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ABSTRACT. Cytochrome ¢ oxidase from Paracoccus denitrificanswas studied with a combined
electrochemical and ultraviolet/visible/infrared (UV/vis/IR) spectroscopic approach. Global fit analysis
of oxidative electrochemical redox titrations was used to separate the spectral contributions coupled to
hemea andag redox transitions, respectively. Simultaneous adjustment of the midpoint potentials and of
the amplitudes for a user-defined number of redox components (heredantas) at all wavelengths

in the UV/vis (900-400 nm) and at all wavenumbers in the infrared (180250 cnt?) yielded difference
spectra for the number of redox potentials selected. With an assumption of two redox components, two
spectra for the redox potential &0.03+ 0.01 V and 0.22+ 0.04 V (quoted vs Ag/AgCl) were obtained.

The method used here allows the separation of the heme signals from the electrochemically induced
visible difference spectra of native cytochromexidase without the addition of any inhibitors. The
separated hema and az UV/vis difference spectra essentially correspond to spectra obtained for high/
low-spin and 5/6-coordinated henaéaz model compounds presented by Babcock [(1983iwmlogical
Applications of Resonance Raman Spectrosd@pyro, T., Ed.) Wiley and Sons, New York]. Single-
component Fourier transform infrared (FTIR) difference spectra were calculated for both hemes on the
basis of these fits, thus revealing contributions from the reorganization of the polypeptide backbone, from
the hemes, and from single amino acids upon electron transfer of the cofactors dfemeu,, and

Cug), as well from coupled processes such as proton transfer. A tentative assignment of heme vibrational
modes is presented and the assignment of the signals to the reorganization of the polypeptide backbone
and to perturbations of single amino acids, in particular Asp, Glu, Arg, or Tyr, is discussed.

Cytochromec oxidase is the terminal enzyme of the
respiratory chain and catalyzes the stepwise reduction of
oxygen to water. In the course of this process, electron and
proton transfer are efficiently coupled to contribute to the
formation of an electrochemical proton gradient which drives
ATP synthesis. Four redox-active cofactors are involved in
electron transfer: GCu acts as electron acceptor from
cytochromec and transfers the electrons to heed-urther
electron transfer leads to the binuclear center, formed by
hemeas; and Cwy, where oxygen is bound and reduced. For
reviews on cytochromec oxidase see (refd—3). The
structure of the cytochrome oxidase fromParacoccus
denitrificanswas published in refd and5 and from beef
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* Financial support from the Deutsche Forschungsgemeinschaft (Maspemflc C-atoms to describe the vibrations and the pseudosymmetry
1054/17-1 and 17-2 to W.M., SFB 472 to B.L. and H.M.), the Fonds 2aXes are depicted.
der Chemischen Industrie (to H.M.) and the Max-Planck-Gesellschaft . .
(to H.M.) is gratefully acknowledged. heart oxidase in refé and 7. Recently the structure of

_*To whom correspondence should be addressed: email maentele@oxidized and reduced beef heart oxidase was characterized
biophysik.uni-frankfurt.de; Tel 49-69-6301-5835; Fax 49-69-6301-5838. (g,

*nstitut fir Biophysik der Johann-Wolfgang-Goethe-Univeisita
s Max-Planck-Institut fu Biophysik. Hemesa andas have the same molecular structure (shown

Institut fur Biochemie der Johann-Wolfgang-Goethe-Univétsita  in Figure 1) but differ in their spin and coordination state

10.1021/bi982282+ CCC: $18.00 © 1999 American Chemical Society
Published on Web 01/16/1999



1686 Biochemistry, Vol. 38, No. 6, 1999 Hellwig et al.

and thus in their electrochemical and spectroscopic proper-prominent one is the neoclassical mod#))( However, the
ties. Hemea has a 6-coordinated low-spin iron center in both electrochemical properties of the cytochromexidase are
oxidation states, and henag has a 5-coordinated high-spin  still not understood and further studies are required.

iron center. UV/vis spectra, in particular in theband region The global fit procedure used here has been applied to
(580-610 nm), are characteristic for the heme type and for simultaneously recorded oxidative potential titrations in the
the redox, coordination, and spin state of the central iron |R spectral range. The electrochemically induced Fourier
atom @). The optical properties of the two hemes in the transform infrared (FTIR) difference spectra were cor-
cytochromec oxidase have been a source of controversy respondingly separated according to the redox potentials of
(10-12). To separate the optical properties of heanand both hemes. The method presented here allows us to
as, hemeas was complexed by inhibitors and its redox state distinguish the contributions coupled to electron transfer to/
thus maintained1@). Vanneste 12) further developed this  from a certain cofactor, thus introducing the possibility of
method and combined difference absorbance changes deobtaining more precise assignments in the complex FTIR

duced upon reduction in the absence and presence ofgifference spectra where several difference bands overlap.
inhibitors and used a photochemically obtained absolute

spectrum of the photolabile CO complex of cytochroage MATERIALS AND METHODS
to determine the spectra for both hemes. This method has

been generally accepted since then. Sample PreparationCytochrome c oxidase from P.
The determination of hema and as redox properties denitrificanswas prepared as described previougly Z1).
introduced by Horie and MorrisorL8) and VannestelQ) For electrochemistry, cytochronmeoxidase solubilized in

