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ABSTRACT. The molecular processes concomitant with the redox reactions of wild-type and mutant
cytochromec oxidase fromParacoccus denitrificansvere analyzed by a combination of protein
electrochemistry and Fourier transform infrared (FTIR) difference spectroscopy. Oxidized-minus-reduced
FTIR difference spectra in the mid-infrared (4660000 cnt?) reflecting full or stepwise oxidation and
reduction of the respective cofactor(s) were obtained. In the-28000 cn1? range, these FTIR difference
spectra reflect changes of the polypeptide backbone geometry in the amide | (ca16820cnT?) and

amide Il (ca. 15661540 cnt?) region in response to the redox transition of the cofactor(s). In addition,
several modes in the 16860200 cnt! range can be tentatively attributed to heme modes. A peak at
1746 cn! associated with the oxidized form and a peak at 1734'amsociated with the reduced form

were previously discussed by us as proton transfer between Asp or Glu side chain modes in the course
of the redox reaction of the enzyme [Hellwig, P., Rost, B., Kaiser, U., Ostermeier, C., Michel, H., and
Méantele, W. (1996)FEBS Lett. 38553—57]. These signals were resolved into several components
associated with the oxidation of different cofactors. For a stepwise potential titration from the fully reduced
state (-0.5 V) to the fully oxidized state+0.5 V), a small component at 1738 cindevelops in the
potential range of approximatel+0.15 V and disappears at more positive potentials while the main
component at 1746 cm appears in the range of approximateip.20 V (all potentials quoted vs Ag/
AgCl/3 M KCI). This observation clearly indicates two different ionizable residues involved in redox-
induced proton transfer. The major component at 1746'dsncompletely lost in the FTIR difference
spectra of the Glu 278 GIn mutant enzyme. In the spectrum of the subunit | Glu 278 Asp mutant enzyme,
the major component of the discussed difference band is lost. In contrast, the complete difference signal
of the wild-type enzyme is preserved in the Asp 124 Asn, Asp 124 Ser, and Asp 399 Asn variants, which
are critical residues in the discussed proton pump channel as suggested from structure and mutagenesis
experiments. On the basis of these difference spectra of mutants, we present further evidence that glutamic
acid 278 in subunit | is a crucial residue for the redox reaction. Potential titrations performed simultaneously
for the IR and for the UV/VIS indicate that the signal related to Glu 278 is coupled to the electron transfer
to/from hemea; however, additional involvement of Gwelectron transfer cannot be excluded.

In the cellular respiration process, oxygen reduction is terminal heme/copper oxidases across the membrane (termed
coupled to the formation of an electrochemical membrane vectorial protons) to contribute to the electrochemical proton
proton gradient that drives ATP synthesis. The terminal gradient. Four redox-active cofactors participate in the
heme/copper oxidases in the respiratory electron-transferelectron transfer within the cytochrone oxidase. Cu
chains reduce oxygen to water and efficiently couple electron represents the first acceptor for electrons from cytochrome
and proton transfer. Besides the four protons required for ¢ that are subsequently transferred to heae Further
water formation (termed scalar protons despite the fact thatelectron transfer leads to the binuclear heme copper center

they originate from the cytoplasmic side of bacteria or matrix (hemeas and Cuw) where oxygen is bound and reduced (for
side of mitochondria), up to four protons are pumped by most reviews, see ref¢ and2).

Two separate channels, one for vectorial and one for scalar
47;'§ingnl_0ia| Séiﬂp&ft frocrjnvtgellz gigggﬂi EO{SWU&%S%Em&iHSC&aﬂ (EFBprotons, have been predicted by mutagenesis experiments
O b.L. and A.V. an -1 10 W.M.), the Max-Flanck- . : :

Gesellschaft, and the Fonds der chemischen Industrie is gratefullyIn WhI(_:h proton ,tranSfe_r was interrupted whereas oxygen
acknowledged. reduction was still possible3( 4). Recently, the structure
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58§?r;s%-tﬂ1tafl':ir '\QQEEEI(LE@B'OPHYS'K~UN"FRANKFURT-DE- denitrificanshas been determine8)(as well as that of the

8 Max-PIanck-In[)st?{ut fu Biophysik. 13-subunit cytochrome oxidase from bovine heart mito-
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proton-transfer pathways, involving residues Asp 124, Thr We now have resolved this difference signal into several
203, and Asn 199 in subunit | that could form the entrance components by a stepwise potential titration from the fully
of one pathway for protons. From the pathway as proposedreduced to the fully oxidized state.

for the bacterial enzyme, proton transfer might lead to Glu  For the assignment of the FTIR difference signal at 1746/
278. Beyond this residue, two possibilities are conceivable. 1734 cn?, we investigated selected site-directed mutants
Either the protons might be transferred to one of the heme of subunit | Asp and Glu side chains. The following mutants

ag propionates and then reach the exit pathway. Alterna- were selected: Glu 278 GIn, Glu 278 Asp, Asp 124 Asn,

tively, proton transfer to the Guigand His 325 and thento  Asp 124 Ser, and Asp 399 Asn. These residues were
the exit pathway with Asp 399 as a component, involving a proposed to be involved in proton transfer from the structural
conformational change of the histidine residue upon proto- data ) and by the effect of mutagenesis experiments on
nation, is possibleg, 8, 9). The importance of Asn 199 the proton pumping activity3; 4, 14).

