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ABSTRACT. Reduction of cytochromeoxidase is coupled to proton uptake, and the reduced-minus-oxidized
FTIR spectrum should include signatures of protonation of protolytic centers. The major part of the spectrum
shows only small differences between acidic and alkaline conditions, which is consistent with the rather
weak pH dependence of the proton uptake stoichiometry. Here we aim at revealing redox state-dependent
protonatable sites and present a comprehensive investigation over a wide pH range. The reduced-minus-
oxidized transition of cytochromeoxidase fronmParacoccus denitrificangas studied by means of Fourier
transform infrared spectroscopy in the pH range-®5. Effects of pH were analyzed as the difference
between reduced-minus-oxidized FTIR spectra at different pH values. Two pH-dependent processes with
apparent [, values of 6.6 and 8.4 and Hill coefficients 0.9 and 0.1, respectively, were found by this
methodology. A sharp OH band appears in the IR “water region” on reduction of the enzyme, independent

of pH in the range 6.59.0, and downshifted by-940 cnt! on changing the solvent to,D and by
10 cnt! on H'%0/H,10 isotope exchange. This feature of an asymmetric water molecule may belong to
water that is produced in the binuclear center upon reduction or to a structured water molecule that loses

a hydrogen bond.

Cytochromec oxidase (€O)! or complex IV is the
terminal enzyme of the respiratory chain of mitochondria
and many aerobic bacteriacQ functions as a redox-driven

relatively stable states have been resohied+<-6). The paths
of electron and proton transfer have been deduced from the
transient kinetics of membrane potential formation and from

proton pump and generates a transmembrane difference obptical measurement3<{10). However, neither these stud-

electrochemical potential of protons which is used for the
synthesis of ATP (for reviews see refs-3).

Cuas, hemea, hemeas, and Cy are the redox centers in
aas-type cytochrome oxidases. The natural electron donor
is cytochromec, a water-soluble electron carrier that
circulates between ubiquinol:cytochromeoxidoreductase
(complex Ill) and cytochrome oxidase. Cytochrome
passes electrons to Euthen they are transferred further to
hemea and finally to a binuclear reaction center composed
of hemea; and Cy. During four-electron reduction of
oxygen to water (which takes place in the binuclear center),
four protons (“pumped” protons) are actively translocated
across the membrane. Four more protons (“chemical’

ies, nor the structures ofd® (11—14), have revealed the
protonation/deprotonation events of chemical groups respon-
sible for proton transfer, except indirectl§g). One of the
most promising methods that may allow such information
is Fourier transform infrared (FTIR) spectroscof)(that

has perhaps most successfully been applied on proton transfer
in bacteriorhodopsin (see, for example, réfsand18). The
ATR-FTIR technique has been applied to several enzymes
(19—22), including studies of redox-induced chang2$-

23). ATR-FTIR spectroscopy operates on an immobilized
protein film with a working thickness of aroundi2n in the
middle infrared range.

Protolytic reactions of cytochroneoxidase were exten-

protons) are transferred from the negatively charged N-side sjyely studied by the groups of Rich and Hellwig using red-
of the membrane to the binuclear center where they areminus-ox FTIR spectra in the 206A000 cnt? region (see,

consumed during the reduction of oxygen to water. The
catalytic mechanism of € is complicated, and some

T This work was supported by the Academy of Finland (project
numbers 200726 and 44895), Biocentrum Helsinki, and the Sigrid
Jusdéius Foundation. E.A.G. was supported by The ISB Graduate
School.

*To whom correspondence should be addressed. Phe13&8 9
19159922. Fax:+358919159920. E-mail: elena.gorbikova@helsinki.fi.

! Abbreviations: ATR, attenuated total reflectance; CE, counter
electrode; €O, cytochromec oxidase;AOD, difference in optical
density;En, midpoint redox potential (relative to NHE); FTIR, Fourier
transform infrared; IR, infrared; red, reduced; NHE, normal hydrogen
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for example, ref24 and25 and refs26 and27, respectively).
Such spectra at acidic and alkaline pH have shown only small
differences 28, 29), which is consistent with the general
finding that the stoichiometry of proton uptake orcGC
reduction inParacoccus denitrificans weakly pH-depend-
ent B0; unpublished data on th. denitrificansenzyme in

the pH region 6-10).

