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ABSTRACT. Real-time measurements of the cytochrocnexidase reaction with oxygen were performed

by ATR-FTIR spectroscopy, using a mutant with a blocked D-pathway of proton transfer (D124N,
Paracoccus denitrificansaumbering). The complex spectrum of the ferrgxidized transition together

with other bands showed protonation of Glu 278 with a peak position at 1743. @mce our time
resolution was not sufficient to follow the earlier reaction steps, the FTIR spectrum of the CO-inhibited
fully reduced—ferryl transition was obtained as a difference between the spectrum before the laser flash
and the first spectrum after it. A trough at 1735 ¢ndue to deprotonation of Glu 278 was detected in
this spectrum. These observations confirm the proposal [Smirnova I.A., et al. (B889)emistry 38
6826—-6833] that the proton required for chemistry at the binuclear site is taken from Glu 278 in the
perroxy—ferryl step, and that the rate of the next step (ferrgkidized) is limited by reprotonation of

Glu 278 from the N-side of the membrane in the D124N mutant enzyme. The blockage of the D-pathway
in this mutant for the first time allowed direct detection of deprotonation of Glu 278 and its reprotonation
during oxidation of cytochrome oxidase by.O

Cytochromec oxidase (€0O?Y) is the terminal complex of  other two ‘chemical’ protons are taken up through the
the respiratory chain. €© transfers electrons from cyto- K-channel during reduction of the BNC (thes©E and
chromec to oxygen via four redox centers: guhemea, Ey—R transitions) {). This basic scheme predicts a key role
hemeag, and Cwy. The energy released upon electron transfer of Glu 278 in relaying protons to be pumped, or to be
is used for proton translocation. The electron-coupled proton consumed at the BNC3( 4).
transfer is carried out in four reaction steps, the P (pero¥y)
(ferryl), F—Oy (transient oxidized), @—Ey (transient one-
electron-reduced), and 4E*R (reduced) transitions (for
review, see ref). At each of these steps the binuclear center

((e?e,\cl:(t:rznyntg%t q CgQZ'Stfot%fn hf?)?q?;( ar;c; Cr:euéj’u?tcigﬁp;e?giz r where the orifice of the D-channel is blocked. In the-P
P Y9 Y transition of this mutant, the proton for the chemistry was

(‘chemical pr‘oton). h{loreover, one additional proton is .proposed to be taken from Glu 278, but its reprotonation
translocated (‘pumped’) across the membrane at each transi+ .
tion (2). via the_ D-chanr_lel_ was suggested to be slowe_d down
Uptake of two ‘chemical’ protons in the-PE and F~Op dramatically 8), limiting all further ev§nt§ of 'cataly5|s.
steps and four ‘pumped’ protons in all four steps of the El_ectron-coupled proton_-transfer_klnetlcs in _cytochrome
catalytic cycle is carried out via the proton-transferring C oxidase has been extensively studied by real-time measure-
D-channel, which contains two protolytic groups: D124 ments, mainly by the electrometric technique from where
located at the entrance of the channel arb A away from the distances of proton transfer were estimated in WT and
Glu 278 that is positioned near the level of the hemes. The mutant enzymes and proton-transfer sites were predicted (for
review see refl). However, the electrometric approach
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Biocentrum Helsinki, and the Academy of Finland (project numbers acceptors.

200726, 44895, and 115108), E.A.G. was supported by the ISB . .
Graduate School. Fourier transform infrared (FTIR) spectroscopy has an
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! Abbreviations: ATR, attenuated total reflectance; BNC, binuclear ima. ; i htay e
center: @O, cytochrome oxidase; DDM, dodecyB-n-maltoside:; &, probed by time-resolved FTIR in several light-excitable

transient one-electron-reduced: F, ferryl-state of the BNC; FRCO, fully- membrane proteins, for example in bacteriorhodop8in (
reduced CO-inhibited enzyme; FTIR, Fourier transform infrared; IR, 11), photosynthetic reaction centefi<), and rhodopsini(Q3).