and Asp 124 for proton-transfer reactions and Glu 278 for

enzymatic turnover is indicated by the structural data as well MATERIALS AND METHODS

as by spectroscopic studies on native and mutant enzymes ) )

(3, 4). Sample Preparation.Cytochromec oxidase fromPara-

In a previous publication, we have presented the electro- €0ccus denitrificanswas prepared as described for the
chemically induced FTIRand UV/VIS difference spectra  Crystallization procedurelf). For spectroelectrochemistry,
(oxidized-minus-reduced) of the cytochromexidase from  cytochromec oxidase solubilized inn-decyl3-p-malto-
P. denitrificans(10). Each signal in the FTIR difference ~ PYranoside/200 mM phosphate buffer (pH 6.9) and contain-
spectrum corresponds to individual mode(s) of the cofactor- NG 100 mM KCl was concentrated to approximately-615
(s) and their site(s) affected by the perturbation, in the present™M using Microcon ultrafiltration cells (Amicon, Witten).
case by a redox reaction induced by an applied electrodeEXchange ofHz0 againstH,O was performed by repeatedly
potential. The highly sensitive redox-induced FTIR differ- for;centratlng the enzyme and rediluting it ift&O buffer.
ence spectra describe the reorganization of the redox centersh/°H €xchange was found better than 80% as judged from
and their protein sites upon electron transfer. Moreover, the shift of the amide 1l mode at 1550 ctnin the FTIR
through the combination of protein electrochemistry and Uv/ @bsorbance spectra (data not shown). For buffer exchange,
VIS and FTIR difference spectroscopy, individual cofactors the sample was diluted 1:100 in the required buffer (200
can be addressed by selecting the appropriate electrodd™M cacodylate buffer for pH 4.7 and pH 6; 200 mM borate
potential. The sensitivity of FTIR difference spectroscopy Puffer for pH 8 and pH 8.7) and reconcentrated in Microcon
allows individual bonds to be monitored in the course of ultrafiltration cells.
their redox reactions. Mutants. Mutants in thectaDIl gene (coding for subunit

In a different approach, laben and Gerwertl(l) obtained I) were generated as detailed in Pfitzner et ) (expressed
FTIR difference spectra of tHeo; oxidase fromEscherichia  in @ Paracoccushost strain inactivated in both the her
coli by photoreduction and found similar spectra to the ones and thecbb; oxidase, and purified according to Kleymann
published by Hellwig et al.10). Several FTIR spectroscopic  €tal. (L6). The wild-type and mutant enzymes were analyzed
studies have used photodissociation of CO-poisoned oxidasefor enzymatic turnover according to Witt et al.7f. Activity
mostly focusing on the spectral region between 2000 and Was found to be 2% for Glu 278 GIn, 60% for Glu 278 Asp,
2200 cn1! where the CO mode can be observed. Park et 5% for Asp 124 Asn, 7% for Asp 124 Ser, and 110% for
al. (12) investigated the spectral region between 1000 and Asp 399 Asn. The specific heme content of mutants
2150 cn1? of photoinduced FTIR difference spectra of CO- corresponded to that of wild-type, and proton pumping
poisoned oxidase from beef heart mitochondria at 13 K. They measurements in intact cell$4) for mutants Glu 278 Asp
observed difference signals, which where mostly attributed and Asp 399 Asn exhibited wild-type characteristics.
to heme vibrational modes perturbed by CO dissociation. In  Electrochemistry. The ultrathin spectroelectrochemical
a recent publication, Puustinen et al3) presented FTIR  cell for the UV/VIS and IR was used as previously described
difference spectra in the spectral range between 1300 and18, 19). Sufficient transmission in the entire 1860000
3200 cn1? of the bos oxidase fromE. coli after photodis- cm ! range, even in the region of strong water absorbance
sociation of CO. Difference signals at 1731/1724 ¢mere at 1645 cnit, was achieved with the cell path length set to
assigned to Glu 278 and correlated tog@adox reactions.  6—8 um. The gold grid working electrode was chemically

While the previous paperl() was able to demonstrate modified by a 2 mM cysteamine solution fol h and then
protein microconformational changes upon complete oxida- carefully washed with deionized water. Alternative modi-
tion/reduction, an attribution to individual electron-transfer fication with 4,4-dithiodipyridine, polymerized methy! vi-
steps and an assignment of the protonation reactions toologen or pyridine-3-carboxaldehyde thiosemicarbazone
individual residues have not been possible. In the present(PATS-4) was also attempted. To accelerate the redox
paper, we use potential titrations to select the redox reactionsreaction, mediators (for composition see Table 1) were added
of individual cofactors for the attribution of proton-transfer to a final total concentration of 4@M each. At this
steps to individual redox reactions in the enzyme. Difference concentration and with the path length below Af, no
signals in the spectral region from 1760 to 1720 ¢mave spectral contributions from the mediators in the VIS and IR
been previously discussed as proton transfer between Asprange could be detected in control experiments with samples
and Glu side chains in the course of the redox reacti@h ( lacking the protein, except for the PO modes of the phosphate
buffer between 1200 and 1000 ch As a supporting