In this work we have performed extensive pH titrations
of the red-minus-ox FTIR spectrum af; oxidase fromP.
denitrificansin the pH range 5.29.5 and analyzed its pH
dependence. We have further extended the red-minus-ox
spectra into the infrared “water region” where we observed
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two sharp IR modes on reduction of the enzyme; one of theminjected by the syringe pump into the titration buffer (400
is sensitive to H/D isotope exchange and the other to both mM K,SO,, 25 mM potassium acetate, 25 mM potassium

H/D and H'®0/H,0 exchange. phosphate, and 25 mM boric acid). After a delay of 25 min
for pH equilibration in the whole titration system (electro-
MATERIALS AND METHODS chemical cell and reservoir, 50 mL overall), the described

procedure was repeated.

High ionic strength (400 mM ESOy) jointly with a
relatively low buffer capacity (25 mM potassium acetate,
25 mM potassium phosphate, and 25 mM boric acid) allowed
minimization of protein changes that could be caused by ionic
strength alterations on titrant (KOH or,80;) addition.

Spectroscopy A Bruker IFS 66s FTIR spectrometer
(equipped with an MCT detector) and a USB2000 visible
spectrophotometer (Ocean Optics) were used. FTIR spectra
were measured in the range 4600 cnt?! with 4 cni?
spectral resolution, scanner frequency 80 kHz, apodization
function Blackman-Harris 3-term. The number of scans in
background and sample spectra was 1024 or 2000. The light
guide of the visible spectrophotometer was connected to the
ATR cell, which allowed simultaneous collection of FTIR
spectra and equilibration kinetics in the visible range. All
measurements were performed at room temperature.

The whole titration process (initializing, sending com-
mands to/from Ocean Optics and FTIR Opus software, and
collecting data) was controlled by Titrator software designed
in our laboratory by N. Belevich.

H/D ExchangeH/D isotope exchange &*. denitrificans
agg oxidase was performed directly on the ATR prism. The
dried enzyme film was rewetted with,© (pD 9.0) followed
by at least 18 h of isotope exchange. The amplitude of the

Sample PreparationAn “ATR-ready” sample of cyto-
chromec oxidase fromP. denitrificanswas prepared and
deposited on the ATR prism essentially as described in ref
21)with modifications @9, 31). The differences in handling
with the ATR-ready sample were the following. The signal
intensity of the amide | band of the dried film was +.2.3.
Then, the protein film was rewetted with 44L of titration
buffer and left in such conditions for 3€10 min. The signal
intensity of the amide | band of the rewetted film was 1.1 in
all samples, which confirms that the concentration of protein
in the beam path was the same. After the rewetting and a
30—40 min delay, the sample was covered with the chamber
that allowed a continuous flow of buffer over the sample
surface, driven by a peristaltic pump at a flow rate of 2 mL/
min. The protein film was stabilized overnight with continu-
ous pumping.

ElectrochemistryTo set the redox potential, a homemade
flow-through electrochemical celB) was used. Gold grains
(diameter 0.3-0.5 mm) were used as the working electrode
(WE), a platinum-plated titanium grid as the counter
electrode (CE), and Ag/AgCl/saturated KClI as the reference
electrode (RE). Essential details of the cell with application
to cytochromec oxidase oxidoreduction were described in
ref 29. The middle compartment of the cell was filled with

the titration buffer (400 mM KSO,, 25 mM potassium amide | band of the BD rewetted film was 0.9. The level

acetate, 25 mM potgssmm phosphate, and 25 mM bor_lc aCId)'of H/D exchange of amide groups was estimated as described
The electrochemical cell was connected to a Princeton ;, ref 33 to ~50%.