relies on several assumptions, discussed for example byn-decyls-p-maltopyranoside and 200 mM phosphate buffer
Hendler and Westerhoffl)). One of these assumptions is (PH 6.9) containing 100 mM KCI, was concentrated to
that hemeas is kept in the oxidized state by addition of appromr_ngtely 0.51 mM by use of Microcon ultrafiltration
cyanide, thus allowing added reductants to react exclusively Cells (Millipore).
with hemea. An additional assumption is that CO can keep  ElectrochemistryThe ultrathin spectroelectrochemical cell
hemea;s in the reduced state and added oxidants react only for the UV/vis and IR was used as previously descril#] (
with hemea, and that the addition of charged or uncharged 23). Sufficient transmission in the entire 1860000 cnT*
ligands does not affect the optical properties as well as therange, even in the region of strong water absorbance at 1645
redox states of the other redox centers. A critical aspect iscm ™, was achieved with the cell path length set te8um.
that spectra from differently prepared enzyme (CO and CN The gold grid working electrode was chemically modified
inhibited) are used. These prerequisites have been frequentlypy & 2 mMcysteamine solution as reported befo2d)( To
reinvestigated and deserve a closer examination. Sidhu andxccelerate the redox reaction, 16 different mediators were
Hendler (5) and Hendler 16), for example, presented data added as reported in r&¥4 to a total concentration of 40
indicating that the assumption that CO can keep hagie uM each. At this concentration, and with the path length
the reduced state is not correct. Furthermore, the influencebelow 10um, no spectral contributions from the mediators
of the inhibition of the binuclear hemeopper center on in the visible and IR range could be detected in control
another redox center could be clearly indicatid, (7. Liao experiments with samples lacking the protein, except for the
and Palmer18) have also discussed on the basis of model PO modes of the phosphate buffer between 1200 and 1000
compound studies and inhibitor-poisoned oxidase discrep-cm™. As a supporting electrolyte, 100 mM KCl was added.
ancies with Vanneste’s data2). Approximately 5-6 uL of the protein solution were sufficient
With the method presented here, contributions of the to fill the spectroelectrochemical cell. Potentials quoted with
hemes were separated mathematically by globally fitting the the data refer to the Ag/AgCl/3 M KCl reference electrode;
redox potential dependency of the absorbance changes an@dd+208 mV for SHE potentials (referring to pH 7).
assessing their quantitative contribution. No inhibitors are  SpectroscopyFTIR and UV/vis difference spectra as a
required and data can be obtained without the need tofunction of the applied potential were obtained simulta-
condition different samples during an oxidative titration. The neously from the same sample with a setup combining an
mathematical analysis allows a clear separation of the IR beam from the interferometer (modified IFS 25, Bruker)
individual heme signals. Electrochemical redox titrations in for the 4006-1000 cn1! range and a dispersive spectro-
combination with UV/vis spectroscopy were employed to photometer for the 466900 nm range as reported previously
adjust redox states within millivolt precision. This technique, (23, 29. First, the protein was equilibrated with an initial
which allows redox reactions to be performed quantitatively potential at the electrode, and single-beam spectra in the
and reversibly, was used for stepwise titrations of both visible and IR range were recorded. A potential step to the
hemes, with spectroscopic monitoring in the UV, visible, and final potential was then applied, and single-beam spectra of
IR range. this state were again recorded after equilibration. Difference
Published electrochemical properties of the cofactors in spectra as presented here were then calculated from the two
the cytochromec oxidase are partly contradictory in both single-beam spectra with the initial single-beam spectrum
results and interpretation. One of the discussed points istaken as reference. No smoothing or deconvolution proce-
whether the two heme centers have clearly differing midpoint dures were applied. The equilibration process for each
potentials 10, 11, 14, 19 In the absence of inhibitors the applied potential was followed by monitoring the electrode
electron affinity of cytochromea andag is indistinguishable, current and by successively recording spectra in the visible
as described in re20. For the interpretation of the complex range until no further changes were observed. The equilibra-
data describing the cooperative interactions between thetion generally took less than 10 min under the conditions
redox centers, several models have been developed. The mogprotein concentration, electrode modification, mediators)
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reported for the full potential step from0.5 to 0.5 V.
Typically, 128 interferograms at 4 crh resolution were
coadded for each single-beam IR spectrum and Fourier-
transformed with triangular apodization.

Redox TitrationsThe redox-dependent absorbance changes
of the cytochromec oxidase fromP. denitrificanswere
studied by performing electrochemical redox titrations in the
UV/vis and the IR spectral range. The redox titrations were
performed by stepwise setting the potential steps and
recording the spectrum after equilibration. Between each
potential step, a full potential step was performed. Typically
data were recorded at steps of 55 mV. All measurements
were performed at 3C.

Data Analysis.Both spectroscopy and electrochemistry
were controlled by software (MSPEK) developed in our
laboratory by D. Moss and S. Grzybek. Data analysis was FIGURE 2: Development of the UV/VIS difference spectra (400
carried out with two programs developed by S. Grzybek in 700 nm) of the cytochrome oxidase fromP. denitrificansduring

an oxidative titration from—0.2 to +0.4 V. For experimental
our laboratory termed EHTIT26) and MEHFIT €7). conditions and titration procedure, see Materials and Methods.

(A) EHTIT.EHTIT allows to obtain the midpoint potentials
En and the numben of transferred electrons by adjusting a
calculated Nernst curve to the measured absorbance change
at a single wavelength by an interactive fit. All parameters
have to be adjusted manually until the theoretical Nernst
curve and the measured data match well (fit by eye).

