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ABSTRACT: Theaas-type quinol oxidase fromcidianus amhialensis a divergent member of the heme-
copper oxidases superfamily, namely, concerning the putative channels for intraprotein proton conduction.
In this study, we used electrochemically induced FTIR difference spectroscopy to identify residues involved
in redox-coupled protonation changes. In the spectral region characteristic fofGH®) mode from
protonated aspartic or glutamic acid side chains, a number of prominent features can be observed between
1790 and 1710 cr, clearly indicating the reorganization or protonation of more than four protonatable
residues upon electron transfer. A direct comparison of the Fourier-transform infrared difference spectra
at different pH values reveals the noteworthy highgd >8 for some of these residues, and the protonation

of two of them. These acidic residues may play a role in the proton transport to the oxygen reducing site,
in proton pumping pathways, or in protonation reactions concomitant with quinone reduction. Whereas
the residues contributing between 1790 and 1750%dmave the typical position of an aspartic/glutamic

acid side chain buried in the protein, a position closer to the surface is suggested for the residues contributing
below approximately 1730 cm. The possible involvement of residues contributing between 1750 and
1720 cntt in the quinone binding site is demonstrated on the basis of experiments in the presence and
absence of ubiquinone-2 and of the native electron carrier dktlaenbvalensrespiratory chain, caldariella
quinone. Most signals seen here are not observable in comparable spectra of typical members of the
heme copper oxidase superfamily and thus reflect unique features of the enzyme from the hyperthermo-
acidophilic archaeo. ambbalens

Heme copper terminal oxidases are the last enzymes of In the last years, functional and mechanistic studies on
aerobic respiratory chains, catalyzing the stepwise reductionthe aas quinol oxidase isolated from the thermoacidophilic
of oxygen to water. In the course of this process, electron archaeorAcidianus(A.) ambivalens(Top = 80 °C, pHopt =
and proton transfer are efficiently coupled to contribute to 2.5) demonstrated that this enzyme has some unusual
the formation of an electrochemical gradient, which drives properties, namely, concerning the dynamics of the binuclear
ATP synthesis. The field of respiratory oxidases can greatly site 6—7), and the role of its electron donor in catalys8$ (
profit from the study of enzymes originating from phylo- and in proton translocatior®). One striking feature of this
genetically distant microorganisms, which together with the oxidase is that it lacks most of the residues of the K and D
accumulating genomic data, significantly contribute to a pathways, including the so-called essential Glu 278r&-
wider view of the functional, structural, and mechanistic coccus denitrifican®xidase numbering), being thus signifi-
diversity found among prokaryotic terminal oxidases (for cantly divergent from the most studied ones (see 5efad
recent reviews see 1®fl—5). 10 for review). However, more recently, the full pumping
capability of theA. ambbalenswas demonstrated, showing
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contributions from protonated aspartic and glutamic acid side -H,0
chains are expected for proteins. 0,0024-D,0

1666
1646
>

MATERIALS AND METHODS 0,001

A Abs

Sample PreparationTheaas oxidase fromA. ambbalens 0,000+

was prepared as previously described in&fFor electro- @ ANz g

chemistry studies, the sample was solubilized-iecyl{3- 000 3 By 0
p-maltopyranoside, 100 mM phosphate buffer (pH 6.5) , A , ,
containing 100 mM KCI and concentrated to approximately 1800 1600 1400 1200
0.5 mM using Microcon ultrafiltration cells (Millipore). Wavenumber / cm’”

Exchange of HO against RO was performed by repeatedly
concentrating the enzyme and rediluting it in gCDbuffer.

H/D exchange was found better than 75% as judged from
the shift of the amide Il mode at 1550 cfin the FTIR
absorbance spectra (data not shown). Ubiquinone-2 (UQ-2)
and caldariella quinone (CQ) solutions were obtained by
dispersing the quinone in the same buffer. These solutions
were each added in an equimolar amount to the protein
sample. CQ was purified froA. ambvalenscells using the . .
procedure described in raf. 1800 1750 1700

