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ABSTRACT: The aspartate-132 in subunit | (D(I-132)) of cytochromeoxidase fromRhodobacter
sphaeroidess located on the cytoplasmic surface of the protein at the entry point of a proton-transfer
pathway used for both substrate and pumped protons (D-pathway). Replacement of D(I-132) by its
nonprotonatable analogue asparagine (DN(I-132)) has been shown to result in a reduced overall activity
of the enzyme and impaired proton pumping. The results from this study show that during oxidation of
the fully reduced enzyme the reaction was inhibited after formation of the oxo-ferryl (F) intermediate (

= 120us). In contrast to the wild-type enzyme, in the mutant enzyme formation of this intermediate was
not associated with proton uptake from solution, which is the reason the DN(I-132) enzyme does not
pump protons. The proton needed to form F was presumably taken from a protonatable group in the
D-pathway (e.g., E(I-286)), which indicates that in the wild-type enzyme the proton transfer during F
formation takes place in two steps: proton transfer from the group in the pathway is followed by faster
reprotonation from the bulk solution, through D(I-132). Unlike the wild-type enzyme, in which F formation

is coupled to internal electron transfer fromA 30 hemea, in the DN(I-132) enzyme this electron transfer

was uncoupled from formation of the F intermediate, which presumably is due to the impaired charge-
compensating proton uptake from solution. In the presence of arachidonic acid which has been shown to
stimulate the turnover activity of the DN(I-132) enzyme (Fetter et al. (18EBS Lett. 393155), proton

uptake with a time constant ef2 ms was observed. However, no proton uptake associated with formation
of F (t = 120 us) was observed, which indicates that arachidonic acid can replace the role of D(I-132),
but it cannot transfer protons as fast as the Asp. The results from this study show that D(I-132) is crucial
for efficient transfer of protons into the enzyme and that in the DN(I-132) mutant enzyme there is a
“kinetic barrier” for proton transfer into the D-pathway.

Cytochromec oxidase fromRhodobacter sphaeroides subunit | (for recent reviews and structural information, see
(cytochromeaag) catalyzes the reduction of oxygen by refs 1—6). During the catalytic cycle, electrons from cyto-
reduced cytochrome, forming water and oxidized cyto-  chromec are transferred consecutively to Ginemea, and
chromec. The enzyme is an integral membrane protein which the binuclear center consisting of hemgand Cw, where
consists of three membrane-spanning subunits holding fouroxygen binds and is reduced to water. The electrons from
redox-active metal sites: copper A (Qtibound to subunit cytochromec and the protons used for reducing oxygen
Il'and hemea, hemeas, and copper B (Gy) all bound to (gypstrate protons) are delivered from opposite sides of the
membrane resulting in a net transfer of four positive charges
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type; substrate proton, a proton used for reduction ofcQvater (cf. spanning part of the protein. Consequently, the enzyme must

pumped proton)z, time constant (in expft/z)); amino acid and mutant ~ provide pathways for transfer of the substrate protons to the

enzyme nomenclature, e.g., D(I-132) denotes aspartate-132 of _SUbUnitbinu(jear center and for the pumped protons through the
I, DN(I-132) denotes a replacement of aspartate-132 of subunit | by

asparagine. If not otherwise indicated, the amino acid numbering is entire protein. Two proton-conducting input pathways have
based on th&®. sphaeroidesytochromec oxidase sequence. been proposeds(-9). One of them, called the D-pathway,
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absence of oxygen and during single-turnover reaction of
the fully reduced enzyme with oxygen. The turnover rate of
the DN(I-132) mutant enzyme is 70's(electrons/s), which

is ~5% of that of the wild-type enzyme, and the mutant
enzyme does not pump protor®.(In the DN(I-135) mutant
enzyme of cytochromdo; from Escherichia coli(corre-
sponds to D(I-132) irR. sphaeroidgsthe electron-transfer
activity is reduced to 50% of that in the wild-type enzyme
while proton pumping is abolished.?).

The results from this study show that in the reaction of
the fully reduced enzyme with oxygen, the DN(I-132) mutant
enzyme remained in the partly oxidized F state*¥d0 ms.