infrared; N-side, negatively charged side of membrane; O, relaxed ima. i i i
oxidized state; @, transient oxidized state; P, peroxy-state; P-side, The time-resolved FTIR technique was earlier applied to

positively charged side of membrane; R, reduced state; RS, rapid-scanf1eme-copper oxida;es in CO recombination studies on fully
WT, wild type; 7, time constant. reduced (FR) and mixed-valence forms of the enzyide-(
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The role of Glu 278 in proton transfer was proposed on
the basis of the crystal structurg) @nd confirmed by site-
directed mutations6; 7). The role of Glu 278 in proton
transfer can be easily tested in the D124N mutant enzyme
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to vacuum

ATR disc

Ficure 1: Outline of the setup for FTIR kinetics measurements of
the ‘ATR-sample’. ATR-chamber is tightly fit to the ATR-disc.
(1) Needle for G-buffer injection from the syringe?j that is driven

by the syringe pump; (3) ‘ATR-sample’ of the D124N mutated
CcO; (4) light guide from the laser; (5) light guide providing visible
light to the sample and delivering reflected light to the spectro-
photometer HR2006 operating in a reflectance mode; (6) reservoir
with the ‘working’ buffer connected to the flow pump and inlet
(7) and outlet (8) of the chamber. The direction of the ‘working’
buffer flow during the enzyme rereduction is marked with arrows.

Gorbikova et al.

and measurement kinetics of absorbance changes in the
visible range were achieved by the spectrophotometer
HR20006t+ (Ocean Optics) equipped with the light-guide (5)
(Avantes, FCR-7UV200-2-1, 5 22, operates in a reflection
mode) which was positioned on a distance~& mm from

the enzyme surface. After measurement of the oxygen
reaction, enzyme rereduction is accelerated by the buffer flow
from the reservoir (6) through the ATR-chamber. For this
purpose, inlet (7) and outlet (8) of the ATR chamber were
connected to a reservoir filled with 15 mL of ‘working’
buffer. The air in the reservoir was exchanged with 100%
CO by a homemade vacuum/gas line. Pumping of the buffer
was accomplished by the flow pump. The internal volume
of the ATR-chamber was-1 mL.

Oxygen injection, laser pulse, flow pump, and FTIR
spectrometer were operated in an automatic mode by the
timing board through TTL (transistettransistor logic)
pulses.

Preparation of ‘ATR-Sample’ of D124N Mutant Enzyme.
Site-directed mutagenesis, bacterial growth conditions, and
purification of the D124N mutant of cytochronaa; from
P. denitrificanswere as described in rdf.

Immobilization of the mainly hydrophobic membrane
protein on the hydrophobic silicon surface of the ATR-prism
requires depletion of detergent. Final preparation of mutant
enzyme after purification contained much more detergent
compared to WT, so the procedure of preparation of the

17), but no catalytic reaction step has been investigated up‘ATR-sample’ was modified. The preparation was diluted

to now.

In this work we have studied the oxygen reaction in the
D124N mutant ofaas-type cytochrome oxidase froRara-
coccus denitrifican®y ATR-FTIR spectroscopy. We aimed
to kinetically resolve the oxygen reaction in the mutant
enzyme and to test the earlier propos&lthat the binuclear
center takes up a proton in the-F step from the residue
Glu 278, which is reprotonated in the next step~(®By) with
greatly slowed velocity.

MATERIALS AND METHODS

in distilled H,O ~70 times and concentrated in a Centricon-
50 (Amicon) concentratorl@). This procedure was repeated
several times to decrease the level of DDM. After detergent
depletion, the method of Iwaki et al. was followed, essentially
as described?Q) with the exception that all buffers were
replaced with 2 mM potassium phosphate at pH 6.0.

CcO was loaded on the ATR-prism, dried, and rewetted
as described in re21. The amide | intensity of semidried
and rewetted enzyme was +.2.7 and 0.8-1.0, respectively.