(B) MEHFIT. The automatic fitting program termed
MEHFIT simultaneously adjusts midpoint potentials and
amplitudes for a user-defined number of redox components
at all wavelengths or wavenumbers of a set of difference
spectra (UV/vis or mid-IR) at various redox potentials. In
the case presented here, two redox components were fitted
(hemeas anda) and the number of transferred electrons 02 00 02 o
was set to 1 for each component. The linear parts of the Potential (V)
Nernst functions-the amplitudes-are fitted by a general
linear least-squares routine and the nonlinear pdhts
midpoint potentials-are fitted by a Marquardt routine. The
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Ficure 3: Potential dependence of the Soret band at 445 nm in
the oxidative redox titration. Solid circles represent the measured
data fitted interactively to a calculated Nernst curve (for data
analysis see Materials and Methods). Two midpoint potentials can

sum of squared residuals is minimized by alternating
optimization of midpoint potentials and amplitudes. Introduc-
tion of weights for each data point offers the possibility to

account for the wavelength dependence of the signal-to-noise
ratio (at regions of high background absorbance, such as in

the IR region around 1650 crf the noise can be signifi-
cantly higher). Weights were calculated from the standard

be determined from this fitEy,; at —0.03 V £ 0.01 V andEq; at
0.22+ 0.04 V. The standard deviation was estimated by comparison
of several titrations.

The signals observed in the visible spectral range are
assigned to contributions of hera@andas (28). In addition

to these, weaker signals from the {renter can be expected
at approximately 480, 530, and 834 nm on the basis of

deviation of 20-40 baseline measurements. The fit yields

the midpoint potentials of the predefined number of redox
components and their amplitudes at each wavelength. In
addition, estimated standard deviations for midpoint poten-
tials and amplitudes and a baseline can be obtained.

investigations of an isolated subunit Il fragme@8( 30.
However, these contributions are superimposed by the intense
signals from the hemes. gudoes not show detectable
absorptions in the visible spectral ran@S)(

The potential-dependent development of the Soret band
at 445 nm in the oxidative redox titration shown in Figure 2
is presented in Figure 3 (from0.4 to 0.5 V). The closed
circles represent the measured data interactively fitted to a
redox titration of the cytochrome oxidase fromP. deni- calculated Nernst curve by the program EHTIT (cf. Materials
trificans in the potential range from-0.2 to+0.4 V in the and Methods). Two redox midpoint potentials can be
visible spectral range. The difference spectra thus obtaineddetermined from this fit:En; = —0.03 V+ 0.01 V andEn;
are termed oxidized-minus-reduced. Positive signals correlate= 0.22+ 0.04 V. The error was estimated from the standard
with the oxidized and negative signals with the reduced form deviation of several titrations and is higher for the 0.22 V
of the enzyme. At 445 nm the decrease of the Soret bandmidpoint potential. This is probably due to the larger number
and at 605 nm of thex-band, respectively, can be seen. of mediators in the lower potential range (for composition
Clearly two different potential dependencies of the absor- see ref24). The close spacing of mediators, approximately
bance changes upon increase of the potential can be observedll 60 mV, is an important condition for sample equilibration.
Electrochemically induced UV/vis difference spectra for ~ We assign the midpoint potentig},; = —0.03+ 0.01 V
selected potentials have been previously publist2€jl ( to hemeag and the midpoint potentidt,, = 0.22+ 0.04 V

RESULTS AND DISCUSSION

UV/vis Redox TitrationsFigure 2 shows an oxidative
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to hemea. As previously mentioned, there are discrepancies
on hemea andag electrochemical properties in a number of 0.02-
reports (see for example rei®, 11, 14, 19, 31, and 32).
However, it is generally accepted that the two heme centers
do not have clearly distinguishable midpoint potentials, due
to their cooperativity and to the cooperativity with £{1.1, 0.00+
20). The titration procedure applied here yielded two clear 1
potential steps. Clear arguments for our assignment are the
characteristic optical properties of the two heme centers, 1
differing due to their coordination and spin state and clearly -0.02-
distinguishable in the titration presented here. The potential- i
dependent absorbance changes observed in the lower poten-
tial range show characteristic features (peak position and T §
intensity) of high-spin 5-coordinated herag model com- -0.041
pounds described by r@8. The potential-dependent absor- :
bance changes observed in the upper potential range show
characteristic features (peak position and intensity) of low-

spin 6-coordinated heme model compounds2g).

Separation of the Electrochemically Induced Visible Dif- 0.044
ference Spectra of Hemes a angl &he oxidative redox
titrations of the difference signals correlated with heane
andag redox transitions were separated with a global fit data
analysis program developed in our laboratory (MEHFIT, see
Materials and Methods). With this program, simultaneous
adjustment of the midpoint potentials and of the amplitudes
for a user-defined number of redox components (here heme
a and ag) at all wavelengths (406900 nm) for a set of
difference spectra taken in the potential range frof5 to
0.5 V in steps of 55 mV was performed. The calculation
yielded two spectra at midpoint potentials-60.03+ 0.01
and 0.22+ 0.04 V. The method used here enables us to
separate the heme contributions from the electrochemically
induced visible difference spectra of native cytochrome
oxidase without addition of any inhibitors. A separation of
the difference signals from the guenter was attempted,
but absorbance changes are substantially smaller in relation
to the heme signals and a satisfactory separation was not IR ©
possible. 0.04-~