ElectrochemistryThe ultrathin layer spectroelectrochemi- Wavenumber / om’
cal cell for the UV/VIS and IR was used as reported FIGURE lil Oxgiéézdf}?ér;\us;ﬁgilaﬁzﬁ;fg% Sdlci)f(fairtfrégtftgrsa{)ggir; g;}he
previously (L3). Sufficient transmission in the 1800 to 1000 gtag qlerIQ%E)(()I5 D e e e e i
cm* range, even in the region of s_trong water absorbance”neg and BO (black line) buffegr. Fgor exgerimental cor%qo)liti(gnsysee
around 1645 cm', was achieved with the cell path length  Materials and Methods. (B) Enlarged view for the spectral range
set to 6-8 um. The gold grid working electrode was from 1800 to 1690 cmt, depicting the contributions of the
chemically modified g a 2 mM cysteamine atha 2 mM protonated aspartic and glutamic acid side chains.
mercaptopropionic acid solution mixed in a 1:1 ratio. To
accelerate the redox reaction, 15 different mediators were monitored by double difference spectra until no changes were
added as reported in ra#t (except K[Fe(CN)]) to a total detected. Typically, 128 interferograms at 4 émesolution
concentration of 4@M each. At this concentration, and with ~ Were co-added for each single-beam IR spectrum and Fourier
the path length below 16m, no spectral contributions from ~ transformed using triangular apodization. A total of B)
the mediators in the VIS and IR range could be detected in difference spectra were usually averaged. The noise level in
control experiments with samples lacking the protein, except the difference spectra was estimated to be arounreb®5«
for the PO modes of the phosphate buffer between 1200 andl0 ¢ absorbance units in the spectral range under consider-
1000 cnTl. As a supporting electrolyte, 100 mM KCl was ation, except for the region of the strongly absorbing water
added. Approximately 56 uL of the protein solution was ~ bending and protein amide | modes at ca. 1650 cwhere
sufficient to fill the spectroelectrochemical cell. Potentials the noise was slightly higher.
quoted with the data refer to the Ag/AgCIl/3M KCI reference
electrode; add+-208 mV for SHE (pH 7) potentials. All RESULTS
measurements have been performed a€5 Electrochemically Induced FTIR Difference Spectra in

FTIR Difference SpectroscodyTIR difference spectraas H,O and DO. Figure 1 A shows the oxidized-minus-reduced
a function of the applied potential were obtained simulta- FT-IR difference spectra of theeas oxidase fromA. ambi-
neously from the same sample with a setup combining analensfor a potential step from-0.5 to 0.5 V, equilibrated
IR beam from the interferometer (modified IFS 25, Bruker, in H,O (gray line) and RO buffer (black line). Numerous
Germany) for the 40081000 cn1? range and a dispersive distinct sharp bands appear throughout the spectrum, with
spectrometer for the 466000 nm range as reported previ- half-widths typically below 510 cnt. The entirety of
ously (13, 15). In all experiments, the protein solution was difference signals represents the total of molecular changes
first equilibrated at the initial potential of the electrode, and concomitant with the redox reactions. In the electrochemi-
single-beam spectra in the IR range were recorded. Then, acally induced FT-IR difference spectra, contributions from
potential step toward the final potential was applied, and the the porphyrin ring, the heme propionates, the vinyl substitu-
single beam spectrum of this state was again recorded afterent and contributions from the formyl groups can be expected
equilibration. Subsequently, difference spectra, as presentedrom hemea andag. Besides the signals of the hemes, the
in this work, were calculated from the two single-beam reorganization of the polypeptide backbone and amino acid
spectra with the initial single-beam spectrum taken as the side chains occurring upon electron transfer of the redox
reference. No smoothing or deconvolution procedures wereactive centers hema/ss, and Cy and coupled processes
applied. The equilibration at the applied potential generally such as proton transfer can be expected to manifest in the
took less than 56 min in the potential range from0.5 to spectra. The current purification procedure yields CQ-free
0.5 V. Equilibration times were determined by monitoring oxidase {6).
UV/Vis difference spectra on the same sample (data not Briefly, in the amide | range (16901620 cm?), differ-
shown), and the full reaction in the FTIR spectroscopy was ence signals at 1686, 1678, 1666, 1646, and 1620cm

1738
1698
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FiGure 2: Schematic view of signals expected of an environmental
change in the vicinity of a protonated acidic group (A) and a
deprotonation reaction (B).
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Ficure 3: Oxidized-minus-reduced FTIR difference spectra of the
aag quinol oxidase fromA. ambvalensfor a potential step from
—0.5t0 0.5 V vs Ag/AgCI equilibrated in a buffer at pH 4.8 (gray
line) and 8 (black line) (A) and a double difference spectrum
obtained by interactive subtraction of these lines (B).