Preparation of the FRCO Form of CcO on the ATR-Prism.
All experiments were carried out at pH 9.0 (buffer composi-

Setup for Oxygen Reaction Measurements by ATR-FTIR.fion: 100 mM boric acid 100 mM potassium sulfate) to
To perform kinetic measurements ort@ by FTIR, we slow down the rate of the oxygen reaction. First, the reservoir
constructed a setup based on the ATR (attenuated tota/@nd the ATR-chamber were filled with buffer, and baselines
reflectance) approach. The setup consists of an FTIRrom oxidized enzyme in visible and IR ranges were
spectrometer (Bruker IFS 66/S with MCT detector) equipped "ecorded. Then the buffer was changed to the ‘working’ one

with a silicon ATR prism (Sens IR Technologies, three-

that included 100 mM glucose (Merck), 266/mL catalase

bounce version, surface diameter 3 mm). The design of an(Sigma), 3.3 mM ascorbate (Prolabo), and:28 hexaam-
ATR chamber is shown in Figure 1. The needle (1) (22S mineruthenium (Ill) chloride (Aldrich). The reservoir was

RN, Hamilton, Reno, Nevada) of the syringe (2) (Hamilton,
gastight, 5 mL) is directed to the center of the enzyme film
(3) at a ~0.5 mm distance to produce a high local
concentration of @for the time of the reaction. Injection of
O,-saturated buffer by a syringe pump (SP200i, World
Precision Instruments) is controlled by a timing board
(Keithley MetraByte, CTM-05/A). A 10@L amount of Q-
buffer is injected for kinetic measurements at 10 mL/min
speed. The reaction of CO-inhibited fully reduced (FRCO)

degassed and filled with 100% CO. After that, G/gmL
glucose oxidase (Roche) was injected into the reservoir, and
the flow pump was switched on.

Formation of the FRCO complex of the mutant enzyme
was controlled by visible and FTIR spectroscopy. A sharp
band at 1965 cmt appeared with full amplitude (1-8.7
x 1072 depending on sample) within40 min (see Figure
3A) as well as the FRCO-minus-O (relaxed oxidized state)
spectrum in the visible region (not shown). The band 1965

enzyme is initiated by a laser pulse that is delivered to the cm ' belongs to the &O stretch vibration of the herme—

CcO film with a light-guide (4) (Dolan-Jenner, 0.25 36")
after G injection. The laser (STC, SSL MIT-51-2) pulse
(~15 ns, 532 nm;50 mJ/cm) was controlled through the

CO complex (see for example r2p).

Sample Quality ControFRCO-minus-O FTIR spectra in
the IR region 22061800 cm* were analyzed to detect the

timing board. Control of redox state of cytochrome oxidase sites and the quantity of CO binding to the enzyme.
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CO recombination to hema; after photolysis of FRCO  reactions, inMatlab software) was applied to extract the
enzyme was followed in visible range (41@00 nm) by the phase spectrum of the+0Oy transition.
spectrophotometer HR2080with 1 ms time resolution. Calculation of FRCO-F and FRCG~0y Kinetic FTIR
Kinetics acquisition was triggered by the laser flash. Twenty SpectraAveraged sets of data were used further to calculate
to fifty kinetic absorbance surfaces for each sample were the spectrum of the FRCEF transition as a difference
averaged and fitted by the SPLMOD algorith28(24) under  between the spectrum obtained by the average of several time
Matlab operation to get the rate constant of the reaction. points before the laser flash and the spectrum obtained
CO dissociation in the dark from henag was detected immediately after. The sum of the FREEF and the F~Oy
using the rapid-scan (RS) mode in the 233650 cnmt spectra resulted in the kinetic FRE@Dy spectrum.
region cut out with an interference filter. Acquisition of the
spectra with~68 ms time resolution and 4 crhspectral RESULTS
resolution was started together with 100 of O,-saturated
buffer injection and lasted for70 s. The rate constant of aa
the reaction was defined by fitting the averaged kinetic FRCO form of the mutant enzyme, the equilibrium FRCO-