In addition, proton uptake from solution was impaired in
the mutant enzyme. The proton needed to form the F
intermediate at the binuclear center was most likely extracted
from the D-pathway, but it was not followed (counterbal-
" anced) by proton uptake from solution. As a consequence,
D(-132) L the electron transfer from Guto hemea was impaired
because of the remaining, uncompensated negative charge
in the D-pathway (see refkl, 12.
FiIGURE 1: Sch_ematic_structure of subunits | and Il of bovin_e In agreement with previous studie48], addition of
Eyt?;fgg;‘nke%;))xmﬁséeéﬁls %]‘;‘;Crggessfrggﬁrhoemig’ok;‘r?]‘i’ﬁg Z{:‘i)ée'“ arachidonic acid resulted in a-4%-fold stimulation of the
reiidue numbering is use%. The binuZIear centerasmyﬁ}ms, heme DN(I'l_32) enzyme activity. During S!ngle'tumoverzo
a, Cu, and residues D(I-132) and E(I-286) are shown. Also residues reduction by the DN(I-132) enzyme in the presence of
S(1-201), N(I-121), and N(I-139) in the D-pathway are shown, but arachidonic acid, the amplitude of the slowest kinetic reaction
not labeled. The dotted lines indicate the approximate Ioc_ation Of phase, associated with transfer of the fourth electron to the
the membrane surfaces. Note that the thickness of the helices (thing;y ,clear center, increased significantly € 2 ms). In

rods) is not to scale. The illustration was made using the Visual dditi b d t take with imilar ti
Molecular Dynamic Software (Theoretical Biophysics Group, 2ddilion, we observed a proton uptake with a similar ime

Beckman Institute for Advanced Science and Technology, Univer- constant and a stoichiometry of 1.5 iger cytochromeaas
sity of lllinois at Urbana-Champaign). in the enzyme fraction in which the 2-ms electron-transfer
) phase was observed. However, no effect on proton uptake
includes Asp-132 (D(I-132)) and Glu-286 (E(1-286)) of qyring the P— F transition ¢ = 120us) was observed. This
subunit | (Figure 1): the residue D(I-132) being situated at jndicates that the fatty acid interacts with the enzyme in such
the “entrance " of the D-pathway close to the cytosolic g way that theCOO™ group can replace the role of D(I-
surface of the protein and E(1-286) closer to the binuclear 132 "hyt it cannot shuttle protons as fast as the aspartate.
center, where it plays a central role in transfer of both
substrate and pumped protons. MATERIALS AND METHODS

During reaction of the fully reduced (R) wild type.
sphaeroidesenzyme with oxygen, four kinetic phases are ~ Growth of Bacteria and Enzyme Purificatio@onstruction
resolved after flash-induced dissociation of CO in the Of the DN(I-132) mutant enzyme has been described earlier
presence of @(10). Binding of oxygen to the reduced heme (8). A six-histidine affinity tag fused to the C-terminus of
as with a time constant 0f-10 us (at 1 mM Q) forms the subunit | was added to the mutant enzyme as descrit)d (
so-called ferrous-oxy intermediate (or A), followed by Bacteria were grown aerobically in the dark in a 20-L
oxidation of hemes anda3 and formation of the so-called fermentor. The cells were harvested and the enzyme was
peroxy (P) intermediate with a time Constant{ﬁolus_ The purified as dESCI'ibEdl.Q). After elution of the enzyme from
oxo-ferryl (F) intermediate is then formed at the binuclear the NF* column with 100 mM imidazole, the buffer was
center with a time constant of 12@s, accompanied by immediately exchanged to 100 mM Hepes-KOH, pH 7.4,
electron transfer from Guto hemea and proton uptake from  0.1% dodecy}3-p-maltoside in which solution the purified
the bulk solution. We have previously shown that the proton €nzyme was stored in liquid nitrogen. The cytochroziag
uptake associated with F formation controls the electron concentration was calculated from the dithionite-reduced
transfer from Cy to hemea (11, 12. Finally, the oxidized minus ferricyanide-oxidized difference spectrum using an
enzyme (O) is formed with a time constant of 1.2 ms absorption coefficient®* — €530 = 24 mM™* cm™* (20).
associated with proton uptake from the bulk solution.  Catalytic Actvity MeasuremeniThe cytochrome oxidase
Previous results have shown that replacement of E(I-286) catalytic activity was measured in 50 mM potassium
by its nonprotonatable analogue GIn results in a dramatic phosphate buffer, pH 6.5, 0.05% dodegyb-maltoside using
decrease of the enzyme activitt3, inhibition of the reduced horse-heart cytochrongeas an electron donor.
catalytic reaction after formation of the P intermediate Cytochromec (type VI; Sigma) was reduced by hydrogen
(12, 14, 13, and impaired proton uptake during oxidation gas using platinum black (Aldrich, WI) as a cataly2t)
of the reduced enzymd 2, 16. The turnover number was calculated from the initial oxida-

