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ABSTRACT. A combined electrochemical and FTIR spectroscopic approach was used to identify the
vibrational modes of tyrosines in cytochromeoxidase fromParacoccus denitrificansvhich change

upon electron transfer and coupled proton transfer. Electrochemically induced FTIR difference spectra of
the Tyr-Dy-labeled cytochrome oxidase reveal that only small contributions arise from the tyrosines.
Contributions between 1600 and 1560 @nare attributed tasg/sy(CC) ring modes. The1(CC) ring

mode for the protonated form of tyrosines is proposed to absorb with an uncommonly small signal at
1525-1518 cnt! and for the deprotonated form at 1496486 cnt?, accompanied by the increase of the
v19(CC) ring mode of the Tyr-labeled oxidase at approximately 1434 ¢mA signal at 1270 cm! can

be tentatively attributed to the,(CO) andd(COH) mode of a protonated tyrosine. Uncommon absorptions,

like the mode at 1524 cm, indicate the involvement of Tyr280 in the spectra. Tyr280 is a crucial residue
close to the binuclear center and is covalently bonded to His276. The possible changes of the spectral
properties are discussed together with the absorbance spectra of tyrosine bound to histidine. The vibrational
modes of Tyr280 are further analyzed in combination with the mutation to histidine, which is assumed to
abolish the covalent bonding. The electrochemically induced FTIR difference spectra of the Tyr280His
mutant point to a change in protonation state in the environment of the binuclear center. Together with
an observed decrease of a signal at 1736 ¢mreviously assigned to Glu278, a possible functional
coupling is reflected. In direct comparison to the FTIR difference spectra of tHabeled compound

and comparing the spectra at pH 7 and 4.8, the protonation state of Tyr280 is discussed. Furthermore, a
detailed analysis of the mutant is presented, the FTIR spectra of the CO adduct revealing a partial loss of
Cus. Electrochemical redox titrations reflect a downshift of the hemmidpoint potential by 95t 10

mV. Another tyrosine identified to show redox dependent changes upon electron transfer is Tyr35, a
residue in the proposed D-pathway of the cytochranmxidase.

Cytochromec oxidase is the terminal enzyme of the the electron to hema. Further electron transfer leads to the
respiratory chain and catalyzes thg stepwise reduction ofbinuclear center, formed by heragand Ci, where oxygen
oxygen to water. In the course of this process, electron andis bound and reduced. Two putative proton pathways have
proton transfer are efficiently coupled to contribute to the peen discussed. The K-pathway leads from the cytoplasm
formation of an electrochemical proton gradient, which drives 15 the pinuclear center through Ser191, Lys354, Thr351, and
ATP synt_he5|s. (For recent reviews see rend2). Four Tyr280 (the amino acid numbering in this paper refers to
redox-active cofactors are involved in electron transfer Cu -\ theaas-oxidase fromParacoccus denitrificani not
acts as electron acceptor from cytochromand transfers o . . o

P Y specifically mentioned). This pathway is discussed to be used
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Tyr280 is a crucial amino acid close to the binuclear
center. It is suggested to form a neutral tyrosine radical in
the catalytic cycle and is a putative electron and/or proton
donor 8—11). Electrostatic calculations indicate that in the
oxidized enzyme Tyr280 is expected to be neutral when a
negative ligand such as OHs bound in the binuclear center
and deprotonated if notlR). On the basis of the structural
data of the cytochromeoxidase from bovine heart oxidase
and fromP. denitrificans a covalent link between Tyr280
and His276 was found( 13), with both residues supposedly
maintaining two separate-electron systemsl(). The cross-
link could be verified by peptide analysi&4).

In previous work from our group, we have used sensitive
FTIR! difference spectroscopy to study the reorganizations
in the cytochromec oxidase fromP. denitrificansupon
electron transfer and concomitant proton transfes—18,
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with a path length of 7.8im; 0.6 uL of the sample were
sufficient to fill the cell. The Tyr-His model compound,
2-imidazole-1-yl-4-methylphenol, was previously reported in
ref 41.

ElectrochemistryThe ultrathin layer spectroelectrochemi-
cal cell for the UV-vis and IR was used as previously
described 24). Sufficient transmission in the 1860000
cm ! range, even in the region of strong water absorbance
around 1645 cm', was achieved with the cell path length
set to 6-8 um. The gold grid working electrode was
chemically modified wih a 2 mM cysteamine solution as
reported beforel). To accelerate the redox reaction, 16
different mediators were added as reported inl&fexcept
N-methylphenazoniummethosulfate aNeethylphenazoni-
umsulfate, but including neutral reH;,; —307 mV vs SHE)
to a final concentration of 46M each. At this concentration,

40). In the approach presented here, we study a preparatior@nd with the cell path length below 14m, no spectral

of the cytochrome oxidase fromP. denitrificansin which

contributions from the mediators in the visible and IR range

all tyrosine residues have been replaced by ring-deuteratedcould be detected in control experiments with samples

tyrosines, thus allowing the identification of the vibrational
modes of tyrosines contributing to electrochemically induced
FTIR difference spectra. Together with the FTIR difference

spectra of the Tyr280His and the Tyr35Phe mutant enzymes,

the protonation state of Tyr280 and Tyr35 as well as their
interactions with the protein are characterized.

