cytochroneexidase fronP. denitrificans

1606 cn!, depending on hydrogen bonding with neighbor- ’ : : :
ing amino acids. In resonance Raman spectra ofbdee are partially protonated3g). The difference signals in the
characteristic spectral range for th§dC=0O) mode of

oxidase fromT. thermophilus,the v(C=0) mode of the X -
oxidized form of hemes was observed at 1675 cin(58)/ protonated carboxylic groups of the heme propionates are

1676 cnt? (27) and for the reduced form at 1671 ch(58)/ significantly stronger in the electrochemically induced FTIR
1669 cnt! (27). In the electrochemically induced FTIR difference spectra of thkas oxidase fromT. thermophilus
difference spectra of the cytochroneeoxidase fromP. than for theaas oxidase inP. denitrificans The signals are
denitrificans the »(C=0) CHO mode of the oxidized heme ~COMPOsed of a negative signal at 1672 €igfrigure 3b) and
as could be assigned to a signal at 1678 érand that of a positive signal at 1676 crih where the contributions of

the reduced form to a signal at 1668 ch(55). Resonance the protonated heme propionates and of the formyl group
Raman data substantiate these assignméatss2. can be expected. Furthermore, the contributions in the typical

In the electrochemically induced FTIR difference spectra stfefzctraI range of the |on|zed form arz 3|gn|_f|cantly We?kﬁr'
in Figure 4, difference signals can be observed at 1676 cm ! srenfes n protpnart]lon Statﬁ an en_\gronrr}ent 8 the
(oxidized form) and 1668 cnt (reduced form). The differ- carboxylic groups in the cytochrome oxidase fromP.

he . denitrificans and T. thermophilusare probable, and the
ence spectra for the critical potential step from 0.1 to 0.5V spectra presented here indicate that the propionates in the

(Figure 3c), where mainly contributions from hemgcan . . .
be expected, reveal that the discussed bands correlate Withbaigz:gﬁfnee:?rg?g:;?;?;&?éléﬁg;ciiﬂi%gg?dneatfd'

the electron transfer to/from henag, supporting an assign- signals are predominantly caused by theQ@ stretching

ment of th? signals to the(C=0) CHO mode o_f hemes, vibrations of the polypeptide backbone with frequencies
As mentioned above, the absorption of if€=0) CHO  characteristic for specific secondary structure elements. In
mode depends on hydrogen bonding with neighboring aminOne  glectrochemically induced FTIR difference spectra,
acids. The formyl substituent of heragin the cytochrome  ¢ntibutions from the reorganizations of the polypeptide
c oxidase fromP. denitrificansas well as from bovine heart  5ckphone upon reduction/oxidation of the cofactors can be
oxidase does not form a hydrogen bond, as proposed on thgynected, and the partial attribution of the signals to amide
basis of the respective structuré&s-(7). Direct comparison | modes is conceivable. In the amide | region (169610
of the absorption of the(C=0) CHO mode of hemes in cmY), strong negative difference signals can be observed
P. denitrificansandT. thermophilusas well as of resonance 4t 1630 and 1668 cm with a shoulder at 1662 cr (Figure
Raman data, indicates that there is no hydrogen bondingzy) positive signals can be seen at 1678, 1656, and 1646
from/to the formyl group in hemes in T. thermophilus b~ cy1 H/D exchange (Figure 3b) causes the decrease of the
oxidase. Similarities in the direct environment of this yitference signals at 1678 and 1656 cnand the increase
substituent can thus be expected, with only smaller deviationst the signals at 1668 and 1646 chThe difference signals

expected from the 56 cm* difference between the(C= at 1662 and 1656 cm absorb in the spectral range
O) CHO modes for the reduced form (see above). characteristic fora-helical secondary structure elements.
(C) Vinyl SubstituenfThev(C,=Cy) vibration of the vinyl  These signals show very small changes upon H/D exchange,
substituent was observed at 1620 ¢énn hemeb model as expected fow-helical secondary structure elements-(2
coumpound investigation§T). In resonance Raman spectra, 10 cnt?) (59), thus supporting the tentative assignment to
a difference signal at 1618 crhwas assigned to thgC,= a-helical secondary structure elements.
Cp) vibrational mode of hemess (27). The v(Co=Cp) The difference signals observed at 1646 and 1630'cm
vibrational mode of hemé is probably contributing as a  absorb in a spectral range characteristigFsheet secondary
shoulder of the strong signal at 1630 tin structure elements. For the difference signals at 1678 and

(D) Heme Propionate Modesn the spectral region 1668 cml, the involvement of3-sheet secondary structure
characteristic for the(C=0) mode of protonated carboxylic ~ elements should be considered, too. However, conclusive
groups of the heme propionates, difference signals can beassignments are difficult here. Further groups are probably
observed between approximately 1708 and 1678 'cm involved in the difference signals discussed for the amide |
(Figure 3a). In the typical spectral range for th€OO)2s region (cf. Table 1).
vibration between 1570 and 1530 cthh some distinct Amide Il modes result mainly from coupled-\ stretch-
difference signals can be observed (Figures 3 and 4).ing and N-H bending vibrations. H/D exchange induces the
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mutants in the discussed proton pathways (Glu-278 and Asp-
124) clearly allowed assignment of Glu-278 to a difference
signal at 1746/1734 cm (35). Puustinen et al.3Q), using

a different approach (light-induced difference spectra of CO-
poisoned oxidase at 80 K), discuss the involvement of the