In this work we have investigated the effect of the tion rate of cytochrome usinge®9Yred-ox)= 21.1 mM?
replacement of D(I-132) by its nonprotonatable analogue Asn cm™! (22) for cytochromec. Arachidonic (5,8,11,14-eico-
(DN(I-132)) on internal electron and proton transfer in the satetraenoic) acid from porcine liver (Sigma) or arachidonyl
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alcohol (Sigma) was added as solutions in 99% ethanol to aoxidized enzyme with CO for-22 h as described@). The
final concentration of 0.252 mM (see Results and figure laser and observation equipment have been described in detalil
legends). elsewhere 10).

Electron and Proton Transfer during Reaction of the Fully
Reduced Enzyme with,(rhe measurements were performed RESULTS
as desc_ribedl@, 12). Briefly, the enzyme stock solution was CO Recombination with Fully Reduced Enzyfigure
diluted in a solution of 100 mM Hepes-KOH (pH 7.4), 0.1% > shows absorbance changes associated with flash-induced
dodecyls-p-maltoside, 5«M phenazine methosulfate (PMS)  gissociation and recombination of carbon monoxide (CO)
to a concentration of about Jzﬂ\/l in a modified anaerobic {5 the fully reduced wild-type and the DN(I-132) mutant
cuvette, which was then repetitively evacuated on a vacuumen,ymes. The recombination processes were monophasic and
line and flushed with N To reduce the enzyme, sodium gisplayed the same rates in the two enzymes, which indicates
ascorbate at 2 mM was added to the enzyme solution whichiha¢ the binuclear center was intact and “homogeneous” in

was stored at-4 °C until the enzyme was fully reduced, he CO-binding population of the DN(I-132) mutant enzyme
followed by replacement of Nby CO. The concentration (70-75% of the enzyme population, see Materials and
of enzyme with CO bound to henag was estimated from Methods and Discussion).

the absorbance difference spectrum redut®@® minus Internal Electron Transferinternal electron-transfer reac-

reduced using®° — ¢ = 10 mM™* cm™* (20). With the  tjpns were measured following dissociation of CO from the
DN(I-132) mutant enzyme the CO complex was formed in gq_called mixed-valence enzyme (Figure 2B) in which the

70-75% of the enzyme population. It should be noted that i clear center is reduced and hearsnd Cu are oxidized
the enzyme population which did not bind CO did not (24 The CO ligand stabilizes the reduced state of hegne
participate in the reactions described in this work. thus increasing its apparent redox potential. Consequently,
The solution of the reduced cytochroreoxidase-CO  gissociation of CO (increase in absorbanceat0, Figure
complex was transferred an_a_eroblcally to one of the drive 2B) results in a fractional electron transfer from heagéo
syringes of a locally modified stopped-flow apparatus nemea, seen as a decrease in absorbance with a time constant
(Applied Photophysics, DX-17MV). The other syringe was ¢ .3 us (Figure 2B), corresponding te40% reduction of
filled with the same buffer solution supplemented with 0.05% pemea (24). Both the time constant and amplitude of the

dodecyl-o-maltoside, equilibrated with pure;@t 1 atm. 3,5 phase were about the same in the DN(I-132) as in the
The enzyme:@solution mixing ratio was 1.5, giving anO  jid-type enzyme, which indicates that the structure around
concentration in the experiment (after mixing) e mMm. the hemes and the redox potential difference between the
Thg reaction of the fully .reduced enzyme with, @as hemes were not affected by the mutation.