Applied _Research potentiostat, and the potential was set \easurements of redox transitions inMwere carried
automatically by the software. To reduce the enzyme, o in another electrochemical cell that was designed and
the potential was set at300 mV vs NHE; to oxidize, at  first applied in ref22. The advantage of this cell for,D
+480 mV. measurements is a small working volume of ca. 20

To equilibrate the enzyme film with the potential of the Methy| Vi0|ogen, E., —446 mV, and ferricyanideEm
working electrode, two mediators were used: 1,2-diami- +440 mv, were used as mediators at a concentration of
nocyclohexand,N,N',N'-tetraacetic acid- Fe,E, +95mV, 200 yuM each. The potential was switched betweea20
and ferrocene acetaIEm +370 mV. Each mediator was used and +550 mV. The buffer Composition was the same as in
at a concentration of 200M. Due to the low stability of the pH-titration experiments, except that@ was used
ferrocene acetate at high potentials during the experimentinstead of HO. Because of the absence of visible optics in
(ca. 15 h), the same amount was added gradually to the buffefihis electrochemical cell, equilibration was controlled by the
along the titration. amplitude of differential FTIR spectra and took-360 min.

The kinetics of the equilibration process was controlled A total of 4000-8000 scans were averaged for each pH(D)
spectrophotometrically at 445 nm. The selected mediatorsvalue (6.5 and 9.0) to produce the final red-minus-ox spectra.
did not show any significant contribution to the infrared or H,1%0/H,80 Isotope Exchangd.he H1%0/H,80 isotope
visible spectral regions as compared to the enzyme absorpexchange was done directly on enzyme positioned on the
tion. ATR prism. H'80 (Cambridge Isotopes) contains 95%0.

pH Titration. pH titrations were performed in the pH range The H!0 concentration in the final buffer was 85%, which
5.2—9.5 in an automatic mode in both directions. First, the is expected to result in a¥OH — 80H band shift of 14
background (BG) in the infrared (IR) region was measured cm (45). To perform the H®O measurements, the 24
at the reducing potential. Then the potential was switched electrochemical cell described in the previous section was
to the oxidative one. After 25 min of equilibration, the sample used. Buffer composition was the same as in all experiments
spectrum in the infrared region was measured to generatedescribed above; pH 6.5. 1,2-DiaminocyclohexBieN' N'-
an ox-minus-red FTIR spectrum. Immediately after this, a tetraacetic acid+ Fe, E,, +95 mV, and ferricyanideEn,
new BG was taken in the IR, and then the potential was +440 mV, were used as redox mediators at a concentration
switched to the reductive one. Again, after 25 min of of 500uM each. The junction between the enzyme compart-
equilibration, a new spectrum in the IR region was measured ment and the RE was filled with the same buffer to decrease
to generate the red-minus-ox FTIR spectrum. After that, an H,%O leakage from the RE. The reductive and oxidative
aliquot of KOH (5 M), or HSO, (1 M), was automatically ~ potentials were-300 and+550 mV, respectively. The low
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reductive potential was set to reduce oxygen that possibly x10° x 103
leaks into the enzyme compartment. The equilibration 5 : : : ' :
process was controlled by following the amplitude of the 4r ‘5TE
redox signal and took less than 15 min. To get the final 3r B
spectrum, red-minus-ox and ox-minus-red data were aver- 2r 14 s
aged. The final number of interferograms was 49152 1t =
(48 spectrax 1024 scans each). 8 o <32
Data Analysis. Every ox-minus-red FTIR difference <41 §
spectrum was averaged with the corresponding red-minus- 122
ox spectrum. All red-minus-ox FTIR spectra were normalized 21 %
to each other by the 1661/1641 chpeak difference. All 31 11 g
4t [}

red-minus-ox spectra in the whole pH region were subtracted
from the most acidic or alkaline one. Baseline correction of 1800 1700 1600 1500 1400 1300 1200
amide bands was done at pH values below 7 and higher than Wavenumber, oni !