MATERIALS AND METHODS

Sample PreparationCytochromec oxidase fromP.
denitrificanswas prepared as described previoudl9)( D,-
labeled tyrosine (Campro Scientific, Germany) was incor-
porated as previously describe?i0f. The labeling rate of
the preparation used here was found to exceed 60% as judge
from the decrease of the signal intensity of thg(C—C)
tyrosine ring vibrational mode at 1518 chin the infrared
absorbance spectra (data not shown) and 90% as reporte
in ref 20. Tyr280 was replaced by histidine by site-directed
mutagenesis, resulting in an enzyme with a residual turnover
activity of ~1%. Tyr35 was changed to phenylalanine,
resulting in a decrease of the activity to 60% but &eHd
ratio close to that of the wild-type. For experimental details
see refsh, 19, and21.

The CO adduct of cytochronwoxidase was prepared by
reduction with a phosphate-buffered 480, solution (pH
7), followed by incubation with CO gas. (For details, see
ref 22.) A total of 3—4 uL of the sample were used to fill
an infrared cell consisting of two Calindows with a path
length of 15um.

For electrochemistry, the protein samples were concen-
trated to approximately 0.5 mM using Microcon ultrafiltration
cells (Millipore, Bedford, MA), 200 mM phosphate buffer
(pH 7) or in 200 mM cacodylate buffer (pH 4.8), both
containing 100 mM KCI and 0.1%-decyl{-p-maltopyra-
noside. At a pH of 4.5, an activity of 250 swas observed
for wild-type cytochromec oxidase fromP. denitrificans
(23).

Absorption spectra of free tyrosine and of the Tyr-His
model compoundg~ 20 mM) were recorded in HCI (1 M)
or NaOH (1 M) in a cell consisting of two Calvindows

1 Abbreviations: FTIR, Fourier transform infrared, WVis, ultra-
violet—visible; SHE, standard hydrogen electrode (at pH 7); Tw-D
tyrosine®H-labeled at the four positions of the ring.

lacking the protein, except for the PO modes of the phosphate
buffer between 1200 and 1000 chnFor the electrochemical
titrations, 154M horse heart cytochrome was added as
mediator. Potentials quoted with the data refer to the Ag/
AgCl/3 M KCl reference electrode; add208 mV for SHE

(pH 7) potentials.

The UV—vis redox titrations were performed by stepwise
setting the potential steps and recording the spectrum after
equilibration. Typically, data were recorded at steps of 50
mV. The midpoint potential&E, and the numbem of
transferred electrons were obtained by adjusting a calculated
Nernst curve to the measured absorbance change at a single
wavelength by an interactive fit as previously described in
fiellwig et al. (L9).

SpectroscopyTIR and UV~vis difference spectra as a
function of the applied potential were obtained simulta-

eously from the same sample with a setup combining an
IR beam from the interferometer (modified IFS 25, Bruker,
Germany) for the 40001000 cni? range and a dispersive
spectrometer for the 4600 nm range. Electrochemically
induced difference spectra were recorded and processed as
previously described in Hellwig et all@).

The difference spectra of CO rebinding to the fully reduced
cytochromec oxidase were induced with a frequency doubled
Nd:YAG laser (Spectron Laser Systems SL454G) and
recorded with a modified FTIR spectrometer in the rapid
scan mode (IFS-66, Bruker, Germany). Data were collected
and processed as reported in p2f

RESULTS AND DISCUSSION

D,-Labeled Tyrosines

Absorbance Spectra of Tyrosines in SolutiGigure 1
shows the absorbance spectra of unlabeled (A) apd D
labeled (B) tyrosine in HCI solution (1 M) and of unlabeled
(C) and D-labeled (D) tyrosine in NaOH solution (1 M).
The contributions of the solvent were subtracted. The signals
at 1539, 1455, and 1291 crarise from the vibrations of
the tyrosines-methylene group25) and are insensitive to
isotope substitutions at the phenol ring. The overlap by other
modes, however, may lead to variations in the peak frequen-
cies. The signals at 1615 and 1599 ¢nn the spectra of
the protonated tyrosine (Figure 1A) can be attributed to the
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Ficure 1: Absorbance spectra of unlabeled andd@beled tyrosine
in situ protonated upon solution L M HCI (A, B) and deprotonated
upon n 1 M NaOH (C, D). The contributions of the solvent were
interactively subtracted. The arrows indicate the shifts by the D
labeling.

ring vga andvg,(CC) modes and the signal at 1518 ¢nto
thev1o(CC) ring mode. At 1249 cmt, a signal composed of
thev74(CO) vibration and thé(COH) vibration can be seen.
Upon Dy-labeling at the ring (Figure 1B), shifts of thgy/
eo(CC) ring modes to 1589 and 1577 chand of thevig
(CC) ring mode to a split signal at 1442 and 1416 ¢ém
occur. The overlapping;4(CO) andd(COH) vibrations can
be seen at 1225 crh These assignments are in accordance
with previous band attribution®6), except for small shifts
of 1—-2 cm! that can be attributed to differences in the
spectral resolution.