surface with a two-step sequential modeMatlabsoftware. ~ MiNUS-O spectrum was measured. The spectrum exhibited
To estimate the fraction of € that had bound CO to  thea form of the hemes—CO complex with a peak position

hemea; and that is able to react with ;0CO photolysis ~ ©f the C=O stretch at 1965 cm (~55% of the whole
from hemeas as the drop of amplitude at 1965 chafter ~ fraction of FRCO enzyme)2g), which appeared to be the
injection of O, that followed ly a 3 sdelay and the laser main contributor in the mutant enzyme (Figure 2A). Two

flash was measured. The CO photolysis was detected in theShoulders (at 4 cnt resolution) at~1975 and 1955 crit

RS mode as done for the CO-dissociation experiment. The/ndicate the presence ¢f forms (here~15;’/o) @5, 26).
syringe for Q-buffer injection and the reservoir containing Additionally, a broad weak band &2070 cn1* was present

‘working’ buffer were on ice in all experiments, which and assigned to the guCO complex (here~30%) @5).

slowed down the kinetics and increased the local O 1he percentages of the £u4CO adduct in the D124N
concentration up to 2.4 mM. mutated enzyme varied depending on the preparation. In the

Oxygen Reaction Measured by Visible Spectroscopg. WT ‘A_TR-sampIe’ th? Ce—CO band was present as well
reaction was initiated by the laser puls@50 ms after the ~ Put With lower intensity (data not shown). .
beginning of the oxygen injection. By the time of the laser _ CO recombination with hemes after photolysis of the
because of the increased rate of dissociation-800 ms, ~ constant €) of ~17 ms, which is the same as for the WT
data not shown) by the intensive measuring light. The ‘ATR-sample’ (data not shown) and in agreement with
absorption Spectra were measured by the Spectrometelhterature data on SO!UbIe WT enzyme fr@n den|tr|f|cans
HR2000+ with 1 ms resolution. Analysis of the kinetics was (27) andR. sphaeroide¢28). CO dissociation from heme
done by the SPLMOD algorithm iMatlab. ag in the dark was r_neasured by the FTIR rapid scan _app_roach
We would like to stress that visible and infrared (IR) andz was determined to be-10 s (Figure 2B), which is
measurements were never carried out at the same time, an§€ry close to the WT ‘ATR-sample’ (not shown).
when IR data were collected, visible light was switched off. ~ For spectral normalization and estimation of the concen-
All described measurements were performed on an ‘ATR- tration of active enzyme, CO photolysis from hemevas
sample’ film. followed by FTIR using rapid scan (Figure 2C). During the
F—Oy Transition Measurements by ATR-FTBfore the 3 s delay between the oxygen injection and the laser flash,
experiment, the amplitude of CO photolysis from heage ~10% of the CO-inhibited enzyme had released CO and is
was determined as describeddample Quality ControlThis ~ thus not taking part in the reaction. The amplitude of the
amplitude was used to average sets of data from different1965 cn* band drop on photolysis was 1.7 x 1073,
samples and days of measurements. The data were acquiredihe enzyme fraction containing CO associated witly Gid
in the 1850-950 wavenumber range which was cut out by not take part in the measured oxygen reaction because it
a filter (Northumbria Optical Coatings Limited). The spectra could not be photolyzed. No CO-adduct formation was
were acquired in the RS mode withd6 ms time resolution ~ detected during~30 s in this experiment.
and 8 cm! spectral resolution. A background of 1024 Visible Spectroscopy of theFOy Transition in the ‘ATR-
coadditions was taken prior to injection of the-Ruffer. Sample! The oxygen reaction of the D124N mutant enzyme
Together with oxygen injection, RS acquisition started and was first measured by visible spectroscopy. Three sets of
was followed ly a 3 sdelay and the laser flash. Four hundred kinetic surfaces from two different samples were decomposed
spectra were acquired that corresponded18.4 s. The flow into component spectra. Since millisecond resolution is not
pump was stopped during the background and kinetics sufficient to resolve the fast enzyme transitions preceding
collection. As soon as the data collection was finished, the state F, only the 0Oy reaction was analyzed. Two kinetic
pump was automatically switched on (1 mL/min) to acceler- components of the-=0Oy transition were identified and had
ate @O rereduction that took-4 min after which the pump  the same spectral features: the spectrum of a fast kinetic
was switched off and the cycle repeated. component{ ~35 ms) had about twice smaller amplitude
All sets of data (512A absorbance-wavenumbers-time’ than the spectrum of a slow kinetic componantg50 ms)
surfaces) were normalized according to the drop in the 1965 (Figure 3). Both phases show decay of the F state character-
cm! band, which was measured before and after each setized by the trough at around 580 ni29( 30), as well as a
and was stable during the time of experimentlQ h) and small fraction of heme oxidation (~10%). Although the
averaged. A global fitting procedure (by three sequential spectra of both phases are very similar, the extent of heme