8. pH-titration surfaces (dependence AOD on pH and FiGUrRe 1: Red-minus-ox FTIR spectra &f. denitrificanscyto-

wavenumber) were generated. Titration curves (dependencnromec oxidase at pH 5.2 (solid line) and 9.5 (dashed line).

of AOD on the applied pH at peaks and troughs) were Typical spectra are shown at the acidic and alkaline marginal points

extracted from the “pH surfaces” in the 1860200 cnt? 9:4?(;3 p\l;i-ltitr?tilondset; The aplﬂﬂiefI potential Stlep &Ngﬁt)r? to ‘

region. The intensity of every peak was defined as the mV. Iniial red-minus-ox spectra aré normalized by the peaxs
. : - at 1661/1641 cmt. Estimated extinction coefficients in all figures

difference betvve_en thg !ntenSIIy at th? peak (trough) and half are the mean values for mid-IR regarding the penetration %epth as

the sum of the intensities of the adjacent troughs (peaks).2 ;m.

The intensity of every shift was estimated as the difference

between the intensity at the peak (trough) and the intensity x10° x 10°

at the adjacent troughs (peak). All calculation and fitting ' ' ' ' ' 116

procedures were performed in Matlab software.

RESULTS

Electrochemically Induced Red-minus-Ox FTIR Spectra
at Acidic and Alkaline pH.The pH dependence of the Q
difference between the reduced and oxidized states of <4
cytochromec oxidase was measured by means of a combi-
nation of electrochemical and FTIR spectroscopic ap-
proaches. The potentials set by the potentiostat corresponded
to —300 and+480 mV for the reduced and oxidized states, 08
respectively. Red-minus-ox spectra were measured in the pH 1688 057 1578 . . 128
range 5.2-9.5 with steps of 0.20.7 pH unit. At each pH 1800 1700 1600 1500 1400 1300 1200
step, FTIR spectra were collected in both directions: red- Wavenumber, cni '
minus-ox and ox-minus-red. For further analysis, spectra in Ficure 2: Development of the acidic-minus-alkaline red-minus-
both directions were averaged at each pH step. All spectraox FTIR spectrum. The set of acidic-minus-alkaline red-minus-ox
were normalized to each other by the peak difference at 1661/FTIR spectra is produced as a difference between the most acidic

1 mi ] : red-minus-ox spectrum (pH 5.2) and all other spectra in the alkaline
1641 cm™. Red-minus-ox FTIR difference spectra at pH 5.2 direction. Bands that showed one-component behavior are marked

and 9.5 are shown in Figure 1 and are similar to those i |ightface roman type; bands with two-component behavior are
published earlierZ8). They reveal relatively small changes marked in bold italic type (for one- and two-component behavior,
in the amide | (17061600 cnT?) and Il (1606-1500 cn1?) see Patterns of pH-Titration Curves in the Results section).
regions, as well as in the 1560200 cm* region in acidic o
(solid line) and alkaline (dashed line) conditions, which can ~ To check the reversibility of the pH effect and to
now be titrated as a function of pH. distinguish it from ionic strength changes, the pH titration
It is noteworthy here that there are no significant changes Was performed in two directions: from acidic to alkaline
in the 1740 cm! region ascribed to the well-conserved conditions and back. A comparison of acidic-minus-alkaline
glutamic acid 278 (242 in bovine and 286 Rhodobacter (from KOH titration, solid line) and alkaline-minus-acidic
sphaeroidesiumbering) in the proton-transferring D-pathway  (from H.SQ, titration, dashed line) red-minus-ox spectra is

1.5-

1398 1310 11.2
10.8

\ V00.4

Extinction coefficient, M~ Teem!