initiated by flash photolysis of the enzym€0O complex The rapid electron transfer between henaeand a; is

about 100 ms after mixing (using a 10-ns100-mJ laser — fojiowed by a slower, additional reduction of heraen a
flash at 532 nm (Nd:YAG laser from Spectra Physics)). mjjlisecond-time scale (Figure 2C), coupled to proton release
Typically, 5-20 traces were averaged. , to the bulk solution 25). This proton-transfer coupled
To measure proton uptake associated with reaction of theg|ectron-transfer reaction had the same time constant and
fully reduced %nzyme with £ buffer was exchanged for  gyient in the DN(I-132) as in the wild-type enzyme at pH
0.1 M KCl, 0.1% dodecyp-p-maltoside at pH 7.58.0 by g g (Figure 2C), which indicates that D(I-132) is not involved
repetitive dilution and reconcentration of the enzyme solution i, this proton-transfer reaction. The same results were also
using Cen_tricon—30 tubes (Amicon Inc.). Phenol red at a gptained with two other D-pathway mutant enzymes: EQ-
concentration of 40 and &M PMS was added, and the pH d{|_286) (12) and SA(1-201) 26).
was gdjusted to about 7.8. The enzyme was reduced and Reaction of the Fully Reduced DN(I-132) Enzyme with
equilibrated with CO as described above. If necessary, theg, as described in the Introduction, after flash-induced
pH was adjusted to-7.5, as determined _from the optical  yissociation of CO from the fully reduced wild-typR.
absorption of the dye. The buffer capacity of the enzyme sphaeroidesenzyme in the presence of,Ofour kinetic
solution was determined by addition of known amounts of phases are resolved(). Binding of oxygen to the reduced
acid or base to the exhaust from the flow-flash apparatus, hemeg, results in an absorbance decrease at 445 nm with a
equilibrated Wlth N, while monltorlng_the absorbance at560 time constant of~10 us (formation of the A intermediate).
nm as dgscr_lbedl()). 'I_'he concentration of reacting enzyme  Tne decrease is followed by a further decrease in absorbance
in the kinetic experiments was calculated from the CO 4t 445 nm with a time constant of50 us (Figure 3A)
d'ssf)f'at'(_)l” absorbance change at 445 nm usirtg® = 67 associated with oxidation of hemasandas and formation
mM~ cm (2,0)' ) . ) . of the so-called P intermedidté&he molecular structure of
Where applicable, arachidonic acid was added at a final \yhich is under debate, see Discussion). In the wild-type
concentration of 25M or 2 mM from a 50 mM stock  enzyme, the F intermediate is then formed with a time
solution. In the latter case an aliquot of the 50 mM stock -qnstant of 12@s, seen as an increase in absorbance at 580

solution was loaded into an empty anaerobic cuvette and nm (absorbance maximum for the F intermediate relative to
ethanol was evaporated by a stream of nitrogen (until a smallihe oxidized enzyme) (Figure 4). Formation of the F

droplet remained), before the enzyme-containing sample Wasintermediate is accompanied by electron transfer from Cu

transferred to the same cuvette. _ to hemea (increase in absorbance at 830 nm, Figure 5) and
Measurements of Internal Electron Transfer in the Absence

of G The carbon monoxide mixed-valence (heal€us 21t should be noted that at 445 nm there is contribution both from

oxidized and the binuclear center reduced) complex of reqox reactions of the hemes and also from the oxygen intermediates
cytochromec oxidase was prepared by incubation of the formed at the binuclear center.
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0.0 Ficure 3: Absorbance changes at 445 nm associated with reaction
of the fully reduced wild-type, DN(I-132), and EQ(I-286) mutant

6 3 4 é é 10 cytochromeaaz with O, on shorter (A) and longer (B) time scales.
) The effect of addition of arachidonic acid (Aa) to the DN(I-132)
time (ms) mutant enzyme is shown. The EQ(I-286) mutant enzyme data are

FIGURE 2 (A) Absorbance changes at 445 nm after flash photolysis from ref 12. Experimental conditions after mixing: 0.1 M Hepes,
of CO (att = 0) from the fully reduced wild-type (WT) and DN-  PH 7.4, 0.1% dodecyl maltoside;-2 uM reacting enzyme (note
(1-132) enzymes. (B) Flash-induced absorbance changes at 445 nnfhat in the graph the traces have all been scaled.ivl Enzyme),
following dissociation of CO from the mixed-valence wild-type 1 MM O, 23°C.