For deprotonated tyrosine in solution (Figure 1C),itheé
s(CC) ring modes can be identified at 1599 and 1560tm
and therv1o(CC) ring mode at 1499 cm, thus reflecting the
sensitivity of the ring modes to the protonation state of the
phenol group. The'z4(CO) mode is present at 1269 cin
Upon Dy-labeling, a downshift of thes, (CC) ring mode to
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Ficure 2: Oxidized-minus-reduced FTIR difference spectra of
wild-type (dotted line) and Tyr-Rlabeled cytochrome oxidase
(solid line) for a potential step from-0.5 to 0.5 V in the spectral
range from 1800 to 1200 cthat pH 7 (A) and at pH 4.8 (B).

1567 cm?, of thev1o(CC) ring mode to 1419 cm, and of
the v74(CO) mode to 1237 cnt can be seen.

Electrochemically Induced FTIR Difference Spectra of the
Enzyme Containing Ring-Deuterated Tyrosie.identify
the vibrational modes of tyrosines in the electrochemically
induced FTIR difference spectra of the cytochranoxidase,
the enzyme with ring labeled tyrosines was used (for
details, see Materials and Methods and 26j. Figure 2
shows the electrochemically induced FTIR difference spectra
of cytochromec oxidase fronP. denitrificansfor a potential
step from—0.5to 0.5 V at pH 7 (A) and pH 4.8 (B). For
the following discussion, we keep in mind that the labeling
rate was determined to exceed 60% on the basis of the
decrease of the mode at 1518¢rim the infrared absorbance
spectra and that the signals concomitant with the tyrosines
thus may not be fully shifted.

In the electrochemically induced FTIR difference spectra
for pH 7 (Figure 2A), only small shifts upon 4Babeling
can be observed. The small variations between 1600 and
1560 cni? reflect the shifts of therg/s,(CC) ring modes
upon D-labeling as observed before for the tyrosines in
solution (Figure 1A-D). In detail, the variation of a signal
at 1584 cm? is accompanied by the change of a signal at
1592 cmt and further small variations between 1610 and
1600 cnr! can be seen. In the spectral region characteristic
for the v1o(CC) ring mode of the protonated form at
approximately 1518 cmt and at 1496-1486 cm?! for the
deprotonated form, only very small variations are ac-
companied by the increase of the modes ofth¢CC) ring
mode of the Tyr-Q-labeled oxidase at approximately 1434
cm L. In the spectral range from 1530 to 1546 ¢psmall
shifts in intensity are observable that cannot be correlated
with known tyrosine modes (cf. Figure 1). Because all shifts
observed here can be related to the labeling of tyrosines, we
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have to assume that the tyrosines involved in the redox A
reaction exhibit uncommon spectroscopic properties.

Between 1300 and 1200 ci the decrease of they.-

(CO) andd(COH) at 1266 cm® and the increase of signals
for the Tyr-Dy-labeled form at 1284 and 1233 cin(cf.
Figure 1B,D) is evident. The signals could arise from both
the protonated or the deprotonated form, because an influence
of the hydrogen bonding to/from the observed tyrosine on
the modes can be expected and the position oi#hECO)
mode may thus strongly differ from tyrosines in solution -0,002-
presented in Figure 1. The signal at approximately 1280 . . .
cml, in the Tyr-Dy-labeled form, is significantly more 1600 1500 1400
intense as compared with that in the spectra of thi4abeled Wavenumber / cm'

tyrosines in solution (cf. Figure 1B,D), suggesting the

presence of a tyrosine residue with perturbed vibrational B

modes.

On the basis of the data presented for pH 7 (Figure 2A), 0,00021
the protonation/deprotonation of a tyrosine upon oxidation/
reduction of the enzyme can be excluded because the shifted
signals observed here are significantly smaller than expected
on the basis of the extinction coefficient of the tyrosines in
solution (cf. Figure 1). It is rather possible that the difference
signals observed here are caused by small changes of the
extinction coefficient upon the environmental changes con-
comitant with the electron transfer and coupled processes.
However, it is not clear if the tyrosine residues that can be
seen in the electrochemically induced FTIR difference spectraF 3 Enfarded vi  the oxidized.mi duced FTIR
are fully protonated, because some of the difference signals d;?fg?:ncé . lgtr?ae fop"e:fl" 28 Fei ?j;'e %e f;gnr:]“‘isé'r%e“ cL)‘((J:ecml
do not match thqse known from unper_turbed_ fyrosines. We and double pdifferencepspectru(mg(A). D)ouble difference spectra
have thus studied the electrochemically induced FTIR optained by subtraction of the spectra of the wild-type and Tyr-
difference spectra at pH 4.8, where full protonation can be D,-labeled cytochrome oxidase for pH 7 (dotted-dotted line) and
expected (Figure 2B). The cytochrorseoxidase fromP. pH 4.8 (full line) (B) from 1306-1200 cnr.
denitrificans shows fully reversible redox reactions at pH
4.8. The difference spectra of the unlabeled enzyme (dottedevident. Thevio(CC) ring mode of the Tyr-Blabeled
line) at pH 7 (Figure 2A) and at pH 4.8 (Figure 2B) exhibit Oxidase is still present at 1430 ctnThe strongest variation
significant pH-depended alterations such as the decrease ofccurs between 1300 and 1200 ¢mvhere the difference
the signals at 1592 and 1528 cithe shift of the signal at ~ Signal at approximately 1268 crhis completely lost in the
1672 cm! and at 1746 cmi, the latter described in reif6. spectra at pH 4.8 uponsBabeling, in contrast to the data at
These variations occur in spectral ranges characteristic forPH 7. The signal at 1284 cmhis more intense for pH 4.8 as
protonated or deprotonated aspartic acid and glutamic acidwell. The changes in this spectral range can be seen in the
side chain groups as well as for heme propionates and thugdouble difference spectra shown in Figure 3B for pH 7
point to protonation changes. In addition, the variations in (dashed line) and pH 4.8 (solid line). The spectra were
the spectra at different pH values may be explained by calculated by subtracting the spectra of the-lébeled
environmental changes in the protein. The differences in the €nzyme from the wild-type spectra. The signal at 1270%cm
protein at different pH values have been previously revealed clearly distinguishable in the double difference spectra, may
in the structure for pH 7 and 5.5, where a different distance be tentatively attributed to the,(CO) andé(COH) modes
between Cp and Tyr280 was reported) of a protonated tyrosine, based on the observations of the