(34, 35). shown in Figure 3. All pH-induced changes are reversible,
Acidic-minus-Alkaline Red-minus-Ox Double Difference therefore excluding ionic strength effects.
Spectra.As a result of the pH titration, we obtained red- Patterns of pH-Titration Cures. pH-titration curves of

minus-ox spectra in the pH range 5.2.5. All spectra were  each band and band shift were extracted from A@D-
subtracted from the most acidic or alkaline spectrum to pH-wavenumber surfaces. The whole system of pH-titration
produce double-difference acidic-minus-alkaline or alkaline- curves was unified so that the direction of development of
minus-acidic red-minus-ox spectra\OD-pH-wavenumber” the amplitudes was the same. Data from three sets were
surfaces were generated from the double-difference spectraanalyzed: two sets of KOH titration and one set oS8y

The development of the individual infrared features in acidic- titration. The titration curves from each of the three sets were
minus-alkaline red-minus-ox FTIR spectra along the pH divided into two groups according to their pH dependence.
titration is shown in Figure 2. The experimental points of all curves from each group were
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x10° x 10° and 2639 cm?, respectively, which is an-940 cnm? shift
2 : ! ! ! ! that corresponds well to OH> OD exchange. To check if
1.5 12 - the peaks at 3610 and 3566 chibelong to water molecules,
§ red-minus-ox FTIR spectra were measured ##®& medium.
1T - The peak at 3610 cm was shifted to 3600 cm after H,10/
0.5 15 2 H>'®0 exchange, but the band 3566 Cnwas not signifi-
a 5 cantly affected. The 10 cm shift of the 3610 cm! band
S o ] L upon H%0/H,80 exchange together with the940 cnt?
05 § shift upon H/D exchange helps to assign this to an OH
s stretching vibration of a water molecule. The oxygen isotope
-1r _ _ {05 8 shift of 10 cmt? is a little less than what is expected
A8 it F e R theoretically (14 cm?), probably because of diffusion of
j P ; : residual H*O from the reference electrode and dilution of
1800 1700 1600 1500 1400 1300 1200 HZ O buffer.
Wavenumber, cm
DISCUSSION

Ficure 3: Double-difference acidic-minus-alkaline (pH 5.2-minus-

pH 9.5, solid line) and alkaline-minus-acidic (pH 9.5-minus-pH 5.2, : i }
dashed line) red-minus-ox FTIR spectra. The spectra are from two Nature of the pH Effect in Red-minus-Ox FTIR Spectra.

sets with different directions of pH titration. Anaerobic redox titrations of cytochroneeoxidase fromP.
denitrificansshowed uptake of two protons on reduction as
judged from the pH dependence of tBg values: 30 mV/
pH unit each of hemea andas and~60 mV/pH for Cy at
alkaline pH @9). Mitchell and Rich 86) measured proton
uptake on reduction of bovined® and reported-2.4 H"

at neutral pH, two protons being ascribed to linkage to
reduction of the binuclear site. Consequently, a fractional
proton (0.4 H) may be associated with additional reduction
of hemea and Cu. No significant pH dependence of this
proton uptake was observed between pH 7.2 and pH38)5 (
In contrast, Capitanio et al37) reported a significant pH