L Abbreviations: IR, infrared; FTIR, Fourier transform infrared; SHE, €lectrolyte, 100 mM KCl was added. Approximately &
standard hydrogen electrode; VIS, visible. uL of the protein solution was sufficient to fill the spectro-
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Table 1: List of Mediators Used for Electrochemistry g (a)
Em [MmV] vs i S
compound Ag/AgCI ref 0.001 - h
ferrocenyltrimethylammoniumiodide 437 29 e R g
1,1'-dicarboxylferrocene 436 32 ~ @
diethyl-3-methylparaphenylendiamine 150 30 0.000-
ferricyanide 216 31 A
dimethylparaphenylendiamine (DMPPD) 163 30 2 2
1,1’-dimethylferrocene 133 31 :: -
tetramethylparaphenylendiamine (TMPPD) 62 30 -0.001+
tetrachlorobenzochinone 72 31
2,6-dichlorophenolindophenol 9 32
ruthenium hexamine chloride -8 31 -0.002.
1,2-naphthoquinone —63 31
trimeth_ylhydroquinone —-108 31 A o
menadione _ —220 31 J 2 ©
2-hydroxy-1,4-naphthoquinone —333 31 -0.003 - -
anthraquinone-2-sulfonate —433 31
benzyl viologen —568 32 o b
methzl viologen —654 32 0.0021 § ®)
[=)
electrochemical cell. Potentials quoted with the data refer 0.0014 2
to the Ag/AgCl/3 M KCl reference electrode; add®08 mV ' 3
for SHE potentials. Q =
Spectroscopy FTIR and UV/VIS difference spectra as a @ =
function of the applied potential were obtained simulta- £0.000 pA
neously from the same sample with a setup combining an b 2 &3
IR beam from the interferometer for the 4660000 cnm?t w
range and a dispersive spectrometer for the—4D nm -0.0014 s
range as reported previousi 21). First, the protein was 3
equilibrated with an initial potential at the electrode, and & ”
single beam spectra in the VIS and IR range were recorded. -0.002- 2
H 3 g H T T - T T T T 1
A potential step to the final potential was then applied, and 1800 1600 1400 1200 1000

single beam spectra of this state were again recorded after

equilibration. Difference sfpectra as presented h.ere were t.her]:IGURE 1: Oxidized-minus-reduced FTIR difference spectra of
cglculated from the two single beam spectra with the |n|t|al wild-type cytochromec oxidase fromParacoccus denitrificans
single beam spectrum taken as reference. No smoothing ofequilibrated intH,0 buffer (a) and ifH,O buffer (b) obtained for
deconvolution procedures were applied. The equilibration a potential step from-0.5 to 0.5 V (vs Ag/AgCl/3 M KCI).
process for each applied potential was followed by monitor- Conditions: approximately 0.5 mM cytochromexidase in 200
ing the electrode current and by successively recording ™M phosphate buffer pH 7 (a) oftd 7 (b) with 100 mM KCl as

in the visibl i furth h electrolyte and mediators at a total concentration ofu#0 (for
spectra in the visible range until no further changes were ;omposition, see Materials and Methods). 128 interferograms were

observed. The equilibration generally took less than 10 min co-added for each single beam spectrum; spectral resolution was 4
under the conditions (electrode modification, mediators) cm.

reported for the full potential step from0.5 to 0.5 V. cm L. The noise level in these difference spectra can be

Typically, 128 interferograms at 4 crhresolution were Co-  ggtimated at frequencies above 1750 &mhere no signals
added for each single beam IR spectrum and transformedappear to be around 250 x 10-6 absorbance units. Only

using triangular apodization. in regions of strong absorbance of the sample, such as around

Wavenumber (1/cm)

1650 cnt! (water OH modes and amide |) the noise level is
RESULTS AND DISCUSSION slightly higher, though never exceeding 01102 absor-
Oxidized-Minus-Reduced FTIR Difference SpectraiyO bance units. These noise levels are confirmed by “blank”