and DN(I-132) enzymes. The rapid increase in absorbante-at . . )

0 is associated with CO dissociation. The following decrease in @ccompanied by proton uptake form the bulk solution (Figure

absorbance with a time constant-e8 us is associated with electron ~ 6).

transfer from hemas to hemea. The slower decrease in absorbance At 445 nm, the first two phases displayed approximately

is associated with CO recombination &£ 60 ms in the mixed- the same rates and amplitudes in the DN(I-132) mutant and

valence enzyme) and fractional electron transfer from harte . - SN
Cua in a small fraction of the enzyme population which becomes wild-type enzymes (Figure 3A), which indicates that the

“over-reduced” (to 3 e/enzyme). The difference in the kinetic traces Mutation did not affect @reduction up to formation of the

after the 3us electron transfer is due to slightly different fractions P intermediate. Furthermore, at 580 nm the L®0ncrease

of 3-electron-reduced enzyme in the different samples. (C) Flash- in absorbance was observed with the DN(I-132) mutant

induced absorbance changes at 600 nm associated with proton-enzyme (Figure 4), which indicates that the F intermediate

transfer-controlled electron transfer £ 2 ms) from hemes; to " . -

hemea. Dissociation of CO is not associated with any absorbance was formed: The_wnd-type enzy_me is fully OX'd'Zeq about

changes at 600 nm. Conditions: &) 0.5-2 uM enzyme (note 10 ms after initiation of the reaction. Thus, the fraction of F

that in the graphs the traces have been scalediM Enzyme), formed in the DN(I-132) mutant enzyme can be estimated

&é‘:{? doHde;:):LB-I(D(-:T?LI(t)%SId?\}l 1TmMHCCCI); ('?_' aQ%Bﬁl?o trENtl 't"hepesﬁ from the absorbance difference of the DN(I-132) {d1.5

, pH 7.4; mM Tris-HCI, pH 8.8. Note that the p 0 :

was 8.8 in panel C because the extent of the proton-transfer coupledﬂs) ‘f"”d wild typg enzyme (at10 ms) in the Fraces shown

In Figure 4. Using the absorption coefficient for the

electron-transfer reaction is maximal around this (24)( ] :
F-minus-O difference at 580 nm of 5 mM¥cm™? (33), we

proton uptake from the bulk solution (Figure 6). The oxidized estimated that in the DN(I-132) mutant enzyme F was formed
enzyme (O) is formed with a time constant of 1.2 ms in almost the entire enzyme population.

(Figures 3B and 4, absorbance decrease at 445 and 580 nmz With the EQ(I-286) mutant enzyme the final state was P
12). The absorbance level at 580 nm of the trace obtained

S Most I . . . with the EQ(I-286) enzyme, about 10 ms after the flash, i.e.,
ost likely the oxidized enzyme formed with the time constant of g .

1.2 ms has one or two hydroxides bound at the binuclear cetiter (@t the end of the reaction, was between the levels with the

29). One OH is then (partly) released with a rate of 200 §30—32). wild-type (state O) and DN(I-132) (state F) enzymes (see
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Ficure4: Absorbance changes at 580 nm associated with reaction FIGURE 6:  Absorbance changes at 560 nm of the pH-indicator dye
of the fully reduced wild-type, DN(I-132), and EQ(I-286) mutant phenol red, associated with proton uptake during reaction of the
cytochromeaas with O,. The effect of addition of 2 mM arachidonic  fully reduced enzyme with ©The traces shown are the differences
acid (Aa) to the DN(I-132) mutant enzyme is shown. At 580 nm between the traces obtained inan unbuffered (0.1 M KCI) and a
the oxo-ferryl-minus-oxidized spectrum displays an absorbance buffered (0.1 M Hepes) solution at the same pH7(5). Experi-
maximum. The EQ(I-286) mutant enzyme data are fromlif mental conditions:~3 uM cytochromec oxidase, 0.1% dodecyl
Experimental conditions and scaling were the same as in Figure 3.maltoside, 1 mM @ The DN(I-132) traces were first scaled to 1
uM reacting enzyme concentration (from the CO dissociation
5 — ‘ ‘ l ‘ change at 445 nm with the same sample) and then to the same
DN(-132)+Aa buffer capacity (from a titration of the sample). The trace with the

4l WT wild-type enzyme is from ref0 and has been scaled with the DN-
(I-132) enzyme traces.