averaged within each set and fitted with Henderson
Hasselbalch equations with a variable Hill coefficient. The
averaged experimental points of the first group are plotted
in Figure 4A (circles). The fit of the first group by a one-
component HenderserHasselbalch equation resulted in
pKa = 6.6 and Hill coefficient= 0.9 (curve). The averaged
experimental points of the second group are shown in Figure
4B (circles). To fit this group, a two-component Henderson
Hasselbalch equation was used (curve) with fixéd and
the Hill coefficient taken from the first group. This fit resulted
in pK, and Hill coefficient of the second transition of
8.4 and 0.1. The standard deviations were estimated for eacﬁjepen_dence of the number of'Ftonsumed on enzyme
pH point within each of the three titration sets. The IR reduction.
features that showed one- and two-component pH behavior, Protolytic reactions on reduction of cytochrome oxidase
respectively, are indicated in Figure 2. may be ascribed to three possible kinds of events: (i) uptake
H/D Exchangeable Protons in the Redox Transitin.  Of chemical protons, (ii) protonation and deprotonation of
distinguish direct protonation effects from induced pH effects residues involved in the proton-pumping reaction, and (iii)
on the protein and the redox cofactors, we applied H/D uptake of additional protons, the role of which may be to
isotope exchange. The red-minus-ox spectrum at pD 9.0 (notbalance subtle changes in conformation of the redox centers
shown) has the same features in the fingerprint region asand/or the protein structure on reduction.
those published earlier24, 25). The main changes of It is important to point out that the pH dependence of the
deuterium isotope exchange on acidic-minus-alkaline red- acidic-minus-alkaline red-minus-ox FTIR spectra within the
minus-ox FTIR spectra in the 186A200 cnt! range are tested pH regime would reveal protons in categooyly if
the disappearance of the peak at 1480 tand the trough  the K, values of the chemical proton acceptors were within
at 1238 cm? (Figure 2) and the appearance of a new peak or close to that regime (see r8¥). The data of Mitchell
at 1460 cm?® in D,O (spectra in RO are not shown). No  and Rich 86) suggest that this is not the case, whereas the
clear signatures of H/D isotope shifts of protolytic amino data of Capitanio et al.3(7) suggest that it is. The same
acids in acidic-minus-alkaline (pH 6.5-minus-9.0) red-minus- requirement holds for detection of protonation and depro-
ox FTIR spectra were found. tonation of residues involved in proton pumping by this
We extended our analysis of red-minus-ox FTIR spectra methodology (case ii). We note that deprotonation of
to the water region between 3800 and 2400 tiffrigure glutamic acid 278, a key element of proton transfer in the
5). Two sharp peaks at 3610 and 3566 ¢mnd one smaller  D-pathway, is known to decrease thg of hemea (38, 39).
peak at 3672 cmt in H,O medium were absent in,D, Such coupling between the redox state of hearend the
where several new features appeared: peaks at 2716, 2673yrotonation state of the glutamate implies that reduction of
2639, and 2473 cnt and two troughs, 2548 and 2515 cin hemea should increase thelg of E-278. On this basis the
Furthermore, the intensities of bands in the 362800 cn? red-minus-ox spectrum should include the distinct IR feature
region (C—H stretching vibrations of CiHand CH groups) of the acid form of E-278 near 1740 ci(see above) if the
were decreased after isotope exchange. It is important to notepK, values were to fall within the pH range studied (5.2
that the spectra had no pH(D)-dependent differences excep®.5). A functional (K, value of 9.4 for E-278 has been
the shift at 3348/3324 cnd and peak at 2962 cr that are deduced from kinetic experimentq), implying about half-
slightly more intensive at pH(D) 6.5 than at pH(D) 9.0. deprotonation at the highest pH of our experiments. Since
H,'%0/H,*0 Isotope ExchangeFrom H/D exchange it  this was not observed, we conclude that the equilibritn p
seems that the bands at 3610 and 3566*amove to 2673 of glutamic acid 278 in the oxidized enzyme must be
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Ficure 6: Comparison of extinction coefficients of the imidazole-
minus-imidazolate His transition and the protonated-minus-depro-
tonated Lys transition together with acidic-minus-alkaline red-
minus-ox FTIR spectra. The acidic-minus-alkaline (pH 5.2-minus-

Wavenumber, cm 1

Ficure 5: Isotope H/D and K®0/H,!0 effect on red-minus-ox
FTIR spectra oP. denitrificansCcO in the water region. The upper
spectrum is an average of the spectra at pH 6.5 and 9.QfOH

medium, the middle spectrum is an average of spectra at pD 6.5 ) ; L .
and 9.0 in 1O mediurr)‘n, and the lower spgctrum?s at pH 6?5 in pH 9.5) red-minus-ox FTIR spectrum (thick solid line) is the same

H,%0 medium. All spectra were normalized in the fingerprint region as in Figure 3 (solid line). The-histidine (manomer), imidazole-

by the 1661/1641 cri peak difference. The peak that was identified minus-imidazolate spectrum (thin solid line) and the lysine (poly-
ag the OH stretch of v?/ater is marked with%n arrow (3610'cm mer), protonated-minus-deprotonated spectrum (dashed line) are