Figure 4 shows the separated difference spectra calculated ] 05V->05V
for the midpoint potential of hema (spectrum a) and heme
as (spectrum b). Figure 4c¢ shows the oxidized-minus-reduced
UV/vis difference spectrum for the full potential step from
—0.51t0 0.5V, where the sum of the contributions of heme
a andag can be observed. J

In the oxidized-minus-reduced visible difference spectrum -0.04-
calculated for hemea (Figure 4a), thea-band shows a 1
negative signal at 604 nm. The Soret band for the oxidized
heme can be seen at 425 nm, and the reduced form absorbs

(a)
heme a

45 425

A Abs
604

(b)

heme a,

414

0.02+

,0-00-

A Ab:
588
609

-0.02+

-0.04-

446

at 444 nm. In the oxidized-minus-reduced visible difference '°'°8i

spectrum calculated for henag (Figure 4b), the Soret band —
for the oxidized heme can be observed at 414 nm and for 400 500 600 700 800 900
the reduced form at 446 nm. Tleband has two minima at Wavelength (nm)

588 and at 609 nm. The absorbance ratio for hane as ) . . o

is 43:57 (- 8%) at the Soret band from the reduced state at FIGURE 4: EIectroch_emlcaIIy |nduced'U_\_//V|s difference spectra of
IS 43 o the cytochromee oxidase fromP. denitrificanscalculated for the
445 nm, 40:60£ 8%) of the oxidized form at 417 nm, and  hemea midpoint potential (a) and for the heragmidpoint potential

for the a-band at 605 nm 68:32H 5%). The lower error in  (b) and obtained for the full potential step fron0.5 to 0.5 V (c).

the a-band region is due to the higher detector sensitivity Scale for panels a, b, and c differs depending on signal intensity.

; ; ; ; PR ; .~ Positive signals correlate with oxidation and the negative with the
(Si photodiode) and lamp intensity (tungsten iodine) in this reduced form. For experimental conditions and data analysis see

spectral range. o Materials and Methods.
The UV/vis difference spectrum presented in Figure 4a

essentially corresponds to model compound spectra of low-difference spectrum in Figure 4b, to model compound spectra
spin 6-coordinated hemes presented in re28, and the of high-spin 5-coordinated hemas This indicates that the
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spectra calculated for henmseand a; from the respective g (a)

midpoint potentials correspond to the spectra of the hemes 0.0017 © heme a
and that the separation was successful. Discrepancies in the
intensity and peak wavelength of the signals can be explained
by the differences between the structure of model compounds

and heme andag in the protein, as well as by the influence 0.000+

of the protein environment of the hemes. »
Clear differences can be observed for the separated heme f

a and ag UV/vis difference spectra as compared to the -0.0014

difference spectra that can be obtained by the method )

introduced by Vannestel®) and described there for the

bovine heart oxidase. The most striking discrepancies can

be seen in the-band region. The-band calculated for heme -0.0024

1662

asz absorbs at 609 nm (Figure 4b) and at 603 nm inl2f

The position of thex-band in the hema spectrum as well

as the position of the Soret bands for both hemes essentially

agree with the published values (shifts e2—3 nm);

nevertheless, differences in the ratio of band amplitudes are ®)

present. These discrepancies can be explained by the 0.0017 heme a,

influence of subtle differences between the oxidases from

different organisms on the optical properties of the hemes.

An additional explanation is that the inhibitors (CO, ON

used to complex hemasz may significantly influence the

redox properties and the optical properties of both heme

centers. 5-000“
<

Separation of the Electrochemically Induced FTIR Dif-
ference Spectra of Hemes a ang Bigure 5 ¢ shows the
oxidized-minus-reduced FTIR difference spectra of the
cytochromec oxidase fromP. denitrificansfor the full
potential step from-0.5 to 0.5 V. Numerous distinct sharp
bands appear throughout the spectrum, with half-widths -0.001+
typically below 5-10 cni? (with the exception of the strong
difference signal at 1160 and 1088 ci In a previous
report, the “forward”, i.e., oxidative<0.5 to+0.5 V), and
“reverse”, i.e., reductivef0.5 to—0.5 V), difference spectra
were presented for the same enzyn&3)( These two 0.002+ ©
difference spectra are exact mirror images, thus indicating | 05V->05V
the full reversibility of the electrochemical redox reaction. ,
The entity of difference signals represent the total of 0.001+
molecular changes concomitant with the redox reactions, i.e.,
conformational changes of the backbone, from amino acid
side chains, protonation processes, and charge redistribution
in the cofactor sites, and thus describe the scenario of the <
enzyme’s function. Reversibility is even evident for minute -0.001-
bands such as the signals at 168F10 cm®. The noise
level in these difference spectra can be estimated at frequen-
cies above 1750 cm, where no signals appear, and -0.002-
corresponds to approximately (250) x 10°¢ absorbance
units. Only in regions of strong absorbance of the sample,
such as around 1650 cih(water OH bending mode and
amide | G=0 mode), is the noise level slightly higher, though
never exceeding 10 absorbance units. These noise levels

are confirmed by “blank” difference spectra calculated from the cytochromee oxidase fromP. denitrificanscalculated for the

two SI_ngIe-beam spectra recorded at the same eleCtrOdEhemea midpoint potential (a) and for the heragmidpoint potential
potential or after a potential cycle-0.5 to+0.5 V followed (b) and obtained for the full potential step fron0.5 to 0.5 V (c).