The spectra of the Tyr-Plabeled cytochrome oxidase ~ PH dependency of this signal.
at pH 4.8 (Figure 2B) show clear differences as compared The electrochemically induced FTIR difference spectra of
to those at pH 7 and are shown in an enlarged view in Figurethe Tyr-Dy-labeled cytochromec oxidase allow for the
3A as well as a double difference spectrum. The decreaseidentification of tyrosine vibrational modes. Furthermore,
of a signal at 1578 and 1566 cfnwas not observed in the these modes clearly differ between acidic and neutral pH,
spectra for the Tyr-Rlabeled cytochrome oxidase at pH thus raising the question whether the difference spectra reflect
7; thus, at the lower pH value, different alterations of the the protonation of a tyrosine residue or whether strong
vsdsn(CC) ring modes upon Plabeling of the tyrosines can  variations of the extinction coefficient(s) caused by changes
be seen. The shift from 1588 to 1592 chis similar to that of the environment of a specific tyrosine residue with pH

0,000+ <. WT (pH48)

Tyr-D,

A absorbance
L3
3

351230

1208

D 1284

§

A absorbance

-0,0002+

1270

1300 1250 1200

wavenumber / cm’

at pH 7. In the spectral range characteristic for thg€CC) might explain the observed spectra. For the tyrosines in the
ring mode, signals are decreased at 1528 and 1518,cm cytochromec oxidase, full protonation at pH 7 has been
and the signal that can be observed at 1528cfor the proposed on the basis of electrostatic calculatidr®y. (As

wild-type enzyme is shifted to 1522 cth The modes at  described in the introduction, Tyr280 is discussed to be
1486-1496 cm!, changed upon Plabeling at pH 7, are  protonated if OH is present in the binuclear center and
not observed anymore and a new signal at 1460ci® deprotonated if not. Tyr280 is a crucial amino acid close to
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Ficure 4: Absorbance spectra of model for tyrosine linked to a Tyrosine Mutants

histidine; 2-imidazole-1-yl-4-methylphenol as previously reported

in ref 41 in situ protonated upon solutiomil M HCI (A) and While the electrochemically induced FTIR difference

deprotonated upomil M NaOH (B). spectra of the Tyr-plabeled cytochrome oxidase reveal

the binuclear center (see introduction) and covalentely linked contributions of all tyrosines reorganizing upon electron
to His276, with both residues presumably keeping their transfer, a further attribution to individual tyrosines requires

individual z-electron systems. The bonding at the tyrosine analysis of site-directed mutants. The most critical tyrosine,

ring reduces the symmetry of the ring and accordingly Tyr280, was probed by analysis of the Tyr280His mutant
influences its vibrational modes. enzyme. Furthermore, the Tyr35Phe and Tyr406Phe mutants

Absorbance Spectra of a Model for Tyrosine Bound to were studied. The first two mutants lead to substantial

Histidine. To elucidate possible differences in the vibrational 2ltérations in the IR difference spectra, which are discussed
modes of this linked tyrosine, a model compound, 2-imida- P€low. The Tyr406Phe mutant enzyme, however, showed a