1 1in .1 Oy normalized to the concentration otQ. The spectra of histidine
HZ1%0, 2673 cnt* in D'°0, and 3600 e in HA'%0 spectra). and lysine are reproduced from r22 and 43, respectively. The

N . S spectrum of His was multiplied by a factor of 2 to get the extinction
significantly higher than 10 (the 1740 cmreglon IS not of the full imidazole/imidazolate transition. The extinction of the

significantly changed even at pH 10; our unpublished data) |ysine transition is from ref4.
and even higher for the reduced enzyme. It may be noted
that such a highlg, for a carboxylic acid in a hydrophobic  of protonation are possible, e.g., the imidazotaténidazole
protein structure is not unprecedented as the value fortransition of His and the protonation of Lys. The protonation
aspartate 96 in bacteriorhodopsin, serving a similar function transitions of other protolytic amino acids have very promi-
as glutamic acid 2784(), has been estimated to bell nent features with strong absorptict3(44) and should be
(42). recognized in the spectra if present. As an example, the
The pH dependence of the acidic-minus-alkaline red- double-difference spectrum is plotted in Figure 6 together
minus-ox FTIR spectra shows two transitions with apparent with L-histidine imidazole-minus-imidazolate and protonated-
pKa values of 6.6 and 8.4 and Hill coefficients of 0.9 and minus-deprotonated lysine spectra, normalized to tb® C
0.1, respectively (Figure 4). The key question is, therefore, concentration. The concentration of rewetted enzyme on the
to what category (tiii; see above) should these IR changes ATR prism was estimated on the basis of the peptide bond

be ascribed? extinction in the amide Il band:
The transition with K, 6.6 gives a Hill coefficient close
to unity, which could therefore correspond to proton uptake/ [CcO] = D/[eIN(k — 4)]

release by a single group or by several groups having very

close K, values. However, neither transition shows any clear whereD is the optical density of amide I¢,is the extinction
signature of a protolytic amino acid although contributions coefficient for a single peptide bond in the amide Il band
from protolytic amino acids with weak extinction coefficients (M~* cm™), 173 60), | is the penetration depth (cm),
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assumed as-2 um in the mid-infrared range based on may belong to a free NH group and the second to not
extinction of HO (45), N is the number of bounces of the exchangeable deeply buried free-N. Four new features
internal reflection element of the ATR prism, akds the (2716, 2548, 2515, and 2473 ciy that appear in BD
number of amino acid residues in the enzyme. This calcula- probably belong to N-D stretching vibrations.
tion yields an enzyme concentrationd@] of ~3 mM. We conclude that the band at 3610 ¢rmay belong to a
Although our data cannot exclude protonation of metal- single asymmetric water molecule within the enzyme struc-
bound histidine or lysine, the pH effect on the double- ture that could have been produced upon reduction of the
difference FTIR spectra can hardly be assigned directly to binuclear center. The presence of an Qlgand at the Cp
protolytic reactions of amino acids but rather seems to reflect center was found in re48, and a ferric hemes-OH state
motions of the protein backbone and changes in hemes thathas been identified by Raman spectroscog) (in the
are induced by protonation of, most likely, a number of oxidized state. It is possible that the water molecule is still
groups with fractional protonation (case iii above). About weakly bound to one of these metal ions in the reduced state.
one-half of the infrared features in the acidic-minus-alkaline ~ We have presented an attempt to discover the acceptors
red-minus-ox FTIR spectra exhibited two pH transitions. of protons taken up on reduction of cytochromexidase.
Therefore, these should be groups that feel both transitionsThe IR water region shows the appearance of a vibration
and can be the hemes that are not protonated themselvethat is due to the OH stretch of structured asymmetric water.
but may sense these protolytic sites. The majority of the From this we conclude that at least one proton acceptor site
features in the double-difference spectra are intense (up tofor chemical protons may be OHn the binuclear center. If
2 x 10* Mt cm™? for the shift 1553/1543 cnt) and look this is the case, theia for such a water molecule should be
like shifts rather than peaks or troughs. Heme absorption inat least 10 because of the absence of a pH dependence
the IR is much stronger than absorbance of amino acids, sobetween pH 6.5 and pH 9.0. However, the found OH band
that a small perturbation of the heme surroundings could may alternatively belong to a structured water molecule that
cause a high contribution into these difference spectra. loses one hydrogen bond upon reduction of the enzyme.
H/D and *¢0O/*®0 Isotopic Exchange in the Water Region.
The appearance of a “free” OH band from water was detected ACKNOWLEDGMENT