Table 1: Assignments for the Electrochemically Induced FTIR
Difference Spectra Presented in Figures 2 and 4

position position
of HO in of D,O in redox

spectrum (cm') spectrum (cm?) state tentative assignments

1738 1732 ¥(C=0) Asp/Glu corresponding amino acid Glu-286 in the; oxidase from
1708 1706 ox »(C=0) heme propionates  E. colito a difference signal with a comparable absorption.
1698 red v(C=0) heme propionates  Glutamic acid 278 (numbering fdt. denitrificansoxidase)
1692 1692 ox v(C=0) heme propionates s discussed to play a crucial role in the catalytic cycle of
1688 1686 red amide Bfsheet) . . . s
1678 1676 ox ¥(C=0) CHO-hemes cytochrome oxidase, and aspartic acid 124 is discussed to
»(C=0) heme propionates ~ be the first proton acceptor in the D-pathway. In the
Z(CNélIis)asArg oxidase fromT. thermophilushowever, Glu-278 and Asp-
sn,Gin .
1668 1668 red 1(C—0) CHO-hemess 124 are not consgrve_d a_n.d are replaped by uncharged .re§|dues
1664 1662 red amide bhelical) (Asn and lle). This significantly deviates from the majority
1656 1654 ox amide lChelical) of known oxidases where these groups are conserved.
1646 1646 ox amide bg-helical) Thev(COO )»mode of ionized aspartic and glutamic acid
1630 1630 red ’Sg“ﬁgﬁrg side chains absorbs between 1580 and 1560'@nd the
a?/ni’de I B-sheet) corresponding(COO™)° mode at approximately 1460420
1618 1618 red v(Ca=Cp) vinyl group cm™! based on investigations of isolated amino acily).(
(hemeb/ag) In the respective spectral range in the electrochemically
1610 o imf:n']&Sheet) induced FTIR difference spectra, signals can be observed at
1590 ox F3e7ing-o Tyr 157_0, 1434, 1418, an_d 1402 Ch(_Flgure 3a-c). A possible
His assignment of the difference signals #COO)2 modes
1570 1570 ox ¥(COO )*heme should be in line with the strong increase of signal intensity
R prog"?ates of the »(COO")® mode upon H/D exchange in model
v:ﬁémebyr compounds. In the electrochemically induced FTIR differ-
vas hemeas ence spectra in f® (Figure 4a-c), no increase of the
1554 1554 red vsz hemeb difference signals around 1570 cincan be reported as
1542 1543 red vy hemeas compared to kO (Figure 4a-c), suggesting that no ionized
1536 ox. = as aspartic and glutamic acid side chains contribute in the
1528 ox v(COO )&heme . . .
propionates? electrochemically induced FTIR difference spectra. We note
1518 1518 red Ring-OH Tyr that the discussed spectral region is very complex and several
1504 1504 ox Ring-OsTyf difference signals overlap here; conclusive assignments can
1434 ox ¥(COO)*Asp/Glu only be made on the basis of labeling experiments on aspartic
1418 1418 red ¥(COO")®Asp/Glu : o C o )
1404 ox 2 and glutamic acid side chains in the protein.
1390 red »(COO")sheme (B) TyrosineThe ring vibration of protonated tyrosine side
propionates chains absorbs at approximately 1516 ¢iand in the ionized
1380 va1 hemea/ag form at 1560 and 1498 cm with relatively strong absorp-
1280 1280 red »(CO™)sTyr . 60). Anoth h . b . for ionized
1266 1262 ox s, hemeblas tions (60). Another characteristic absorption for ionize
1160 1182 PO tyrosine groups can be expected at approximately 1269 cm
1088 P=0 (60). In the electrochemically induced FTIR difference

spectra shown in Figure 3a,b a negative difference band at

1516 cmt* and in Figure 3ac positive difference bands at
1504, 1570, and 1262 crh are observed. A possible
stretching mode to wavenumbers below 1100 &nn the interpretation for the observed difference bands is the
amide Il region from 1575 to 1480 crh several overlapping  deprotonation/protonation of a tyrosine group coupled to
difference signals can be observed. An assignment of theseelectron transfer from/to hente(Figure 3b) or the change
difference signals to amide Il modes appears less probableof environment of a deprotonated tyrosine group coupled to
since little or no shift of these signals upon H/D exchange hemeas (Figure 3c). The additional involvement of other
can be reported (see Figure-4g). signals in this spectral range, for example, heme modes, has
Assignment of Indidual Amino Acid Side Chain Modes. to be considered.
(A) Aspartic and Glutamic Acid Side Chain Mod@sie v- A critical tyrosine group would be Tyr-237 (numbering
(C=0) mode of protonated aspartic and glutamic acid side for the bas oxidase fromT. thermophilu} a group close to
chains can be expected at wavenumbers above approximatelyhe binuclear center, that is conserved in other oxidages (
1710 cn1?, at positions depending on the hydrogen bonding 7). The structures of cytochronweoxidase fromP. denitri-
to/from the COOH group. In this spectral region, no ficansand from bovine heart oxidase indicate that Tyr-280
significant difference signals can be observed revealing that(numbering foP. denitrificang is covalentely linked to His-
no protonated aspartic and glutamic acid is contributing in 276 @, for bovine heart oxidase, s&g This cross-link could
the electrochemically induced FTIR difference spectra of the be chemically evidenced for thba; oxidase fromT.
bag oxidase fromT. thermophilus thermophilug8). Thus, similar contributions in the IR spectra
In the electrochemically induced FTIR difference spectra of the cytochromec oxidase fromP. denitrificansand T.
of wild-type cytochromec oxidase fromP. denitrificans thermophilusare conceivable. This uncommon structure