and in?H,0. The oxidized-minus-reduced FTIR difference difference spectra calculated from two single beam spectra
spectrum ofP. denitrificanscytochromec oxidase obtained  recorded at the same electrode potential or after a potential
for a potential step from-0.5 to+0.5 V (vs Ag/AgCI/3 M cycle (0.5 to+0.5 V followed by+0.5 to—0.5 V) (data
KCIl) is shown in Figure 1a. Numerous distinct sharp bands not shown). Thus, the “level of confidence” in these
appear throughout the spectrum, with half-widths typically difference spectra extends to even very weak bands.
below 5-10 cnt? (with the exception of the strong differ- In line with previous work on IR difference spectroscopy
ence signal at 1160 and 1088 cth Comparison of the  from this and other groups, a reasonable working scheme
“forward” (—0.5 to+0.5 V) and the “reverse™0.5 t0—0.5 for the interpretation of FTIR difference spectra generated
V) spectrum, presented in a previous publicatibd)(which by a sample perturbation is that each difference signal
are exact mirror images, indicates the full reversibility of corresponds to individual mode(s) of the cofactor(s) and their
the molecular changes induced by the electrochemical redoxsite(s) affected by the perturbation, in the present case by a
reaction. No smoothing, deconvolution, or interactive (i.e., redox reaction induced by an applied electrode potential. For
weighted) subtractions were applied. Reversibility is even the cytochrome oxidase, this view allows modes from the
evident for minute bands such as the signals at 18800 heme(s), the copper ligands, the polypeptide backbone, amino
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acid side chains, or water molecules to contribute to the Figure 1b shows the full-size oxidized-minus-reduced
spectrum. Signal contributions in the spectral range from FTIR difference spectrum of the cytochroneeoxidase
1800 to 1200 cm! from mediators and the surface modifier equilibrated irPH,O buffer obtained for a potential step from
can be excluded because of the choice of experimental—0.5to+0.5 V. About 80%'H/?H exchange was obtained
conditions, i.e., low concentration of mediators (see Materials after resuspension of the concentrated enzyn#iy® and
and Methods). This statement was confirmed by recording extended equilibration for over 3 weeks at@ as judged
blank difference spectra without protein (data not shown). from the disappearance of the amide Il mode in the
The electrochemically induced FTIR difference spectra in aPsorbance spectrum at 1550 ¢ndata not shown). The
Figure 1a are essentially identical to the difference spectrumdifference spectrum irfH,0 shows comparable spectral
previously reportedi(0), except for the region between 1200 features as the one itH,O, with a number of small but
and 1050 cmt where PO modes from the phosphate buffer characteristic frquenqy shlft_s and some add|t|_onal intensity
indicate proton uptake/release of the enzyme in the coursechanges. The major signals in the amide | region are almost
of the redox reaction. A thorough description of the unaffected by deuteration and shift by only-2 cm* as
difference bands in the main spectral regions of 168620, expected for amide | modes (predominantkzQ vibrations)

1560-1520, and 15261000 cnt! as well as of the region in an a-helical secondary structure: As mentioned above,
above 1700 crrt has been given in ref0. Briefly, the most ~ the general feature of the signals in the 158620 cn*
prominent bands in the 1680620 cn1? region are clearly ~ '€dion is little changed irfH;O, only the band pattern at
within the range of the amide | mode absorbance from the 1528 1 changes, which makes assignment of these bands

olypeptide backbone, and an assignment of the differencet® amide Il modes ra_ther unlikely. Wlt_h the exception of a
gignals at 1661 and 1641 cinto small alterations of the ~Pand at 1706 cmt which gets stronger ifHO, a decrease
secondary structure elements upon the redox reaction appear8f the signal at 1686 cnt, and some alterations of the small
reasonable. The small amplitude of these signals, however,0ands between 1705 and 1680 Cmthe shift of the
precludes sizable conformational changes and suggests tha 'ffir egnce feature. at 1746/1734 C.m H20) to 1742/1730
only a few amide modes are affected by the redox reaction. €M * (*H20) remains the only noticeable effect $10.

An alternative assignment of some of these strong signals FTIR Difference Spectra of Stepwise Oxidatiomhe

to heme modes, in particular to the heme formyl group, dlfferenc_e spectra presented in Figure 1 were generated by

should be considered and cannot be ruled out at present. & full oxidative (-0.5 to +0.5 V) step and should thus
For the signals in the adjacent region between 1560 ar]drepre_sent the sum of molecular changes induced by the redox

1520 e, a straightforward assignment to amide Il modes reactions of all cofactors. To discern molecular changes from

] . . individual cofactors, a stepwise oxidation was performed.
was considered but appears less probable since I'_ttle or noFigure 2 shows FTIR difference spectra obtained for different
shift for IH/’H exchange was observed, and contributions

) . - e : - potential steps in the 1724760 cn® region, which
from aromatic amino ac_ld s_lde chains were thus taken into comprises signals from Asp and Glu side chain carboxyl
account. Beyond contributions from amide Il modes and

; . . . X : groups. All potential steps were started from the fully
from aromatic amino acid side chains, this region could also ¢ ceq state obtained through equilibration at an electrode
include contributions from the antisymmetric CO@odes

potential of—0.5 V. Raising the potential from0.5 to O
caused by proton uptake/release of COOH groups. V and from—0.5 to 0.1 V results in a baseline (Figure 2a,