31 flash ) the wild-type enzyme (Figure 3). In addition, a fractional

Pt i, i proton uptake (Figure 6) with a time constantd? ms was
observed.

The overall activity of the DN(I-132) mutant enzyme
increased slightly with increasing buffer concentration.
Consistently, at 445 nm, the fraction of the 2-ms phase
increased slightly with increasing buffer concentration (not
shown), which suggests that buffer can help in shuttling
] protons to the D-pathway, bypassing N(I-132) in the DN-
(I-132) mutant enzyme.

. Effect of Arachidonic Acidlt has been shown previously
time (ms) that addition of arachidonic acid to solubilized DN(I-132)

FiGUrRe5: Absorbance changes at 830 nm associated with reaction mutant enzyme increases its activiygf. In agreement with

of the fully reduced wild-type and DN(I-132) and EQ(I-286) mutant this observation we observed an increase in the turnover

cytochromeaas with O,. The effect of addition of 2 mM arachidonic  activity by a factor of 4-5 upon addition of 256500 uM

acid (Aa) to the DN(I-132) mutant enzyme is shown. At 830 nm 55 -hidonic acid. Addition of arachidonyl alcohol, which has
the oxidized-minus-reduced spectrum ofyGlisplays an absorbance . d of th did infl h
maximum. The data obtained with the EQ(I-286) mutant enzyme @ —OH group instead of theCOO", did not influence the

are from refl2. Experimental conditions and scaling were the same activity of the mutant enzyme.
as in Figure 3. Upon addition of arachidonic acid to the enzyme solution
in the flow-flash experiments outlined above, the amplitude

Figure 4), which is consistent with a smaller contribution of of the slowest reaction phase#£ 2 ms), monitored at 445

the P intermediate (formed in EQ(I-286)) as compared to nm, increased significantly (Figure 3). The amplitude of the

the F intermediate (formed in DN(I-132)) at 580 nm, relative absorbance changes at 830 nm, associated with oxidation of

to the oxidized enzyme (formed in the wild-type enzyme) Cu, with the same time constant, increased to about 80% of

(33). that in the wild-type enzyme (Figure 5), and proton uptake
Unlike in the wild-type enzyme, no increase in absorbance with the same rate was observed (Figure 6). Taking into

at 830 nm was observed during the first 509 (Figure 5) account the fraction of the mutant enzyme displaying the

with the DN(I-132) mutant enzyme, which shows thatxCu  2-ms reaction phase at 445 nm in the presence of arachidonic

remained reduced on this time scale. Essentially no protonacid, a net stoichiometry of1.5 H" taken up per enzyme

uptake from solution was observed during the first 30 molecule was estimated (absorbance changes at 445 and 560

(Figure 6). nm (proton uptake) were measured in the same sample). The
In the DN(I-132) enzyme the slowest reaction phase, extent of this proton uptake is approximately the same as

associated with the decay of the F intermediate, oxidation the net uptake of protons during the-P F and F— O

of Cu (Figure 5), and formation of the oxidized enzyme transitions in the wild-type enzymd@), but in the DN(I-

with a time constant of2 ms (cf. wild-typer = 1.2 ms), 132) enzyme it takes place in a single kinetic phase (on the

was observed although its amplitude wa$5% of that in same time scale as the-F O transition).

DN(I-132)