1800

of the enzyme, each located in different environments. The
modes at approximately 172710 cm?! originate from
residues coordinated by strong hydrogen bonds. The signals
above 1758 cm' are observed at an unusually high
wavelength. The position of these signals suggests a weak
hydrogen bonding of the COOH group, such as would be
found for an acidic residue buried in a hydrophobic region
of the protein. The feature observed at 1774 tns the

alterations in the polypeptide backbone accompanying thesignal with the highest frequency so far observed for a

redox process, as well as possible contributions freeOC
modes of individual amino acid side chains (Asn and GIn).
In the amide Il range (15701520 cn?), coupled CN

stretching and NH bending modes are expected. In addition,

vibrational modes from aromatic amino acids and herw€C
modes from the porphyrin ring, for example at 1564, 1552,
and 1530 cm?, are observable. Antisymmetric CO@odes

v(C=0) mode of a protonated acidic residue in any protein.
The acidic side chains discussed here, obviously rearrang-
ing due to the redox reaction, may be functional in the proton
pathways of the enzyme. Two possible scenarios are possible
to explain the observed spectral features: (i) the variation
of the protein site surrounding the=€© group, i.e., the
hydrogen bonding strength change upon the redox reaction,

from deprotonated heme propionates and Asp or Glu sideleading to an energy shift; (ii) the protonation/deprotonation

chains, caused by protonation/deprotonation of COOH
groups, may also contribute in this spectroscopic range.
Above 1680 cm?, signals from protonated heme propionates,
and, above 1710 cr, signals from protonated Asp and Glu
are likely.

A particular problem of the assignment in the difference
spectra is the superposition of signals from different con-
stituents of the oxidase, which can lead to the possibility of

of an acidic group, which causes the increase/decrease of
the typical mode between 1790 and 1710 &rthe expected
shifts are described in Figure 2. The spectral features
observed in Figure 1 could thus reflect both the protonation
change of an acidic residue or the environmental change upon
redox reaction. Especially in the second case, an increase of
the pH should lead to a stronger deprotonation and to a
decrease of the signals.

multicomponent bands and may present ambiguities in the We note that it can be excluded that signals observed here
assignment. For example, the amide | range, is a spectralmay originate from changes in the protonation state of any

region particularly susceptible for overlapping bands, while,
in contrast, the spectral range above 1710 tman be
attributed very clearly to the contribution of thC=0)

Asp/Glu in the protein pointing toward the carboxylates near
the surface. Indeed, any residue that is addressed by the redox
reaction will contribute in the redox-induced FTIR difference

mode from protonated aspartic and glutamic acids, the exactspectrum. An overall protonation state change on the surface,

absorption depending on the hydrogen bonding.
Identification of thev(C=0) Mode of COOH Groupdn

the oxidized-minus-reduced FTIR difference spectra (Figure

1A) and in the enlarged view from 1800 to 1710 @m

however, does not occur in proteins as result of the reduction
of the cofactors, since the reduction of a cofactor is most
likely compensated in its direct environment. Otherwise, to
our view, a well-defined protonation processes coupled to

(Figure 1B) positive modes are present at 1774, 1732, andredox reactions would not be possible, as found for energy

1710 cnm! concomitant with the oxidation, and negative

transducing proteins of the respiratory chain. In addition, we

modes concomitant with the reduction are observable at 1796 note that carboxylates at the surface, where t#O@Qroup

1758, 1746, and 1722 crh Upon H/D exchange (see black
lines in Figure 1), a shift of 26 cm ! is observed for the
signals. These shifts of410 cnt! are characteristic for

experiences more steric freedom, will contribute with a very
broad mode around 1720 ctn
Analysis of the pH Dependency of the Signals for the

bands originating from protonated aspartates and glutamatesicidic GroupsFigure 3 shows the oxidized-minus-reduced

as previously reported for other systerhi3, (18) and clearly

FTIR difference spectra obtained for samples equilibrated

indicate the presence of several protonated aspartic orat pH 4.8 (gray line) and 9 (black line). We note at this point
glutamic acid side chains in the oxidized and reduced statesthat despiteA. ambvalensis an acidophile organism, the