In the region above 1680 cth only small signals are  dotted line and thin-solid line) with none of the signals
present. The most pronounced ones are a negative signal aéxceeding the noise level of approximately-1ZD x 10°°
1734 cm! and a positive signal of comparable intensity at absorbance units. Raising the potential fref.5 to+0.15
1746 cm. According to the convention used here, the V (dashed-dotted line) results in a difference spectrum with
negative signal at 1734 crhis associated with the reduced a negative lobe at 1728 crhand a positive lobe at 1738
form at —0.5 V, while the positive signal at 1746 cris cm1, both with amplitudes clearly exceeding the noise level.
associated with the oxidized form&0.5 V. These signals  These two signals correspond to the loss of COOH absorption
were previously assigned to the=© mode(s) of aspartic  of a group absorbing in the reduced state at 1728'and
or glutamic acid side chains and attributed to the protona- to the gain of COOH absorbance of a group absorbing in
tions/deprotonations of carboxylic groups in the redox the oxidized state at 1738 crh Both the positive and the
process. This assignment was based on the frequency ohegative part of this difference signal are large enough to
the signal, which is in the typical range for Asp/Glu side correspond to individual COOH groups, and a reasonable
chain groups in proteins: 1720760 cn! (22—24). In scenario appears to be the transfer of a proton from one group
addition to the frequency of the signal, its half-width (fwhm to the other group.
~ 10 cnt?l) supports attribution to a carboxyl group buried An unexpected feature is seen when the potential is raised
within the protein rather than to a group on the surface, which from —0.5 V to higher potentials, such as+®.35 (dashed
would appear at lower frequency (toward 1700 ¢éndue line) or to +0.5 V (thick-solid line). The positive band at
to hydrogen bonding but also appear broader because of the1 738 cnt?! seen for the-0.5 to+0.15 V potential step has
conformational flexibility of a surface group. The strongest disappeared and is replaced by the band at 17486,amfich
argument for an assignment to an Asp or Glu side chain was already discussed for full oxidation/full reduction in
carboxyl group, however, was provided by Hellwig et al. Figure 1 and by Hellwig et al.10). Partly, this signal is
(10) on the basis of preliminaryH,0”H,O substitution already present as a shoulder of the 1738chand for the
experiments, which showed a clear-8 cnt! downshift —0.5 to +0.15 V step, indicating an intermediate state
upon 'H/?H exchange both for the 1746 cicomponent  between the two potentials-Q.15 and+0.35 V, respec-
and for the 1734 cit component. tively). The negative band at 1728 cin(at 0.15 V) shifts
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cm~ would arise from this one residue, and equally the 1728/
@) 1738 cn! bands might be caused by one (other) residue.
The two signals observed for each potential indicate that at
least two Asp or Glu side chains change thé&rnyalues and/
00000 or conformations. We shall address this point again below.

T e It is clear that the signals reported here are induced by
] N - o electron transfer, as evident from the dependence on the
applied potential. Figure 2b shows the difference spectra
in the visible spectral range recorded simultaneously to the
infrared difference spectra in Figure 2a. In the difference
spectrum for the potential step fror0.5 to 0 V, a positive
peak at 416 nm and a negative peak at 445, 580, and 610
: — : ‘ ‘ nm can be observed. These signals have been previously
1750 1740 1730 1720 assigned to contributions of herag(25). Studies on model
Wavenumber (1/cm) compoundsZ8) showed that these signals are characteristic
for high spin centers coordinated by five ligands such as
(b) hemeas. Raising the potential to 0.1 and then to 0.15 V
causes no further changes of these signals. In the potential
range between 0 and 0.1 V, redox transitions from €an
be expected6) due to its midpoint potential close to the
midpoint potential of cytochrome at 45 mV ({8). The
oxidation of Cy can be observed in the characteristic spectral
range of Cy (33, 34) from 700 to 900 nm (data not shown).
[ s oy For the potential step to 0.35 V, an increase of the positive
| o @V eaisy | signal at 416 nm and of the negative signal at 445 nm can
A l be seen. The difference signal at 610 nm increases and shifts
} e @5V (01Y) } to 605 nm. These changes can be attributed to the oxidation
N —— of hemea. Upon raising the potential to 0.5 V, no further
400 500 600 700 800 900 changes can be observed.

WWavelength (n@ ) From these data, we attribute the 1746/1734cspectral

Ficure 2: FTIR (a) and UVIVIS (b) difference spectra of wild- ohangeg (Figure 2a) to electron transfer to/from hemie
typeParacoccus denitrificansytochromec oxidase for a stepwise . -
increase of the applied potential. The potential steps indicated areVieW Of the fact that Cgidoes not show detectable signals
from the reference potentiat0.5 to 0 V (thin-dotted line), from  in the UV/VIS range and that redox transitions of this
—0.5t0+0.1V (thin line), from—0.5 to+0.15 V (dashed dotted cofactor might be involved, a contribution of £to these
line), from —0.5 to+0.35 V (dashed line), and from0.5 t0+0.5 IR difference signals cannot be definitely excluded. The
V (thick-solid line). Conditions as in Figure 1a. dependence of the IR signals on the potential allows us to
exclude heme andag to correlate to the positive signal at
1738 cn1t observed for the potential step fron0.5 to 0.15
V. An assignment of this difference signal to QJa unlikely
since the oxidation of this cofactor can already be expected
K due to its midpoint potential for the potential step frer0.5

to 0.1 V, whereas in the corresponding infrared difference

spectra no significant changes can be seen. From these data,

a decrease of absorption (i.e., a negative signal) for the W& want to assign tentatively the positive signal at 1738'cm

disappearing 1738 crh peak, which might account for the in Figure 2a to Cgl electron transfer. (A further correlation
shift of the minimum from 1728 to 1734 crh of the COOH signals in the 1720750 cn1! range to all

As for the difference signal with the negative band at 1728 cofactors present, however, is beyond the scope of this
cm~ and the positive band at 1738 cinboth the integrated paper.) The reason for this cautious treatment of the present

absorption of the negative band at 1734-&rand of the data is the prgsently unclee}r role of protonation states for
positive band at 1746 crd could well correspond to the precise midpoint potentials of the cofactors as well as
individual COOH modes. Again, a reasonable scenario the influence of thg interactions between the cofactors on
would be transfer of a proton from one group to the other the midpoint potentialss, 26).