zole-1-yl-4-methylphenol, previously introduced in #f, strongly 'shiftt'ada band in the visible and shiftt_ad hgme
was studied. Figure 4 shows the absorbance spectrum of th&ontributions in the infraredl(?). No mode correlating with
compound at the same conditions as the free tyrosine spectrdn€ Signals affected by Tyr-Habeling was shifted; this
shown in Figure 1. At a pH value of 2 (Figure 4A), both the Mutant will thus not be discussed here.
imidazole as well as the phenol site are protonated, while atTyr280His
a pH value of 12 (Figure 4B) the deprotonated and neutral
form, respectively, can be expected. Histidine in solution In the Tyr280His mutant, the covalent bond to His276 is
shows contributions with an extinction coefficient below 90 assumed to be missing. To judge the distortion of the
M~ cm!, except for they(C=C) mode of protonated binuclear center upon this strong structural impact, the mutant
histidines at 1633 cnt (26). On this basis, an equimolar was characterized by UWis spectroscopy, electrochemical
mix of tyrosine with histidine measured at the same pH potential titrations, and FTIR spectroscopy on the CO adduct.
conditions as the His-Tyr model leads to a spectrum which  UV—uis Difference Spectra of Tyr280HiBigure 5 shows
is comparable to the one presented in Figure 1A and C,the oxidized-minus-reduced UWis difference spectra of
respectively. wild-type and Tyr280His mutant cytochromexidase from
The data clearly demonstrate that the linkage causesP. denitrificansobtained for a potential step from0.5 to
changes in the spectral properties; several additional mode®.5 V (vs Ag/AgCIl/3 M KCI). The positive difference signals
are observable. The;o(CC) ring mode of the protonated correlate with the oxidized and the negative signals with the
tyrosine, which exhibits a sharp mode at approximately 1518 reduced forms of the enzyme. Thdand and the Soret band
cm1, is still present; however, a new strong mode at 1547 are only shifted by about-43 nm. In contrast to the Tyr280
cm !t appears. This is in line with the variation between 1525 mutant enzymes reported for other organis@is—29), the
and 1518 cm! seen in Figure 2B for the protein. Strong influence on the UV-vis spectra is negligible and the
variations are observable between 1360 and 1230 ¢m perturbation of the hemes seems to be extremely low.
comparison to Figure 1. The contributions for the deproto-  FTIR Difference Spectra of the CO Adduct from Tyr280His.
nated form of the vibration is split from 1499 cfrto signals At cryogenic temperatures, CO photolytically dissociates
at 1508 and 1487 cm. The v74(CO) andd(COH) modes from CO-poisoned hema; and remains bound to G¢30).
seem to shift from 1268 to 1301 crh The low-temperature FTIR difference spectra of the CO
This clearly shows that the linkage strongly changes the adduct were thus used to quantify the amount of &ud to
spectral properties of a tyrosine; thus, Tyr280 will not show investigate the possible distortion of the protein site around
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Ficure 6: CO modes of the fully reduced wild-type (dotted line)

and Tyr280His mutant (solid line) cytochroroexidase in the light-
minus-dark FTIR difference spectra at 84 K.

the binuclear center as previously shown in réfand 27.

In Figure 6, the light-minus-dark difference spectra at 84 K
of the wild-type (dotted line) and the Tyr280His mutant
cytochromec oxidase (solid line) can be seen. The stretching
frequencies of CO bound to heragof the wild-type enzyme
can be found at 1966 and 1952 cihnshifted to 1970 and
1961 cm! for the Tyr280His mutant enzyme. The stretching
frequency of CO bound to Gucan be seen at 2062 and at
2038 cm?! for the wild-type and at 2064 cm with a
shoulder at 2054 cm for the Tyr280His mutant enzyme.

The CO bound to fully reduced cytochronteoxidase
exhibits two conformations, termedandg form. They have
been previously reported for thaas-oxidase fromR.
sphaeroide$31, 32) and were recently identified for thess-
oxidase fromP. denitrificans(22). The signals at 1966/2062
cm! were assigned to the form and the signals at 1952/
2038 cnit to the 8 form of the wild-type cytochrome
oxidase fronP. denitrificans(22). In the Tyr280His mutant
enzyme (Figure 6), the position of the CO mode is shifted
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FiGure 7: Oxidative redox titration of the Soret-band from wild-
type (A) and Tyr280His (B) mutant cytochroneeoxidase at 444
nm. The data were interactively fitted to a calculated Nernst curve.
Three midpoint potentials can be determined from these Etg;:

= —0.02+ 0.01 V,En; = 0.02+ 0.02 V, andEnz = 0.165+
0.03 V for wild-type andEy,; = —0.115+ 0.02 V,E, = 0.07+

0.02 V, andEnz = 0.190+ 0.03 V for the Tyr280His mutant.
Different concentrations were used.

Redox Titrations of Tyr280HisFigure 7 presents the
potential dependent development of the Soret band from
wild-type (A) and Tyr280His mutant cytochroneeoxidase
(B) at 444 nm. The Nernst fit yielded three midpoint
potentials: Eny = —0.02+ 0.01 V,En, = 0.02+ 0.02 V,
andEnz; = 0.165+ 0.03 V for wild-type andg,; = —0.115

to higher wavenumbers. The shifts of the CO stretching £ 0.02 V,Emz = 0.07+ 0.02 V, andEqms = 0.190+ 0.03
modes visualize the distortion in the binding pocket induced V for the Tyr280His mutant. The number of transferred

by the mutation.

The presence of a positive signal at 2064 &nmdicates
the presence of Gun the binuclear center of the Tyr280His
mutant enzyme. However, the ratio of the intensity for the
stretching mode of CO bound to hena and to Cu,
respectively, is modified. According to Thomas et &7)(
the rebinding of CO to the heme center, in the case of

electronsn, left as an open variable in the fit (cf. raB),
was determined to be 08 for each step. A triphasic
titration curve can be seen for the wild-type enzyme. In
previous work, the potentials of the heme centers in the
cytochromec oxidase from bovine heart have been reported
to be indistinguishable in the absence of inhibitors due to
their cooperativity and to the cooperativity with £(83—

and, thus, the spectra displayed may include contributionsinteractions of the hemes and £and with both hemes

of centers with partial Guloss. Assuming that the extinction
coefficient of the Cg—CO and the hemez—CO mode is

contributing to the phases is expected. The potential de-
pendent development of the contributions in the-UNs is

unaffected by the changes in the mutant enzyme, a loss offirst dominated by hemess and then by the hema
Cug of about 50% could be estimated. Certainly, the strong contributions. For the analysis of the complex data origi-

variations in the protein structure and the resulting environ-

mental changes influence the extinction coefficients. Ad-
ditionally an influence of the mutation on the temperature

nating from the cooperative interactions between the redox
centers, several models have been developed. The most
prominent one is the neoclassical mod&3)( In a previous

dependence of the conformers of the CO modes, which waswork, we have presented the titration curve of the wild-type

previously reported for the cytochronteoxidase fromP.
denitrificans is possible 22).