6182 Biochemistry, Vol. 42, No. 20, 2003 Hellwig et al.

intracellular pH of these organisms is fairly neutral and that 00017 _yq2/3 A
thus the use of pH 6.5 is quite close to physiological
conditions. Data at pH 3 was obtained, but not included, since
no significant change of the protonated Asp/Glu side chains
was observed between pH 3 and 5. In the spectral region
from 1790 to 1710 cmt, a small increase of modes at 1732 T~ W/
and 1714 cm! can be seen at more acidic pH indicating a \/
higher population of protonated residues from the aspartic
and glutamic acid side chains involved here. Signals higher 0001 o prm 1700
than 1740 cm! seem to be rather invariable pointing to the
high pKa value >8 of the residues involved here. Also at
1678 cm!, where the modes for the protonated heme B
propionates are expected, an increase of signal intensity can -ca
be described. 0,0005+
At lower frequencies, where the modes for the depro-
tonated acidic residues may be involved, the corresponding
decrease of signals is seen. In detail, a signal between 1600
and 1560 cm! and at approximately 1406 crhcan be
tentatively attributed to thé(COO )**andd(COO)s mode,
respectively, reflecting a deprotonation reaction upon increase -0,0005 : . . .
of pH (Cf. Figure 3). In the amide | region, at 1664, 1650, 1800 1750 1700
and 1646 cmt, a significant variation in signal intensity takes Wavenumber / cm’'
place upon pH change, indicating a structural change in theFicure 4: Oxidized-minus-reduced FTIR difference spectra for a
enzyme. potential step from—0.5 to 0.5 V vs Ag/AgCIl measured in the

Involvement of Acidic Groups in Quinone Bindirighe presence of UQ-2 (A) and CQ (B) (gray line) in direct comparison

. . . .o th le devoid of qui black line). F i tal
signals observed for the protonated aspartic or glutamic ac'dc%ndietic?r?;n 'Zfe I\?I\;(t)(lari;s gﬂg%gﬂso&? ine). For experimenta

side chains may originate from residues involved in proton

0,000+

AAbs

.
Wavenumber / cm

AAbs

pumping or proton delivery to the oxygen reducing site but (13?':26?3

also from groups working as proton acceptors to the first aa,

electron donor, the quinol. Interestingly, a model of the — " »r denitrificans
enzyme indicated the presence of two glutamates in the

putative proton pathways of the enzyniEl,(16), and we 1748 _
hypothesize that these residues could be involved in the - _/'G'“zse o

spectra observed here (see Figure 6 and discussion below). ' \J E coli Quinol

1735 B
Asp7s as substrate

To probe for acidic residues possibly interacting with the
quinone, the electron donor to the oxidase, spectra in its
presence and absence have been compared. The native © 1774
quinone fromA. ambbalensis the caldariella quinone. The ~ /v_\ aa, ]
purified enzyme used in the present studies lacks any detec- - A. ambivalens |

table amount of residual quinone. Since #ag oxidase from

x-red

A. ambvalensis additionally capable to react with ubiqui- /
none, the effect of ubiquinone binding was also studied. T~ C?Tfremmphﬁus
Figure 4 shows the effect of the addition of UQ-2 (A) or 1714 ' | Glu 278

CQ (B) on the signals of the protonated aspartic and glutamic not conserved

acid side chains. Clearly, a variation in intensity takes place A ba,

for the signals between 1750 and 1720 ¢énmdicating an . thermophilus
interaction. There are essentially two possible types of 1775 1750 1725 1700
interaction taking place here: First, an hydrogen bonding Wavenumber / cm”!

of the added quinone with one or two protonated acidic side pigyre 5: Comparison of the spectral range from 1800 to 1690
chains is likely, thus changing the=€© bonding. This  cm for prominent members of the heme-copper oxidase super-
hydrogen bonding could change the peak position or the family. (See refsl4 and21-23).

intensity of the GO group, the mode being directly coupled

to the interacting -OH group. As an additional explanation DISCUSSION

for the signal variation, a shift of a protonated aspartic or

glutamic acid could be the indirect consequence of the Theags oxidase fromA. ambbalensrepresents a divergent
accommodation of the quinone at the protein site. Since nomember of the heme copper oxidase family. A significant
significant decrease of a signal is observable, a protonationnumber of amino acids, previously suggested to be canonical
change can be excluded to be coupled with the binding. Theresidues for proton conduction in this enzyme family, are
structurally distinct quinones UQ-2 and CQ do not neces- not conserved. In this study, we used electrochemically
sarily interact with the protein at the same location, but a induced FTIR difference spectroscopy to identify residues
relatedness of the sites is expected to allow for similar involved in redox coupled protonation changes. Figure 5
electron transfer. displays a comparison of the spectral region from 1780 to
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1700 cm? as seen for oxidized-minus-reduced FTIR dif-
ference spectra for prominent members of the oxidase family.
For the cytochrome oxidase fronP. denitrificansdifference
modes at 1746/1734 crhhave been observed and attributed
to Glu278 (L4). In the quinol oxidase fronkscherichia coli
similar changes were also assigned to the equivalent residue
(19, 20), in addition to the identification of a protonation
partner of the quinone, Asp721). In the Thermus thermo-
philus cytochromec oxidases, where Glu278 is also not
conserved, a complete absence of any signal from protonated
aspartic or glutamic acids was observegd @3). The absence