group. In the described case, two residues should then be FTIR Difference Spectra of Mutants\ possible strategy
involved in the 1746/1734 cm signals for the full potential ~ for assignment of IR signals in difference spectra is the use
step to 0.5 V, and two residues are involved in the 1738/ of site-directed mutants. In the case presented here, the
1728 cni! difference band for the potential step to 0.15 V. replacement of a ionizable residue by a nonionizable one
An alternative possibility would be to considene proton- (Asp— Asn, Glu— GIn) appears straightforward, although
able residue that experiences a shift of its@ frequency it bears the clear risk that the removal of a charge can
through a change of its local environment, e.g., by assumingseriously affect the local electrostatic potential. We therefore
different side chain conformations. In this case, both the also used mutants where the local electrostatic potential was
negative band at 1734 crhand the positive band at 1746 maintained as far as possible.

1738

0.00014

A Abs

-0.0001

——- (-05V)->(0.35V)
e (0.5 V) > (0.15 V)
20.00024 | (-0.5V)->(0V)
— (05V)->(0.5V)
—— (05V)->(0.1V)

[+
N
~
-

1

|

1734

0.04+

0.00+

A Abs

-0.04

-0.08—

to 1734 cm! upon raising the potential to 0.35 V and
develops further as presented for the full potential step to
0.5 V in Figure 1a. The difference between raising the
potential from—0.5 to+0.35 V and raising it from-0.5 to
+0.15 V apparently consists of the loss of the positive peal
absorbing at 1738 cm and the gain of the positive peak
absorbing at 1746 cm. This loss should manifest itself in
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For the assignment of FTIR signals, we have selected the 3 (a) wild type
following mutants, where the ionizable residues are replaced | =

by nonionizable groups: Glu 278 GIn, Asp 124 Asn, Asp
124 Ser, and Asp 399 Asn. To avoid perturbations of the
electrostatic potential in the protein by neutralizing charged
residues, we have further selected the mutation of Glu 278  ¢,000-
to Asp. Asp 124, located close to the cytoplasmatic surface, g
was proposed to be part of a proton-transfer pathway of the <
cytochromec oxidase fromP. denitrificans This pathway -0.0017
was originally suggested to be used for the pumped protons.
Glu 278 was proposed to be a part of the same proton-transfer _g gg2-1
pathway close to hemag. Finally, we examined the residue

0.001+

1746
1678

1734

Asp 399. This residue is located near one of the hage 3 2
propionates and might contribute to proton exit. -0.003- - -
Figures 3 and 4 present the oxidized-minus-reduced FTIR 0002 (b) Asp 124 Asn

difference spectra of wild-type, Asp 124 Asn, Asp 399 Asn,
Glu 278 GiIn, and Glu 278 Asp mutant enzymes for a

potential step from—0.5 to +0.5 V. Because of slightly 0.001-
different sample concentrations, the spectra of the native and
mutant enzyme were normalized for theband difference ]
signal in the UV/VIS spectral range. Reduced-minus- 80-000-
oxidized and oxidized-minus-reduced (data not shown) FTIR <
difference spectra indicate fully reversible and quantitative 0001

electrochemistry for the wild-type and all mutants. The
reduced proton and electron transfer rates of the mutants (see
Materials and Methods) do not affect the spectroscopic and -o.002-
electrochemical properties of the enzymes. In the spectro-
electrochemical experiments described here, the cofactors
could be oxidized and reduced reversibly even if a kinetically (c) Asp 399 Asn
competent proton transfer is not possible, for example, in 0.0027
one of the mutants. Principally, the FTIR difference spectra
represent equilibrium states for a given redox state, and a 4944
blocked pathway may only be of importance if the equilibra-
tion of an internal residue would take an excessively long ]

time. /J\/vj\ﬁ

FTIR spectroscopy is highly sensitive to changes even of
individual groups; thus, any alteration in the secondary
structure should be monitored in the FTIR difference spectra.
This could be, for example, reported by changes in the amide
| region (1680-1620 cnt?), where the &0 modes of the -0.002-
polypeptide backbone appear. In the spectral region from .

1680 to 1000 cmt, no significant differences between the 1&? 600 1400 1200 1000

native and mutant enzymes (Figures 3 and 4) can be wavenumber (1/cm)

observed, suggesting that the structure remains essentially,; e 3: Comparison of native (a), Asp 124 Asn mutant (b), Asp
undisturbed by replacement of the discussed amino acids in399 Asn mutant (c) cytochrome oxidase from Paracoccus
the protein. We thus predict from these spectra only minor denitrificans obtained for a potential step from0.5 to +0.5 V
deviations from the native enzyme structure, possibly too (VS AG/AGCI/3 M KCI) from 1800 to 1000 cm. Conditions as in
small to be detected by X-ray crystallography at the present ~'9Ure 12

resolution. The small differences between the spectrainthe Tne |ower spectral region from 1200 to 1000 @nis