Sample Quality ControlTo analyze the variants of the
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Ficure 2: The quality control of the ‘ATR-sample’ of the D124N mutant enzyme for kinetic measurements. (A) FRCO-minus-O difference
spectrum in the region of €0 vibrations. The spectrum is averaged from two different samples. The main band at 1968etomgs to

the a-form of hemea;—CO complex; two shoulders are frofaforms; weak broad band at2070 cn? is from Cus—CO complex. (B)
Kinetics of CO dissociation from hema at 1965 cm! is an average of four experiments from two different samples. The averaged
experimental curve was fitted with two-sequential step model (thick line). The lag-phase reflectsitijec@on and diffusion into the
sample film, and the second phase is the enzyme oxidation which appearsofitiL0 s. (C) CO photolysis from hensg at 1965 crl.

Nine surfaces from four different samples were averaged. First 10 s of the kinetics is shown.

within the area of the penetration depth of the ATR crystal.
The spectrum of the @minus-F kinetic phase from averaged
data (512 surfaces averaged) is shown in Figure 4A.

The kinetic Q;-minus-F spectrum of the D124N mutant
enzyme resembles the O-minus-F spectra of WT enzyme
obtained in equilibrium conditions, where,® was used
to produce the F state2Q, 32, 33) but contains several

5 x3 additional bands. The most interesting feature is a peak at
410 500 600 700 1743 cmt with a half-width of 16 cm? that we ascribe to
Wavelength, nm protonation of Glu 278 based on earlier assignment of a shift

FiGURE 3: Phase spectra in visible region of twe-By transitions around 1740 cmt to perturbation of this residued4, 35)
of D124N mutant enzyme. Fast phase (solid liney35 ms) and and on a~4 cnt! shift of the 1743 cm! band in BO
slow phase (dashed line, ~350 ms) are plotted together. The experiment (our unpublished observations). Other primary
o-band region is multiplied by 3.
features, peaks at 1659 and 1547 and troughs at 1528 and

a oxidation is slightly higher in the fast phase as may be 1234 cn1l, most likely reflect the conversion of the heme

concluded from the red-shift of the Soret band. Notably, in 2 ferryl state to @ as judged from their similarity to the
the mutant enzyme, henaeoxidation is much smaller than ~ Static O-minus-F spectrun2(, 32, 33). One more charac-
in WT (~50%) (1) because of smaller heragreductionin  teristic band is a trough centered at 1416 ¢nA similar
the previous step of the reaction, due to uncompensatedba”d was earlier identified in our redox titratior86) and

negative charge of the unprotonated Glu 278 in the F state@SSigned to reduced &uSeveral other characteristic bands
®). are marked in Figure 4A.