uncoupling of the &N and the N-H vibration and shifts
the N—-D bending mode to 14961460 cn1! and the CG-N
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might exhibit uncommon absorptions in the IR due to the
reduced symmetry of the ring and may provide a possible
explanation for the relatively weak intensity of the signal at
1516 cmt, in comparison to the signal intensity of isolated
tyrosines 60).

(C) Arginine. Arginine side chains show IR modes at
approximately 1673 cmt [¥(CNzHs)2] and 1632 cm? [v-
(CN3zHs)], as expected from studies on isolated arginines

Biochemistry, Vol. 38, No. 30, 199557

amino acids which are not conserved in iz oxidase from
T. thermophilugGlu-278, Asp-124, Arg-54, and Lys-354).
The characterization of the electrochemical, UV/VIS, and
FTIR spectroscopic properties of thies oxidase fromT.
thermophilushows clear differences with respect to a large
number of known oxidases and confirms previous observa-
tions made in resonance Raman spec@).(The low
sequence identity to most known oxidases, as well as amino

(60). Difference bands are observed in the spectra presenteddcids which are not conserved and are discussed to be crucial

here at 1678 and 1630 crh Arginine side chains can be
found in the vicinity of the active centers. However, the
involvement of the contributions of other groups in these

in the catalytic cycle, offers a basis for the deviations. The
unique properties of the aberrabbs oxidase fromT.
thermophilusmay reflect the phylogenetically ancient ad-

bands can be expected (see Table 1), and an alternativéptation of the organism to extreme environmental conditions
assignment to arginine side chains cannot be made withoutsuch as high temperature and low oxygen concentration and

further investigations on mutants.
(D) Lysine.IR spectroscopic investigations on isolated

a convergent evolution of energy-conserving mechanisms
(30).

amino acids revealed that lysines contribute at apprOXimatelyACKNOWLEDGMENT

1629 cnt with a relatively small extinction coefficien6().
In the electrochemically induced FTIR difference spectra

We thank Christine Ernd for excellent technical assistance,

(Figure 4a,b) a strong negative signal can be seen at 163(Peter Hildebrandt (MPI fuStrahlenchemie, Muheim) for

cm L. However, the assignment of this signal fesheet
secondary structure elements and to #(€NsHs)® mode

critical reading of the manuscript, and Aimo Kannt (MPI
flir Biophysik, Frankfurt/M.) for discussions.

from arginine side chains (discussed above) is more probable

as judged from its intensity. In addition, spectra of other
oxidases which contain herbéndicate that this signal might
be a characteristic hememode (P. Hellwig unpublished
results). The correlation of the signal at 1630 ¢with the
hemeb redox transition (Figure 3a) reinforces this possibility.

CONCLUSIONS

The electrochemical titrations of thms; oxidase fromT.
thermophilusn the UV/VIS revealed two potentials for each
heme with uncommon values and relative contributions. A
comparison of these titrations to previously reported data
from bovine heart cytochromeoxidase 46—51) reveals a
different cooperativity of the hemes and of C possible
explanation for these deviations are differences in the
environment of the active centers which cause different local
electrostatics and thus can shift redox potentials and/or
influence cooperativity. On the basis of the uncommon

electrochemical properties, unique values for electron transfer

and turnover as well as uncommon ligand binding dynamics

can be expected and have already been partially reported

(29).

The electrochemically induced FTIR difference spectra of
the bag oxidase heme modes, for example, thg, mode
of hemeags, reveal uncommon absorbance maxima and thus
indicate deviations at the porphyrin ring and/or its local site
as compared to the cytochromeoxidase fromP. denitri-
ficans On the basis of the absorption of the heagéormyl
substituent §(C=0)], however, similarities in the direct
environment of the formyl group can be expected. Absorp-
tions characteristic for protonated heme propionates could
be observed in the electrochemically induced FTIR difference
spectra. They indicate that the heme propionates of hémes
and a; are predominantly protonated, deviating in their
protonation state from the propionates in the cytochreme
oxidase fromP. denitrificans(36). Some of the differences
between the electrochemically induced FTIR difference
spectra of the cytochrome oxidase fromP. denitrificans
(35, 55 and fromT. thermophilugan be related to relevant
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