In a previous publication, Tyr280 mutants in cytochrome
bo; from Escherichia coliwere studied with an analogous

enzyme for the cytochromeoxidase fromP. denitrificans
for the particular purpose to separate the two potential steps
and to obtain the contributions of the henseandas (18).
The second step of the titration curve, observed at 0.02 V

IR spectroscopic approach, revealing the complete loss of(Figure 7A), was not discussed there, being less clear than
Cus and proposing Tyr280 to be an essential element forming in the titration curves of the bovine heart oxida8838).

the Cw site 27).

This discrepancy may be attributed to slightly different
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8A). This mode was previously assigned to thE&=0)
mode of the protonated side chain of Glu278,(16),
coupled to the redox transition of the binuclear cenid).(
However, the signal at 1746/1734 cin attributed to a
change of the Glu 278 environment coupled to the electron
transfer to/from heme, is unaffected16). A strong increase
of the difference signal at 1672 crhis evident: a signal
which was previously described to be composed ofithe
(C=0) mode from protonated heme propionat&g) (and
the formyl substituent of hemes (18). An alternative
contribution from thev(C=0) modes of the polypeptide
backbone can be discussed for this signal and for the small
B variations in position and intensity between 1660 and 1630
cm i At 1618 cn1l, the decrease of a negative band is
observable. This band was tentatively assigned totGe=
C) mode of the vinyl group at the hemek8). The changes
at 1584, 1570, and 1560 crhoccur in the spectral region
characteristic for deprotonated aspartic acid and glutamic acid
side chains and heme propionates; (OO )2 vibrational
mode of deprotonated heme propionates was assigned before
by specific'*C labeling (7) to signals at 1570 and 1538
] cm L. Further variations between wild-type and mutant
1800 1750 Te00 1500 1400 1300 1200 enzyme from 1520 to 1200 crh can be seen and may
wavenumber/cm" partially be attributed to Tyr280 or to structural variations
FiGure 8: Oxidized-minus-reduced FTIR difference spectra of caused by the mutation.
wri]ld-type (nghe? Iirr:g) gnd_ T_f)_/r280Hbis .m“ctﬂ“t (solid Iinel) cyto-  Figure 8B shows the electrochemically induced FTIR
?roﬁ”leg_g);g %ﬁse Vr%/s Ag‘?ﬂggifgr&sol(g)m; pflr7a(%()’tgggaatsﬁ) difference spectra for the TyrZSQHis mutant and th? wild-
4.8 (B). type enzyme at pH 4.8. The signal at 1746/1734 §m
previously assigned to Glu278, is absent, and further strong
COOperatiVity between the redox centers. In addition to that, Variations in position and intensity in the Spectra' range
differences in the extinction coefficient of the hemes, present petween 1710 and 1500 ciare evident. The decrease of
among Qiﬁerent organisms, influence the relative intensity 3 signal in the spectral region at approximately 1268 tm
of the different steps. . can be seen. The change in intensity of this signal is
The titration curves from the Tyr280His mutant enzyme analogous to the change at pH 4.8 in the electrochemically
(Figure 7B) reflect a 95 mV£20mV) downshift of the  induced FTIR difference spectra of the Tyi-Rbeled

potential in a region where hema dominates 18). A enzyme, allowing the assignment of the mode at 1268'cm
reasonable interpretation of this shift is in terms of substantial to the 1,,,(CO) andd(COH) of protonated Tyr280.

structural changes in the environment of heseipon the
mutation, which will be discussed on the basis of the FTIR
difference spectra (Figure 8). Das et @B proposed a shift

0,002

0,001

-0,001 o

A absorbance

-0,002

1662 -

-0,003

Y280H
pH 4.8

1672

L 1642

-0,001 4

A absorbance

-0,002

Signals perturbed in both electrochemically induced FTIR
difference spectra from the TyrsBabeled and the Tyr280

of the hemeas potential on the basis of UWvis data for mutant enzyme are summarized for the following discussion