of those signals for these enzymes shows clearly that
unspecific rearrangements can be excluded.

This direct comparison of features in the spectral range
from 1790 to 1710 cm' shows how unusual the significant
number of signals is among heme-copper oxidases (Figure
5). On the basis of the experiments at different pH values,
the modes at 1732 and 1714 chare likely to reflect
protonation reactions within the enzyme. The position of
these signals suggests residues located in hydrophilic regions
of the protein. The modes higher than 1750 ¢iseem rather
invariant to the pH change and reflect modifications of the
environment, i.e., of a weak hydrogen bonding, associated
with the redox reaction. Overall, a minimum of four

protonated aspartic or glutamic acid side chains are partici- . . . :

. . . FiGure 6: Structural model of thA. ambvalens ag quinol oxidase
pating in the observed process, but a higher number of higniighting six selected protonatable residues in the vicinity of
residues may be involved. These modes may originate eithetthe redox centers. The model was kindly provided by Drs. A. Kannt
from residues involved in proton pumping or proton delivery and H. Michel (MPI fir Biophysik, Frankfurt, Germany).
to the oxygen reducing site, or from groups working as
proton acceptors/donors to the first electron acceptor, thespin heme 25, 26). Interestingly, Glu47, also depicted in
quinone. The high I, value of some of these residues, as the structural model in Figure 6, seems to be located in the
identified from only small changes upon pH change, indicate same region of the protein.
that these residues may be involved in proton conduction
without changing their bulk protonation state: only a small ACKNOWLEDGMENT
fraction of protonation/deprotonation may be sufficient for
a residue to be involved, transiently, in a proton path. In  A. Kannt and H. Michel (MPI fu Biophysik, Frankfurt,
addition, the environment of one or more residues may Germany) are acknowledged for the structural model of the
change during the catalytic cycle, due either to local protein A. ambvalensoxidase. We thank W. Maele (Institut fu
conformational changes (including rearrangements of hy- Biophysik, UniversitaFrankfurt) for his continuous support.
drogen bonds networks) or to long-range electrostatic effects,
thus enabling the residue to uptake/release a proton.

Analysis of a structural model of th&. ambvalens
enzyme shows the presence of two glutamates in a putative 1.Ferguson-Miller, S., and Babcock, G. T. (199&)em. Re. 96,
proton pathway: Glu80 and Glu83, both located in helix II. 5 ﬁﬂ??ﬁ;lzi()?éehr 3., Harrenga, A., and Kannt, A. (1988)u
Figure 6 depicts the location of these residues, as wellas a " o Bi’oph’y& Biomol. Struct, 2B29—356. T :
few other selected glutamates and aspartates that are located 3 mogi, T., Tsubaki, M., Hori, H., Miyoshi, H., Nakamura, H., and
closely to the redox centers. Considering that the signals Anraku, Y. (1998)J. Biochem. Mol. Bio|.Biophys. 2 79—110.
above 1758 cm! may be attributable to acidic residues in 4. Garcia-Horsman, J. A., Barquera, B., Rumbley, J., Ma, J., and
an hydrophobic environment, the GIlug0, 83 but also Asp74 ~_ Gennis, R. B. (1994). Bacteriol. 176 5587-5600. _
could be involved in the observed spectra. Noteworthy, these 5 E?JSK?S.“Q“g{a?asr&ﬁ%?'\%sénd Teixeira M. (2008jochim.
residues are not conserved in other oxidases, thus reinforcing g aagaard, A., Gilderson, G., Gomes, C. M., Teixeira, M., and
the hypothesis that the observed features could be assigned  Brzezinski, P. (1999Biochemistry 3810032-41.
to any of them. Quite importanthyy. ambialensGlu 80 7. Aagaard, A., Gilderson, G., Gomes, C. Mdélroth, P., Teixeira,
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