F—Oy Transition by FTIR.Next, the reaction of the The concentration of the catalytically active fraction of
mutant enzyme with oxygen was followed by rapid scan the mutant enzyme was estimated based on the extinction
FTIR spectroscopy. The FTIR data was decomposed into coefficient of thea-form of the hemeas—CO complex (4.9
kinetic phases. The unresolved immediate jump after the lasermM~! cm™, 22) that is photolyzed in the presence of @
flash (Figure 4 B) corresponds to the sum of all processeswas found to be~0.5 mM which is~6 times smaller than
faster than 46 ms, which is the time resolution of the method. the redox-active concentration of WTcQ (21). The small
The first resolved phase developed with ~400 ms, fraction of the catalytically active D124N mutant enzyme is
correlates well with the second phase of the kinetics in the likely due to the tough procedure of the ‘ATR-sample’
visible range, and was assigned to the®y transition. Note preparation that seems to be even tougher for the mutant
that the 400 ms FTIR Oy phase was well fitted with a  CcO compared to WT. The latter is concluded from the
single-exponential equation excluding heterogeneity of the higher concentration of the @&CO adduct in the mutant
enzyme population that is turning over after the laser flash. enzyme. According to the extinction coefficient of glutamic
There were two more slow phases in the FTIR kinetics, acid 37), the amplitude of the peak at 1743 thin the
which were due to artefactual migration of the contents of Oy-minus-F kinetic spectrum is compatible with complete
the ‘working’ buffer into the injected @saturated buffer  protonation of a single glutamic acid residue. The trough at



The Oxygen Reaction in Cytochrome Oxidase Biochemistry, Vol. 46, No. 45, 200713145

x10*

] -
| Loz lh
- 3 & .88
2 8 " : -3
S TN 1524 cm”!
1780 1600 1400 1200 1000 4 0 2 4 6 8 10
Wavenumber, cri ' Time, s

FiIGURE 4: FTIR spectrum of the Oy transition on D124N mutant«® (A) and its development (B). The kinetic trace in B (1524 ¢m
from averaged FTIR surface) shows development of pretrigger data points, immediate response on laser ftagfpfast)(phase assigned
to the F~Oy transition, and slow phase caused by buffer components migration into the ATR-protein film.

part) did not change the band positions in the spectrum of
the FRCG~F transition (not shown).

The most interesting feature of the FRE® spectrum is
a trough at 1735 cnt that is the counterpart of the peak at
1743 cmt in the F—~0y spectrum. Both of these bands have
about equal amplitudes and the same band-shift i® D
(unpublished observations). Since we detected the disap-
pearance/appearance of the bands rather than their shift, our
data very likely suggest deprotonation of Glu 278 in theFP

?9 g s oo and its reprotonation in the++Oy tran_sition. Other ma_ljor
< 1780 1600 1400 1200 1000 bands of the FRCQF spectrum (see Figure 5A_) most likely
reflect heme vibrations caused by redox and ligand changes
o in the binuclear center. In addition, three bands ofs Cu
2 oxidoreduction 86) are present in the F-minus-FRCO

spectrum with positions at 1307, 1104, and 1031 t(see
Figure 5A), reflecting disappearance of reduceg.Cu

The Kinetic FRCG-Oy SpectrumThe kinetic s-minus-
FRCO IR spectrum of D124N mutantO (Figure 5B, green
trace) was obtained as a sum of thg@inus-F and F-minus-
FRCO spectra. The kinetici@minus-FRCO spectrum of the
D124N mutant enzyme contains similar main features as the

Lo equilibrium O-minus-R spectrum of the WT enzyme (see

i : LN L for example refs20, 36, 38). Note especially the well-

1780 1600 1400 1200 1000 described 1746/1733 crhshift assigned to an H-bonding
Wavenumbers, cm'1 ggange of protonated Glu 278, which is marked in Figure