1650 cn* range can be explained by the high noise level gominated by broad signals, a positive one at 1160%cm
in the region of the water band absorption at 1645 tm and a negative one at 1088 ¢ These signals can be
In the spectral region from 1560 to 1520 thithe amide observed in the spectra of the wild-type and all mutants.
Il region), no changes by exchange of specific Asp or Glu These bands were previously assigned to PO modes caused
residues could be observed confirming the “intact” structure by protonation changes of the phosphate buffer correlating
of the mutant enzyme. At approximatel$50-1420cm ! with the proton uptake/release of the protein and the
and1620-1570cm?, difference signals of the symmetric mediators {0).
and antisymmetric COOmodes induced by protonation/ The oxidized-minus-reduced FTIR difference spectra of
deprotonation of COOH groups are expected; however, thesewild-type, Asp 124 Asn, Asp 399 Asn, Glu 278 GIn, and
contributions are possibly overlapped by other stronger Glu 278 Asp mutant enzyme for a potential step freid.5
signals. It thus cannot be excluded that the exchange of theto +0.5 V upon H/?H exchange are presented in the
COOH residues affects this spectral range. expanded view from 1760 to 1720 ciin Figures 5ac
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Ficure 4: Comparison of native (a), Glu 278 GIn mutant (b), and av,enum er (tem) . .
Glu 278 Asp mutant (c) cytochromeoxidase fromParacoccus ~ FIGURE 5. Expanded view of the oxidized-minus-reduced FTIR
denitrificans obtained for a potential step from0.5 to +0.5 V difference spectra in the 1720 to 1760 Tmmange of native (a),

(vs Ag/AgCl/3 M KClI) from 1800 to 1000 cni. Conditions asin ~ Asp 124 Asn mutant (b), and Asp 399 Asn mutant (c) cytochrome
Figure 1a. c oxidase fromParacoccus denitrificansbtained for a potential

step from— 0.5 to+ 0.5 V (vs Ag/AgCl/3 M KCI) equilibrated in
1H,0 buffer (solid line) and ikH,O buffer (dashed line). Conditions

and 6a-c. The sensitivity of the wild-type enzyme tbi/ as in Figure 1.

’H exchange was already discussed with Figure 1b. From
1680 to 1000 cm, the saméH sensitivity for the wild type spectrum of the wild-type and the Asp 124 Asn mutant
and the mutants can be observed (data not shown). protein can be observed for the full potential step freh5
In the FTIR difference spectrum between approximately to +0.5 V. Although the side chain of Asp 124 is in a critical
1720 and 1760 cmt, the G=0 double bond of the COOH  position in the suggested proton-transfer pathway digiarly
group from protonated Asp and Glu side chains appears atnot involved in the 1746/1734 cm signals. To support
a position depending on local environment and the hydrogenthis result, we examined the Asp 124 Ser mutant enzyme
bonding of the side chain. In this region, the spectra (data not shown). Asp 124 Ser shows the same electro-
presented show clear differences between the spectra of thehemical and spectroscopic properties as the Asp 124 Asn
wild-type enzyme and some of the mutants. mutant enzyme, thus confirming these conclusions. In the
As shown in Figures 5 and 6, no significant differences related Asp 124 Asn and the Asp 124 Ser mutant enzyme in
between the electrochemically induced FTIR difference the cytochrome oxidase frof. coli (3) and fromRhodo-
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Ficure 6: Expanded view of the oxidized-minus-reduced FTIR
difference spectra in the 1720760 cnt! range of native (a), Glu
278 GIn mutant (b), and Glu 278 Asp mutant (c) cytochroene
oxidase fromParacoccus denitrificansbtained for a potential step
from — 0.5 to+ 0.5 V (vs Ag/AgCI/3M KCI) equilibrated irtH,O
buffer (solid line) and irtH,O buffer (dashed line). Conditions as
in Figure 1.

bacter sphaeroide$4), the replacement of the side chain
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The electrochemically induced FTIR difference spectra for
the full potential step from-0.5 to+0.5 V in Figure 3a-c
show a similar difference spectrum for the wild-type and
the Asp 399 Asn mutant enzyme. Thus, this residue can be
ruled out as a candidate for the difference signal at 1746/
1734 cn1?, which is observed for this potential step.

As presented in Figure 5, the Asp 399 Asn and Asp 124
Asn mutant enzymes exhibit the wild-type spectrurtHpO
buffer, in the interesting spectral region from 1760 to 1720
cm™%, thus confirming the results ifH,0.

The electrochemically induced FTIR difference spectra of
the wild-type, the Glu 278 GIn, and the Glu 278 Asp mutant
enzymes show substantial differences (Figure@a While
the spectrum of the Glu 278 GIn mutant is identical to the
spectrum of the native protein in the 1720000 cnt?!
spectral region, the 1746/1734 chsignals are almost lost
in the spectrum of the mutant enzyme. Only a small residual
band with a maximum at 1744 cthand a minimum at 1732
cm ! is observed, which probably was hidden under the
strong 1746/1734 cm signals. In the spectrum of the Glu
278 Asp mutant, the signals at 1746/1734 émlecrease in
intensity as compared with that of the wild-type protein (see
Figure 6).