by +0.5 to —0.5 V; data not shown). Thus, the “level of Scale for panels a, b, and c differs depending on signal intensity.
confidence” in these difference spectra extends to even VeryPositive signals correlate with oxidation and the negative with the
weak bands. Signal contributions in the spectral range from r,\ﬁgt”ecr?gsf%rnrg' '\l;gtrh%genmental conditions and data analysis see
1800 to 1200 cm! from mediators and the surface modifier '

can be excluded because of the choice of experimentaland Methods). This statement was confirmed by recording
conditions, i.e., low concentration of mediators (see Materials blank difference spectra in samples lacking the protein (data

1642

1708
1 67?656

1734
1694

1662

-0.003 T T
1800 1700 1600 1500 1400 1300
Wavenumber (1/cm)

Ficure 5: Electrochemically induced FTIR difference spectra of
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Table 1: Heme Vibratioris

typical spectral

vibration coupled vibrations nomenclature range (cm?)
v(CaCm) o6(CaCmH), 6(CmX) Va7 1560-1625
v(ChCb) v(CaCm), »(NCa), v(CbX), 6(CbX) Vag 1535-1570
v(CaCm)sym v(NCa), v(CbCb), v(CaCm) V39 1450-1490
v(CaCb) 0(CbX), »(NCa), 6(CaChCh) Vao 1435-1450
v(CaN) v(CaCb), 6(CbX), 6(CaChCbh) Vay 1360-1395
6(CmH) 0(CbX), v(CaN), »(CaCb) 042 1220-1270

aThe explicit spectral range of the heme modes strongly depends on heme type, redox state and environment. For single references see text.

not shown). The electrochemically induced FTIR difference and coupled processes such as proton transfer can be
spectra in Figure 5c are essentially identical to the difference expected to manifest in the spectra. In the following section
spectra previously reported in re?d, 33,and 34. the difference spectra calculated for the heme potentials will
The IR difference spectra presented in Figure 5a,b werebe described and discussed, and tentative assignments will
calculated on the basis of the midpoint potentials from heme be presented on the basis of the comparison to IR and Raman
a and az presented and discussed above. The oxidative spectra of heme model compounds, other oxidases, spectra
titrations used for the global fits were simultaneously of isolated amino acids as model compounds, and informa-
recorded in the UV/vis and IR spectral range, indicating the tion on contributions from the secondary structure from
redox state of the hemes in the electrochemically induced infrared absorbance spectra and the deconvolution of the
FTIR difference spectra (as described in 82 and the amide | region. These tentative assignments are summarized
successful separation of the heme signals. We note, howeverin Table 2.
that spectral contributions due to the reorganization to/from A particular problem of the assignment in the difference
Cu, and Cu upon electron transfer are also involved in these spectra is the superposition of signals from different con-

spectra. From their expected midpoint potentiad)( the stituents of the oxidase, which can lead to the possibility of
involvement in the difference spectrum calculated for heme multicomponent bands and may present ambiguities in the
az potential (Figure 5b) can be assumed. assignment. A spectral region particularly susceptible for

The comparison of the intensity of the difference signals overlapping bands is the amide | range. Although in this
in Figure 5 spectra a and b shows that the contributions in range (approximately 16901610 cn1?) typical contributions
the spectrum calculated for the hem@otential dominate  from secondary structure elements are expected, and signals
the electrochemically induced FTIR difference spectra for may point to alterations of local protein conformation in the
the full potential step presented in Figure 5c. In the case of course of the redox reaction, we keep in mind that the heme
the dominant difference signal at 1662 ¢ma major formyl mode also contributes here, as well as specific modes

contribution in the spectrum calculated for heragap- from amino acid side chains. In the following, alternative
proximately?/; of the total signal amplitude) and a smaller assignments will thus be discussed along this line whenever
contribution in the spectrum calculated for hemg(*/3 of applicable.

the total signal amplitude) can be discerned. Although this Assignment of Heme Vibrational Mode@\) Porphyrin
might lead to the view that electron transfer from/to heane  Ring.Model compound investigations indicate that theOt
induces stronger conformational changes than for the cor-vibration (37) from the porphyrin ring can be expected
responding redox process of hemgwe favor the view that ~ between 1586 and 1655 cf(38). In resonance Raman
the redox reactions for both hemes have comparable impactspectra of the oxidizedaa; oxidase fromThermus thermo-
on their protein sites. A final estimation of the molecular philus a signal at 1603 crt could be assigned to the;
reorganization can only be given after a conclusive attribution vibration of hemea and a signal at 1584 crhto the va;
of the 1662 cm? band. vibration of hemeas (36). Park et al. 89) have assigned
The electrochemically induced FTIR difference spectra for signals at 1565 and 1580 cfnto the vz; vibration in
the full potential step from+-0.5 to 0.5 V and for selected photochemically induced FTIR difference spectra of CO-
potential steps have been published previougHy, 83. In poisoned beef heart oxidase. A direct comparison to these
the approach presented here, the contributions of the hemeglifferently obtained spectra and of native and poisoned
can be separated clearly, and tentative assignments ofenzyme must be handled cautiously. In the spectral region
characteristic heme vibrational modes and comparison towhere thevs; vibration is expected, several overlapping
resonance Raman data for the same enzyme are possible [sesgnals can be observed (Figure 5). The difference bands at
refs 28, 35, and36]. The nomenclature used in this paper to 1606 cni! in the spectrum calculated for henag(Figure
describe heme modes follows Spiro and Bi7Y and is 5a) and at 1588 cnt in the spectrum calculated for heme
summarized in Table 1. The numbering of specific C-atoms as (Figure 5b) are possible candidates for an assignment to
to describe the vibrations is shown in Figure 1. For the the vz; vibrational mode.
electrochemically induced FTIR difference spectra, contribu-  The Cb vibration (vsg) was observed between 1542 and
tions from the porphyrin ring, the formyl groups, the vinyl 1604 cm? in hemeb model compound studiest@). In
substituent, and the hydroxyethylfarnesyl side chain can bespectra of typea porphyrins, thevsg vibrational mode is
expected, originating from henaeandas. Besides the signals  expected to split due to the reduced symmetry of the
of the hemes, the reorganization of the polypeptide backboneporphyrin ring as compared to tygeporphyrins 28, 35.
and amino acid side chains occurring upon electron transferThex andy axes describing the direction of the split vibration
of the four redox-active centers heraéss, Cua, and Cuy (vssc andvsg)) are introduced in Figure 1. In resonance Raman
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Table 2: Tentative Assignments for the IR Spectra Calculated for