FicurRe 5: Spectra of different kinetic phases of the D124N mutant . f .
CcO reaction with Q. (A) Oy-minus-F spectrum (black) is the same Represe!"ta".e FTIR Kinetic Traces at Specn‘lc W&_ .

as in Figure 4A, red trace is corresponding F-minus-FRCO spectrum Numbers Kinetic traces of the oxygen reaction at specific
with marked main bands. (B) Black and red spectra are from A wavenumbers are plotted in Figure 6. Each trace consists of
plotted together with @minus-FRCO (green) that is the sum of  several points of pretrigger data (before the laser flash), laser

F-minus-FRCO and @minus-F spectra. The enlarged view of spike, jump, and the kinetic phase with-400 ms assigned
l - . . . 1 i)
1780-1700 cntt region is shown in the insets. to the F~Oy, reaction step.

1416 cntl, if it belongs to Cu oxidation, corresponds to Figure 6A shows the kinetic trace at 1739 cnthat is
~70% of full amplitude (from the extinction coefficient —assigned to deprotonation of Glu 278 in the FR€Bstep
defined in ref21). and its reprotonation in theFOy. At this wavenumber both

The FRCO-~F Transition by FTIRA 46 ms resolution is ~ bands (the trough at 1735 cfin the spectrum of the
not enough to follow the R-P and P-F steps, whose FRCO—F and the peak at 1743 cthin the spectrum of the
values are<80us (4) and the 35 ms part of theFOy, phase F—Oy reactions) have almost equal amplitudes (see Figure
in the D124N mutated €D. Still, we can get the FRCO-  5A, inset).
minus-F spectrum (shown in Figure 5A, red spectrum, In Figure 6B the same trace is shown as in Figure 4B, but
together with @Q-minus-F spectrum in black), with possible with subtracted slow phases and pretrigger drift, and are
contamination by the fast+=Oy component, by subtracting likely to reflect binuclear center-=Oy conversion 20, 33,
the spectrum obtained immediately after the laser flash from 39) together with disappearance of deprotonated Glu 278.
the spectrum taken before. The correction of the kinetic The amplitudes of two prominent bands at 1659 (Figure 6C)
F—Oy FTIR spectrum by the fastFOy part of reaction (if and 1547 (Figure 6D) cm, that were assigned to herae
it would have the same infrared signatures as the 400 msvibrations @6), first, drop down in the fast unresolved phase
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Ficure 6: (A-H) Representative FTIR kinetic traces of oxygen reaction on D124N mutadt Oxygen reaction starts at O time with laser

flash; kinetics were cut offté s in thefigures. The slow kinetic phases due to the buffer components diffusion are defiaed émplitude)

at each of the shown wavenumbers by SPLMOD fit procedure and subtracted. Pretrigger data drift was subtracted as well. The trace in A
is plotted together with theoretical exponential curve of 400 ms time constant.

and then rise up t6-40% of the drop amplitude in the 400 The kinetics of Cy oxidoreduction is presented in Figure
ms phase. This behavior is too complicated to be ascribed6H by the example of the 1104 ciband. All these changes
simply to hemea oxidoreduction. These bands reflect not happened immediately after the laser flash, which is con-
only the redox status of electron-transfer centers but alsosistent with disappearance of the reduced form of.Cu
ligand exchange in the binuclear site. For example, CO

photolysis from FRCO (see rd# for P. denitrificansdata) DISCUSSION

affects these bands even if there are no redox reactions but | .- i -4 278 is a one of the major players in electron-

only ligand release from .the binuclear center. coupled proton transfer iaas-type cytochromes oxidases.
Development of the main henag bands at 1641 and 1565 |t takes protons from the N-side of the membrane and
cm* (36) is plotted in Figure 6E and 6F, respectively. The delivers them to the oxygen-binding site or to the pump site.
amplitude of these bands is increasing in the fast unresolvedThe D124N mutation blocks the entry to the proton-
phase almost without further changes in the 400 m<k conductive D-channel that leads to Glu 278 and is hence
phase. The kinetics at these wavenumbers reflects theexpected to decelerate reprotonation of Glu 288 The
consequence of unresolved processes: FRCO photolysisnutation slowed down theFOy transition and thus allowed

followed by the P-F reaction and the fast part of the-fo us to measure it by rapid-scan FTIR. Electron flow from
transition. During the 400 ms+0y phase, these bands are  Cu, to the binuclear center was suggested to be limited by
changing only slightly. the reprotonation of Glu 2783), and indeed the possible