Figure 6a-c shows the electrochemically induced FTIR
difference spectra of the wild-type, Glu 278 GIn, and Glu
278 Asp mutant enzymes aftéi/?H exchange only for the
expanded view from 1760 to 1720 ctn In the spectral
range from 1760 to 1680 cmh, the 1740/1730 crt signals
decrease in the spectra of the Glu 278 GIn and Glu 278 GIn
mutant enzyme.

During revision of this manuscript, Puustinen et al. (13)
reported FTIR difference spectra of CO-poisoned wild-type,
Glu 286 Asp, and Glu 286 Cys mutant enzymdof oxidase
from E. coli at 80 K. Glutamic acid 286 ift. coli is the
residue homologous to Glu 278k denitrificans Puustinen
et al. (L3) assigned similar difference signals at 1731 and
1724 cm! (in 2H,0) to changes of protonated Glu 286 amino
acid as done in this paper. A comparison of the mechanistic
implications, however, must be limited because of the
different approaches used. While Puustinen etl&) ¢sed
the CO molecule as an internal perturbation of the protein,
the approach used here as well as that used lnpén et al.
(11) aims to direct reduction/oxidation or photoreduction,
respectively. Furthermore, it should be considered that the
spectra presented in ref 13 were obtained at 80 K. At this
temperature, only small conformational changes of the
protein can be expected (cf. discussion by Park el3|.
and it is not very probable that proton-transfer reactions can
occur.

pH dependence of the signals at 1746 tand 1734 cm™.

To examine the pH dependence of the signals at 1746 and
1734 cm?, oxidized-minus-reduced FTIR difference spectra
were recorded at a series of pH values between 4.7 and 9.

results in loss of proton pumping activity; however, some At Jower pH, denaturation of the sample was observed.
residual enzymatic turnover Is retained. Nevertheless, theSpectra at four representative pH values are shown in Figure
spectra of the Asp 124 Asn and the Asp 124 Ser mutant 7, The positive signal at 1746 cthdid not show significant

enzyme of theP. denitrificanscytochromec oxidase seem

alterations upon changing pH, indicating that théqf the

to be coincident with the spectra of the native protein. We group involved is not within the examined pH range.
suppose that protons can reach the side chains involved inHowever, the negative signal at 1734 dnshows a different
the proton transfer (e.g., Glu 278) despite the interruption behavior. At pH 4.7, the total signal amplitude decreases,
of the transfer way, provided that equilibration is sufficiently indicating the involvement of a group changing its proto-
long as in the case of the IR experiments presented here. nation state at pH 4.7 and smaller pH values.
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For the interpretation of these findings, two scenarios are
conceivable. Considering the fact that the amplitudes of both
the positive signal at 1746 crhas well as the negative signal
at 1734 cm? significantly decrease in the spectra of the Glu
278 GIn and Glu 278 Asp mutant enzymes, both signals
might be due to Glu 278.

Together with the results obtained from the spectra
recorded at different pH values, this means that Glu 278
might undergo significant environmental changes of the side
chain itself upon oxidation of the protein, so that the same
group absorbs at 1746 crin the oxidized state and at 1734
cmtin the reduced state. These environmental changes
might be accompanied by a change of tke\mlue of this
group. The decrease in the amplitude of the negative signal
at 4.7 would indicate a deprotonation of Glu 278 at lower
pH arising from pH dependent changes in the direct
environment of the Glu 278.

Alternatively, only one of the two signals at 1746 and 1734
cm™! might be due to Glu 278 whereas the other one is
caused by another aspartate or glutamate with a different
pK value. As discussed by Ostermeier et &7)( the
structural data suggest that Glu 278 is most likely protonated
in the oxidized enzyme. The X-ray crystallographic analysis
suggests that Glu 278 is a hydrogen bond donor to the
backbone carbonyl oxygen of Met 99. Thus an assignment
of the Glu 278 to the positive band at 1746 <dmis
conceivable. The other carboxylic acid might be involved
in proton transfer to Glu 278 upon oxidation of the protein.

In the latter case, the mutation of Glu 278 to GIn or Asp
might prevent deprotonation of the other group and thus lead
to a significant decrease of the corresponding signal or might
cause a shift of the corresponding signal possibly leading to
an overlap with other signals.

CONCLUSIONS

The data presented here indicate that Glu 278 is involved
in at least one of the two signals at 1746 and at 1734'cm
Two possibilities are conceivable. First, Glu 278 might be
responsible for both the negative and the positive signal in

the oxidized-minus-reduced spectrum, assuming a perma-

nently protonated Glu 278 that experiences substantial
environmental changes upon redox reaction. Alternatively,

Hellwig et al.

only one of the two signals is caused by Glu 278, most likely
the positive signal at 1746 crhin the oxidized-minus-
reduced FTIR spectrum. The negative signal at 1734'cm
then might be caused by another Asp or Glu, not identified
yet, indicating a protonation of Glu 278 and a deprotonation
of the second residue upon oxidation of the protein.
Moreover, the signals at 1738 and 1728 ¢mbtained from
FTIR difference spectra of stepwise oxidation have not been
assigned to specific groups yet. Further investigation of other
mutant enzymes, the pH dependence of their FTIR difference
spectra and their spectral behavior in the course of the redox
titration are required in order to identify the groups involved
in the signals mentioned.
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