Hemea and a; of the Cytochrome: Oxidase fromP. denitrificans

position in  position in

hemea hemeas
potential  potential
spectrum  spectrum redox tentative
(cm™) (cm™) state assignments
1746 ox Glu278
1736 1734 red Glu278
1720 ox  v(C=O0) Asp/Glu
1712 red v(C=O0) Asp/Glu
1708 ox  v(C=O0) Asp/Glu
1694 red v(C=O0) Asp/Glu
1688 ox  amide I§-sheet)
1684 red amide If-sheet)

1676 1678 ox v(C=0) CHO hemeas
v(C=0) heme propionates
v(CNzHs)2sArg

1662 1662 red v(C=0) CHO-hemeas
amide | @-helical)
V(CN3H5)aSAI’g

1656 ox  amide I¢-helical)

1644 1642 ox v(C=0) CHO hemea
amide | (3-sheet)

1632 1632 red v(CNsHs)sArg
amide | (3-sheet)

1618 1618 red v(Coa=Cp) vinyl group (hemea/ay)
amide | (3-sheet)

1606 red v(C=0)CHO heme
v37 hemea
ring O Tyr

1594 His

1588 v37 hemeag
1580 ox v(COO )2 Asp/Glu
1572 ox  v(COO")2heme propionates
v(COO )2 Asp/Glu

1568 1564 ox v(COO")*heme propionates
v(COO )2 Asp/Glu
ring O~ Tyr
v3a hemea/ag

1548 1546 red vss hemea

1538 ox ?

1528 red v(COO")2heme propionates
v3gy hemeas

1524 red amidell

1512 red ring OH Tyr

1498 1498 ox  ring OTyr

1424 v(COO )% Asp/Glu

1380 1380 0X a1 hemealas
(COO")® heme propionates

1364 1362 red wv41hemea/as

1280 ox v(CO)sTyr

1268 1270 0X ds2hemea/as

spectra of reducedag; oxidase fromT. thermophilug36)
and fromaag beef heart oxidase thesg, vibrational mode
could be identified at 1548 cm (35). In the difference
spectrum calculated for henagFigure 5a) a strong negative
signal at 1548 cmt' can be observed. We attribute this signal
to the vsg vibrational mode. The corresponding signal for
hemeas is assigned to a signal at 1528 ch{Figure 5b),
on the basis of corresponding resonance Raman 8&ja (
which revealed a signal at 1531 cinThe vsg vibrational
modes can be expected at 1568%70 cm?! (38). In the
difference spectrum calculated for heméFigure 5a) and
for hemeas (Figure 5b), difference bands at 1568 ¢m
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at 1565, 1540, and 1531 ch(39); the splitting of thevsg
vibrational mode, however, was not discussed.

The absorption of the @\ vibration, termedv,;, can be
expected between 1319 and 1389 émand could be
identified in resonance Raman spectra at 1374dar the
oxidized and at 1365 cm for the reduced cytochrome
oxidase fronP. denitrificans(35). Park et al. 89) proposed
difference bands at 1371 and 1366 ¢mfor the v
vibrational modes from photochemically induced FTIR
difference spectra of CO-poisoned beef heart oxidase. In the
difference spectrum calculated for heragFigure 5a), a
negative signal at 1364 crhand a positive signal at 1380
cm ! can be observed. A negative difference band at 1362
cm ! and a positive signal at 1380 cfncan be observed in
the difference spectrum calculated for heagg€Figure 5b).

We tentatively assign these signals to thg vibrational
mode. However, the involvement of th€dCOO")s from
heme propionates has to be considered. These modes were
clearly assigned to signals at 1380 ¢rhy site specifid3C-
labeling of the COOH groups from the heme propionates in
the cytochrome oxidase fromP. denitrificans(34). On the

basis of the band shape (two maxima/minima can be seen),
an involvement of both the,; vibrational modes and the
v(COO)® from heme propionates is possible.

The GmH vibration (04,) was observed between 1150 and
1268 cmt in hemeb model compound spectrd@). The
positive signal at 1268 cm with a shoulder at 1280 cm
in the difference spectrum calculated for the henpstential
(Figure 5a) and at 1270 crhin the difference spectrum
calculated for the hemeg potential (Figure 5b) can be
tentatively assigned to th&, vibrational mode.