the Tyr280Phe mutant enzyme imes-oxidase fromR. in Table 1. ) )
sphaeroidesThis shift could be found here with potential S Tyr280 ProtonatedThe changes in the electrochemi-
titrations for the Tyr280Higas-oxidase fronP. denitrificans. ~ Ccally induced FTIR difference spectra of the Tyr280His
In addition, shifts of the second and third potential step can Mutant enzyme reflect the strong structural perturbation in
be observed reflecting the changes in the system. Becauséhe enzyme caused by the loss of the covalent bond between
Cus cooperativity with the hemes causes the observed Tyr280 and H|5276.. In the FTIR spectra of the CO adduct
triphasic titration curve 33, 36), the presence of Gumay (Figure 6), the partial presence of £was shown. Modes
be deduced from the titration curves. reflecting the reorganizations of the protein upon electron
Electrochemically Induced FTIR Difference Spectra of the transfer and coupled proton transfer to/fromgQuill thus
Tyr280His Mutant Enzyméigure 8A shows the oxidized- be altered in the electrophemlcally mduced FTIR difference
minus-reduced FTIR difference spectra of wild-type (dotted SPectra of the Tyr280His mutant (Figure 8).
line) and Tyr280His mutant enzyme (solid line) for a The perturbation of the heme porphyrin ring modes, like
potential step from-0.5 to 0.5 V in the spectral range from the mode at 1546 cm, (vss, mode; cf. refl8) is rather small.
1800 to 1200 cmt! at pH 7. The electrochemically induced More prominent are the variations in the characteristic
FTIR difference spectra of the cytochrornexidase from spectral range of protonated (1760700 cm?) and depro-
P. denitrificanshave been examined in detail in Hellwig et tonated (15961540 cn1?l) carboxyl groups, indicating a
al. (15, 16, 18) and in Behr et al. 17, 40). The changes in  partial change in the protonation state of the Glu278 and
the difference spectra of the Tyr280His mutant are discussedthe heme propionates and visualizing a change of the “local
on the basis of these previous assignments. pKa” values. The change of the protonation state in the
In the spectra of the Tyr280His mutant, the negative protein environment of the binuclear center in the Tyr280His
difference signal at 1734 crhis clearly decreased (figure mutant can be interpreted in different ways. A functional
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Table 1. Discussed Tyrosine Modes (in Tihas Depicted from the Electrochemically Induced FTIR Difference Spectra of Wild-Type (WT),
Tyr-D4 Marked, and Tyr280His Mutant CytochroneeOxidasé

pH7 pH 5

WT Tyr-D4 Tyr280His WT Tyr-Dy Tyr280His tentative assignments
1616 1616 1622/1616 1618 1620 1616
1606 1606 1604 1608 1602 1604
1594 1592 1594 1596
1588 1592 1584 1586 1592 1586 vgas{ CC) Tyr ring
1578 1578 1574 1580 Ve CC) Tyr ring
1564 1566 1566 1564 veas{ CC) Tyr ring
1524 1524 1526 1528 1522 1528 11o(CC) Tyr ring
1510 1508 1510 1510 1510 1518 v19(CC) Tyr ring
1482 1486 1484 1482 1484
1462 1472 1472 1474

1464 1464/1460 1464

1452 1448 1450
1434 1434 1428 1436 1432 1434 11o(CC) Tyr-Dy ring
1420 1414 1418 1418 1420 1416 11o(CC) Tyr-D4 ring
1388 1388 1392 1388 1386 1390
1378 1378 1378 1378 1376
1360 1366 1364 1366/1360
1340 1344 1340 1340 1340
1284 1280 1290/1280 1284 1284 1288 v7o(CO)IO(OH) Tyr
1276 1276 1274 1272 1274
1268 1264 1268 1268 1262 1260 v7o(CO)IO(OH) Tyr
1250 1252 1248 1248
1244 1244 1246 1244

1233 1230 17(CO)IO(OH) Tyr-Dy
1218 1220/1208 v75(CO)I6(OH) Tyr-Dy

aOnly signals changing in intensity or frequency in the different experiments are shown. The tentative assignments suggested are based on
model compound studies. For details, see text.

coupling between Glu278 and Tyr280 is possible, which is (5). The electrochemically induced FTIR difference spectra
abolished in the mutant enzyme. Alternatively, the change are used to identify the interactions and reorganizations of
of the protonation states may be a result of the structural this residue upon electron transfer and coupled proton-
changes caused by the mutation. transfer reactions. Figure 9 presents the oxidized-minus-
For the Tyr280Phe mutants from the cytochrammidase reduced FTIR difference spectra of the Tyr35Phe mutant
from R. sphaeroidesand the cytochromeéos; ubiquinol enzyme for a potential step from0.5 to 0.5 V at pH 7 (A)
oxidase fromE. coli, a strong perturbation of the hemes and and at pH 4.8 (B).
the loss of Cy were suggested, 29). A strong perturba- In the spectral range from 1750 to 1700 ¢pmo change
tion was also reported for the Tyr280His mutant cytochrome in the electrochemically induced FTIR difference spectra can
bos ubiquinol oxidase fronE. coli (27). A different effect  pe seen comparing the wild-type spectra with the Tyr35Phe
of the mutation at Tyr280 can be reported for the cytochrome mytant enzyme. Between 1680 and 1620 &nchanges in
¢ oxidase fromP. denitrificans Discrepancies between the intensity of signals at 1678 and 1624 chtan be observed.
effect of site-directed mutations of crucial grOUpS in different Signa's in th|S Spectra' range were previous'y attributed to
organisms such &3. denitrificansandE. coliwere reported  the perturbation of-sheet secondary structure elements, or
before, for example, in re§, and show small differences in  arising from the hemes and a; (¥(C=0) modes of the
the protein environment. formyl substituent and protonated heme propionates can be
The variations of the signal at 1270/1268 ¢rat different  expected in this spectral range), or to arginine side chains
pH values (cf. Table 1) that can be attributed to Tyr280 on (for assignments, see réB). Because a mutation at Tyr35
the basis of the electrochemically induced FTIR difference is highly unlikely to perturb these residues, this interpretation
spectra of the Tyr-Blabeled cytochrome oxidase and the  can be ruled out. The variations at 1678 and 1624@ncur
Tyr280His mutant enzyme may be interpreted in two inthe characteristic spectral range for asparagine side chains,
different ways. The signal at 1268 cin(cf. Figures 2A,B thev(C=0) mode contributing at 1678 crhand thed(NHy)
and 3B) may reflect a pH dependent change in extinction mode at 1624 crrt. On the basis of the structural dag),(
coefficient upon variations in the direct environment close no interactions between Tyr35 and a neighboring asparagine
to the Tyr280 residue. Alternatively, however, there may be can be expected in the wild-type enzyme. However, upon