in the “water infrared region”hE:n reduction of cytochrome e are grateful to Eija Haasanen for enzyme purification,
oxidase. The peak at 3610 ciin H,O medium appeared ki vyorilehto for the flow-through electrochemical cell,

to shift to 2673 cm?! in D,O medium and to 3600 cm in : : :
_ and Dr. Dmitry Bloch for help with data analysis. We thank
H,1%0. The H/D and*®O/*0 shifts are about 940 and  pyo¢ peter Rich for the microvolume electrochemical cell

10 cnt?, respectwely, Wh.ICh is in agreement with a shift of 54 for sharing unpublished data with us.
the hydroxyl stretching vibration in heavy water angt9@®
compared to KD (45). A similar band with H/D and®0/
180 shifts in the “water” region was earlier found for the
Water-OX|d|Z|ng_compIex of photosystem I .by Noguchi et_ the conservation of energy in cell respiratidigture 356 301—
al. (46) and assigned to water cleavage during the catalytic 309.
S-cycle. The position of the band observed here corresponds 2. Michel, H., Behr, J., Harrenga, A., and Kannt, A. (1998)
to a Weakly H-bonded or free-€H vibration of water 47) C_ytochrom_ec oxidase: structure and spectroscopyinu. Re.
This molecule must be asymmetric and the othei-Ogrou Biophys. Biomol. Struct. 2829-356.

Yy . P . 3. Wikstram, M. (2004) Cytochromes oxidase: 25 years of the
may be strongly hydrogen-bonded with a corresponding elusive proton pumpBiochim. Biophys. Acta 165241—247.
vibrational mode at 3500 cm* with broad shape and weak 4. Bloch, D., Belevich, 1., Jasaitis, A., Ribacka, C., Puustinen, A.,

extinction, which would be difficult to distinguish among Verkhovsky, M. I., and Wikstim, M. (2004) The catalytic cycle
the number of other bands. of cytochromec oxidase is not the sum of its two halvd&oc.

: 1 Be o Natl. Acad. Sci. U.S.A. 10529-533.
Applying the extinction coefficient of the OH band of 5. Belevich, 1., Verkhovsky, M. 1., and Wikstno, M. (2006) Proton-
water estimated from experiments in #6 to our enzyme coupled electron transfer drives the proton pump of cytochrome
; ; ¢ oxidase,Nature 440 829-832.
concentration and optlca_l path Iength suggests that the band 6. Branden, G., Gennis, R. B., and Brzezinski, P. (2006) Transmem-
represents an OH Y'brat'on of a single water molecule per brane proton translocation by cytochromeoxidase,Biochim.
CcO molecule. This OH group may belong to a water Biophys. Acta 17571052-1063.
molecule that is formed on enzyme reduction in the binuclear 7 Oflflvetbefrg,HM-. Sizezmsklt, P, anShMalm”s;l;noB.f?. II(1983) Thde §
_ H elrect or pH and temperature on the reaction ot fully reaucea an
center, where met_al bound hydr0X|de_ may Serve as an mixed-valence cytochrome oxidase with dioxygenBiochim.
acceptor of a chemical proton. Alternatively, the band may Biophys. Acta 977322—328.
derive from an internal water molecule, one OH group of 8. Zaslavsky, D., Kaulen, A., Smirnova, I. A., Vygodina, T. V., and
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