It is clear that, in addition to the modes assigned here,
further C-C or C—N vibrations of the porphyrin ringv,
v3g) Will contribute to the electrochemically induced FTIR
difference spectra. However, we refrain from discussing and
assigning these modes on the basis of the data presented here,
although bands in the difference spectra are observed in the
region where the modes were attributed in Park et3d) (
or in resonance Raman spectra. To substantiate these
assignments investigations on heamodel compounds with
the method presented here, as well*#3-labeling of the
hemes, will be necessary.

(B) Formyl SubstituentThe CG=0 bond of the formyl
group at the porphyrin ring (for the structure of type
porphyrins cf. Figure 1) absorbs between 1680 and 1606
cm !, depending on hydrogen bonding with neighboring
amino acids. The formyl substituent of hemés predicted
to form a hydrogen bond to Arg 54, while the same
substituent for hemeg appears to be free from H-bonding
to nearby amino acid residues. On the basis of these structural
data @, 5), different frequencies for the(C=0) stretching
mode of the formyl group can be expected. In resonance
Raman spectra of cytochrora@xidase fronP. denitrificans
and in hemea model compounds, a signal at 1610 ém
could be assigned to th€C=0) CHO from reduced heme
aand at 1649 cmt to the oxidized form 28). For hemegs,
thev(C=0) CHO of the reduced form could be observed at
1665 cntt and of the oxidized form at 1674 crh(28). Park

(Figure 5a) and 1564 cm (Figure 5b) can be observed and et al. B9) discuss signals at 1674 and 1665 énfor the
tentatively assigned to this vibration. In the photochemically »(C=0) CHO vibration in photochemically induced FTIR
induced FTIR difference spectra of CO-poisoned beef heartdifference spectra of CO-poisoned beef heart oxidase.
oxidase, thesg vibrational modes were assigned to signals However, the position of the(C=0) CHO absorption is
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sensitive for ligands such as CO or CKR8) and a direct
comparison to the spectra presented irB&dfoes not appear
to be justified.

In the difference spectrum calculated for hean@igure
5a), the »(C=0) CHO for the oxidized form can be
tentatively assigned to the difference signal at 1644'cm
and for the reduced form to a signal at 1606 énwWe
attribute the signals at 1678 cin(oxidized form) and 1662
cm ! (reduced form) in Figure 5b to the contributions of
the »(C=0) CHO from hemeas, strongly supported by
resonance Raman dat2g].

(C) Vinyl SubstituentThe v(Ca=Cp) vibration of the
vinyl substituent was observed at 1620 ¢nfior hemeb
model compoundsiQ, 47). Since the influence of the protein
site on this vibration is negligible, a comparable absorption
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elements. The difference band at 1662 &rm Figure 5b
could be assigned to the=€D stretching mode of the heme
az formyl group in the reduced state as described before,
but an additional involvement of amide | modes to this signal
should be considered.

Absorptions characteristic f@i-sheet secondary structure
elements are tentatively attributed to the difference signals
at 1644, 1632, and 1618 ci(Figure 5a), as well as for the
difference signals at 1642, 1632, and 1618 E(figure 5b).
However, conclusive assignments are difficult in this spectral
range where difference bands strongly overlap. For the
signals at 1688 cni (Figure 4a) and 1684 cm (Figure 4b),
involvement offf-sheet secondary structure elements should
thus be considered, too.

In the amide Il region (15751480 cn?), strong negative

can be expected for different heme types and proteins. Insignals at 1548 and 1524 cfas well as positive signals at

resonance Raman spectra of the cytochrerogidase from
P. denitrificans v(Ca=Cp) could be observed at 1622 cin
(35). In the difference spectra calculated for the henasd
as potential (Figure 5a, b) the(Ca=Cp) vibration can be
identified at 1618 cmt.

(D) Heme PropionatesThe contributions of protonated

1568, 1538, and 1498 crhcan be observed in the difference
spectrum calculated for the henaepotential (Figure 5a).
Negative signals at 1546, 1528, and 1512 €and positive
bands at 1564 and 1498 cfncan be seen in the spectrum
calculated for the hema; potential (Figure 5b). Amide I
modes result mainly from coupled-N stretching and NH

and ionized carboxylic groups of the heme propionates werebending vibrations. They are much less characteristic for the

assigned by specifit®C-labeling of the carboxylic groups
of the four heme propionate84). The comparison of the
electrochemically induced FTIR difference spectra of wild-
type and specifié*C-labeled cytochrome oxidase allowed
us to assign a signal at 1676 chto contributions of

character of the secondary structure element involved. H/D
exchange induces the uncoupling of thelCand the N-H
vibration and shifts the €N stretching mode to 14901460
cm~* and the N-D bending mode to wavenumbers below
1100 cn™. This implies that the group is accessible to H/D

protonated carboxylic groups. Difference bands at 1570 andexchange via the solvent. As described previously, an

1538 cmt were assigned to thgCOO™)2svibration and at
1380 cm! to thev(COO")s vibration of deprotonated heme
propionates. For a detailed discussion cf. 3éf

assignment of the signals in the amide Il region in the
electrochemically induced FTIR difference spectrum of the
cytochromec oxidase fromP. denitrificansappears less

Assignments of Difference Signals to Polypeptide Back- probable since little or no shift for H/D exchange was

bone ModesIn the amide | region (16901610 cm?) a
strong negative signal at 1662 chand a positive signal at
1644 cm! can be observed in the difference spectrum
calculated for the hemepotential (Figure 5a). At 1632 and
1618 cm!, negative difference bands and at 1676 ¢

observed 24).