a change of protonation state of Tyr280. mutation to Phe35, a different orientation of the residue
toward Asn113 or Asn131 is well possible and would explain
Tyr35Phe the IR difference signals.
Another interesting tyrosine in the cytochromexidase In the spectral range between 1620 and 1590'cemaller

from P. denitrificansis Tyr35, located in the discussed changes can be seen and tentatively attributed todfig-
D-pathway and presumed to be a part of the interacting (CC) ring mode of Tyr35. At 1588 cni, the decrease of a
groups during proton transfer. The Tyr35Phe mutant enzymestrong signal can be observed. The assignment of this
retains~60% electron transfer and full proton pump activity difference band to a tyrosine mode is not probable because
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Ficure 9: Oxidized-minus-reduced FTIR difference spectra of
wild-type (dashed line) and Tyr35Phe mutant (full line) cytochrome
c oxidase fromP. denitrificansobtained for a potential step from
—0.51t0 0.5V (vs Ag/AgCIl/3 M KCI) at pH 7 (A) and at pH 4.8

(B).

no signal of this intensity was shifted in the electrochemically
induced FTIR difference spectra of the Tyi-Rbeled
cytochromer oxidase (Figure 2A). Ring modes from hemes
a andag as well asy(COO )2 modes from aspartic acid or
glutamic acid side chains are expected to contribute in this
spectral range (for details, see H). However, it is not

Hellwig et al.

however, needs confirmation by further mutagenesis experi-
ments.

In the electrochemically induced FTIR difference spectra
for pH 4.8, variations of a small mode at 1274, 1568, and
1624 cm! can be seen. These signals were also shifted in
the spectra of the Tyr-Plabeled cytochrome oxidase,
allowing for the assignment of the shoulder at 1274 €im
the double difference spectra wild-type minus TyHBbeled
oxidase (cf. Figure 3B) to the reorganization of the(ZO)
andd(COH) mode of Tyr35. The absorption of thé€COH)
mode at 1274 crrt indicates the absence of strong hydrogen
bonding; the presence of a rather weak hydrogen bonding
to the phenolic group, however, cannot be excluded.

CONCLUSIONS

A difference signal at 1270/1268 ciconcomitant with
the oxidized form was tentatively attributed to the composed
v74(CO) andd(COH) mode of Tyr280 and a signal at 1274
cm ! assigned to Tyr35. These signals significantly increase
for a pH step from 7 to 4.8. The change of h{€OH) mode
of Tyr35 at acidic pH is an important observation for the
discussion of the protonation state of Tyr280. For both
residues, a change of the intensity from this signal can be
reported at pH 4.8. No uncommon absorptions can be
expected for Tyr35, in contrast to the covalently linked
Tyr280, and the lack of changes at modes sensitive to the
protonation state at 1518/1500 chshow that Tyr35 is
protonated for the oxidized and reduced form. As a conse-
guence, the possibility of a pH-dependent extinction coef-
ficient of these modes needs to be taken into account and
the variation of the signal at 1270 cfin the Tyr280His
mutant enzyme upon pH change does not necessarily describe
a change of protonation state. The electrochemically induced
FTIR difference spectra reflect the change of environment
for Tyr280 upon electron transfer and a different environment

probable that these residues are affected upon mutation at; ,-iqg pH. The absorption of thé(COH) mode at a

this part of the protein. We thus tentatively assign the
difference signal at 1588 crhito an amide I| mode, reflecting
the perturbation of the polypeptide backbone upon exchang

a perturbation of amide modes is conceivalde The shift

of the mode at 1588 cnd upon H/D exchange, previously
reported in Hellwig et al.X6), supports this assignment. For
the variation at 1536 cm, no explanation can be provided
yet. The small variations at 1512 cfncan be attributed to
thev,9(CC) ring mode of the protonated tyrosine, reflecting
the variations of the extinction coefficient based on changes
in environment of the residue upon electron transfer and
coupled proton translocation. This signal was also found for
the Tyr-Dy-labeled cytochrome oxidase (Figure 2A), thus
supporting this assignment. At 1490 chna signal develops
that may be attributed to thgCC) ring mode of Phe35 on

the basis of absorbance spectra of phenylalanine in solution

(39). At lower wavenumbers, the increase of bands at 1412,
1384, and 1364 cnt and the shift of a band from 1336 to
1322 cm! can be seen. A possible assignment for these
variations is the perturbation of ti§COH) mode of serine
side chains, expected between 1420 and 1248 depend-

ing on their hydrogen bonding. Serl34 and Serl92 are

located close to Tyr35 and are discussed as further residues

involved in proton transfer along the D-pathway for protons
(5, 8). The assignment of these modes to serine side chain

, 9.

relatively high frequency of 1270 crhindicates the absence
of hydrogen bonding to the phenol group of the tyrosine for

. : eTyr3s.
from Tyr35 to Phe35. Because amide groups orientate Tyr35,
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