The development of the band at 1416 éns shown in spectral feature of Guoxidation, as well as features of the
Figure 6G and includes a fast unresolved drop followed by F—~Oy conversion, appeared in the spectrum with the same
a 400-ms decrease. The kinetics may be explained bytime constant{400 ms) as the reprotonation of Glu 278.
fractional oxidation of Cu in the 35 ms F~Oy phase with We detected reprotonation of Glu 278 in the-By
further slow final oxidation. However, this band may partly transition with a peak position at 1743 ctmand its prior
belong to the asymmetric stretch of deprotonated Glu 278 deprotonation in the FRCOF step with a trough at 1735
(see below). cm . The amplitude of the 1743 crhband corresponds to
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uptake of about one proton by the glutamate in the 400 ms
phase.

Although recent theoretical work on proton transfer in the
D-channel 40, 41) predicted that Glu 278 could not be
deprotonated for energetic reasons, our results prove its
deprotonation during catalytic turnover of the mutant enzyme
studied.

We conclude that the 1746/1733 chshift in the Qy-
minus-FRCO, as well as in the equilibrium O-minus-R
spectra, is due to different strengths of H-bonding of
protonated Glu 278 in the oxidized and reduced states, which
is shown here by the different band positions of Glu 278
deprotonation in the-PF and its reprotonation in the FOy
step. The H-bond is stronger in the reduced state, as it is
seen from the different position of the bands, which
reinforces the earlier conclusions of an environmental change
around the protonated Glu 2786, 42).

Even if infrared features of the transient®y spectrum
in the amide regions resemble those in the equilibrium
spectrum 20, 33, 39), the shape of the bands differs. The
trough at 1528 cmt, that is present in the equilibrium
spectrum as well, but different in shape, can be the result of

overlapping bands of the binuclear center conversion with 10.

those of the antisymmetric mode of deprotonated Glu 278.
The corresponding peak reflecting deprotonation of Glu 278
in the F-minus-FRCO spectrum may be the one centered at
around 1532 cm' and marked in Figure 5A. The peak at
1515 cnmt (assigned to protonated Y280 in O sta3@)j in

the equilibrium spectra cannot be seen in the kinetitOg
spectrum of the D124N mutant. One possible reason is a
masking effect from a trough of the antisymmetric stretch

of deprotonated Glu 278 that is expected to be located in 13.

this region. Another assumption is based on a difference
between Q and O states. Tyr 280 was expected to be
deprotonated in the F state and to stay deprotonated in the
next Oy state (). Our speculation is that deprotonated Tyr-
280 may take a proton from outside the enzyme upon
relaxation of the transient oxidized state, @to O, since

the possible signature of protonated Tyr could be seen only
in the equilibrium spectrum in the relaxed O stad8)(

The trough at 1416 cni, observed in the kinetic @
minus-F spectrum and absent in the equilibrium spectrum,
may reflect Cu oxidoreduction or the symmetric mode of
deprotonated Glu 278.

In the present work we applied kinetics of the oxygen
reaction measurements on the D124N mutant of cytochrome
c oxidase by FTIR. The ATR-approach allowed initiation
of the oxygen reaction a number of times on the same
immobilized enzyme. Although only a small fractior{5—
20%) of the D124N mutant enzyme was catalytically active,
its activity and stability on the ATR prism was retained after

more than 100 @injections and laser flashes, which serves 18-

as a good basis for further kinetic studies.
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