Assignments of Amino Acid Side Chains: (A) Aspartate
and GlutamateThe G=0O group of protonated aspartic and
glutamic acid side chains can be expected at wavenumbers
higher than 1710 cnt, depending on their hydrogen

small positive mode can be seen. In the difference spectrumbonding. In this spectral region, prominent difference signals

calculated for the hemeg potential, negative signals at 1662,
1632, and 1618 cnt and positive bands at 1678, 1656, and
1642 cmt can be observed in the amide | region (Figure
5b).

Amide | signals are predominantly caused by the@
stretching vibration of the polypeptide backbone. For dif-

at 1746 and 1734 cm can be observed (Figure 5c) for the
full potential step. These signals were previously reported
for the electrochemically induced FTIR difference spectra
of the cytochrome oxidase fromP. denitrificans(39) and
comprehensively discussed for the fully oxidized potential
step as well as for cofactor-specific potential step4).(

ferent secondary structure elements, characteristic absorption®ifference signals observed for specific potential steps at

can be distinguished4p—44). In the electrochemically
induced FTIR difference spectra, contributions from the

1738/1728 cm for the potential step from-0.5 to 0.15 V
and at 1746/1734 cm for the potential step from-0.5 to

reorganization of the polypeptide backbone upon electron 0.5 V (24) can be compared to the signals in the difference
transfer to/from the cofactors can be expected and a partialspectra separated from the hean@ndas midpoint potential

attribution of the observed signals to amide | modes is
conceivable.

The difference signals at 1662 ci(Figure 5a,b) are in
the range characteristic for the absorbance froinelical

(Figure 5a,b) and thus reconfirmed. Electrochemically in-
duced FTIR difference spectra of aspartate and glutamate
mutants in the discussed proton pathways (Glu 278, Asp 124,
and Asp 399) allowed us to assign clearly Glu 278 to the

secondary structure elements. The absorbance changedifference signal at 1746/1734 cf Puustinen et al.45),

induced by the reorganization ofhelical secondary struc-

using a different approach (light-induced difference spectra

ture elements are expected to show very small shifts afterof CO-poisoned oxidase at 80 K), discuss the involvement

H/D exchange at most 210 cnt?) (44). The shift of 1-2
cm! of this signals after H/D exchange was previously
reported in reR4 and presents an argument for the tentative

assignment of the band in the difference spectrum calculated

for hemea (Figure 5a) toa-helical secondary structure

of the corresponding amino acid Glu 286 in th® oxidase
from Escherichia colito a difference signal with a compa-
rable absorption.

In the spectrum calculated for the herag midpoint
potential (Figure 5b), difference signals can be seen in the
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characteristic spectral region for protonated aspartic andprotonation of a tyrosine group coupled to electron transfer
glutamic side chains at 1720/1712 cinThese signals can  (oxidation/reduction) to/from the binuclear hemeppper
be attributed in a similar way to the protonation/deprotonation center. On the basis of the protein structusg @ critical
of an aspartic or glutamic acid side chain or alternatively to tyrosine group would be Tyr 280, a group close to the
the change of environment for a protonated aspartic or binuclear center. On the other hand, the structure indicated
glutamic acid side chain. Since in this spectral region that Tyr 280 has a covalent bonding to His 2B86fpr bovine
exclusively the absorption of aspartic and glutamic acid side heart oxidase see r&], and uncommon absorptions from
chains is expected, a straightforward assignment is possiblethis group can be expected due to the reduced symmetry of
Investigations on isolated aspartic and glutamic acid side the ring.
chains show the/(COO")?s stretching mode between 1574 The expected intensity ratio of the ring vibration for the
and 1560 cm! with a higher intensity than thgC=0) mode protonated and the deprotonated form (for extinction coef-
of the protonated formg6). In the respective spectral range, ficients see ref46) suggests that the signal at 1512 ém
a difference signal at 1580 and 1568 ¢ntan be seen in  should be smaller than the signal at 1498 én®n the basis
the difference spectrum calculated for the heammaidpoint of this comparison, the involvement of a further signal
potential (Figure 5a) and at 1572 and 1564 érn the contributing to the 1512 cm band can be assumed. In
spectrum calculated for the henag midpoint potential addition to the modes characteristic for tyrosines, the
(Figure 5b). Apart from the possible contributions of the involvement of heme modes has to be considered in this
deprotonated aspartic and glutamic acid side chains, thefrequency range, too.
involvement of deprotonated heme propionate groups and In summary, the IR difference spectra presented and
the v35 mode described above has to be considered in thisdiscussed here clearly allow spectroscopic signatures of the
complex spectral range with several overlapped bands.  hemesa and a; to be separated through redox titrations,
The v(COO")® stretching mode of ionized aspartic and without the use of inhibitors to stabilize the redox states.
glutamic acid side chains can be expected at approximatelyThis separation is paralleled by the UV/vis spectra, which
1404/1420 cm' with a smaller extinction coefficient than clearly document the redox states for each of the hemes. The
thev(COQO") and thev(C=0) mode based on investigations identification and assignment of the heme modes as well as
on isolated amino acidst6). In this spectral region very  of modes from individual amino acids presents a step forward
small difference signals are observed in Figure 5a,b, thein the functional characterization of the metal centers of this
difference signal at 1424 cm being the most intensive. A enzyme and will be a basis for future IR spectroscopic and
clear assignment, however, is not yet possible. electrochemical investigations.
(B) Arginine. Arginine side chains show IR modes at
approximately 1673 cmt [»(CNsHs)2 and 1632 cmt ACKNOWLEDGMENT
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