AA%39x 1000

EQ(1-286)
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As a control, the effect of arachidonic acid on the oxidation O Cu
kinetics of the EQ(I-286) mutant enzyme was also investi- R—>A— ® *
gated, but no effect was observed (data not shown). a P
AR ~120 us
DISCUSSION ¥ blocked in
. . . . O Cu,| EQU-286)
In this study we have investigated the involvement of A
aspartate-132 of subunit | (D(I-132)) in the catalytic reaction @a Fon
of cytochromec oxidase fromR. sphaeroidedn the reduced A << 120 us
form about 76-75% of the enzyme population bound CO P HrYyy ™ blocked in
to hemeag, which is similar to the fraction found previously ®Cu,| DNI-132)
(8). As mdlcateq previously§), thls sugge;ts some minor R @a Fa
change to the binuclear center in a fraction of the enzyme DNA-132) 4+ | AR
population. However, the CO recombination kinetics were arachidonic acid ~30 us
monophasic and displayed the same time constant as with ~2 ms v u
the wild-type enzyme, and internal electron transfer between @® Cu,
hemesa andaz and oxidation of hemes coupled to proton Oa FH"
release were unaffected in the DN(I-132) enzyme. These AH
results indicate that the redox potential difference between . -1
hemesa and az and the structure around the hemes were Hrpu ™ ms
unaffected by the mutation in the enzyme fraction that had © Cu,
bound CO. It should be noted that in the experiments @a O
discussed in this study only the CO-binding population of AH

the en.zyme partICIpates in the investigated reactions. FIGURE 7: Schematic summary of the reaction of the fully reduced
Previous studies have shown that replacement of glutamate-enzyme with Q. Abbreviations: R, fully reduced enzyme; A,

286 by glutamine (EQ(I-286) mutant enzyme) results in ferrous-oxy intermediate; P, peroxy intermediate; F, oxo-ferryl

inhibition of the reaction after formation of the so-called P intermediate; O, oxidized enzyme. The redox states of &ud

; ; ; ; ; . hemea are denoted by+" (reduced) or “0” (oxidized), respec-
intermediate and impairment of proton uptake during reaction tively. In the wild-type enzyme the P~ F transition is associated

of the fully reduced enzyme withJ12, 14-16) (see Figure  with"proton uptake from solution. It is assumed that this proton is
7). Glutamate (1-286) is part of the same putative proton- first transferred internally from a protonatable group in the enzyme
transfer pathway as D(I-132) (D-pathway), (14). As with (A) with a time constant of 12@s. This proton transfer is then
the EQ(I-286) mutant enzyme, replacement of D(I-132) by followed by a rapid £120us) proton uptake from solution. Only

. S . if this proton is taken up from solution, then the electron is
its nonprotonatable analogue resulted in impaired proton ...t fed from Cuto hemea with a time constant 0f-30 us

uptake and a dramatical decrease in the extent of electron(11). Thus, in the wild-type enzyme the apparent time constant of
transfer from Cy to hemea during G, reduction. However,  the transition from state P to F with reduced heang ~120 us.

with the DN(I-132) mutant enzyme the reaction proceeded With the DN(I-132) and EQ(I-286) mutant enzymes, in the major
one step further than with the EQ(I-286) enzyme, i.e., to the enzyme fl’_aCtIOF_lS, the reaction is blocked as indicted in the_flgure.
F intermediate (see Figure 7). These findinas are consisten Arachidonic acid mediates proton transfer from bulk solution to
. ( - 9 ) . g the D-pathway in the DN(I-132) mutant enzyme with a time
with the observation made by Konstantinov et 84)(who constant of~2 ms.
found that the F intermediate could be formed by incubation
in H20, of the DN(I-132) but not the EQ(I-286) mutant constant of 12Qus, followed by a rapid f < 120 us)
enzyme. reprotonation from solution (see Figure 7). Because D(I-132)
Wikstrom (35) has shown that during turnover of the is located at the entry point of the D-pathway, in the DN-
bovine cytochrome oxidase, proton pumping takes place (I-132) mutant enzyme the protons extracted from the
during the P— F and F— O transitions, and it is assumed D-pathway cannot be replenished from solution as fast as in
that the same also applies to tRe sphaeroidegnzyme. the wild-type enzyme. As indicated above, both pumped and
The P— F transition ¢ = 120us) is associated with proton  substrate protons are transferred through the same proton-
uptake from solution exclusively through the D proton- transfer pathway (D-pathway) during thePF transition.
transfer pathway1(2, 30, including residues D(I-132) and  Therefore, even though the F intermediate is formed in the
E(1-286) (see Figure 1). The observation that the F inter- DN(I-132) enzyme, it does not pump protons, presumably
mediate is formed without uptake of protons from solution due to the blockage of proton uptake through D(I-132); the
in the DN(I-132) but not in the EQ(I-286) mutant enzyme pump element does not deliver its proton to the output side,
indicates that in the former the proton is taken internally but rather it delivers a “pumped proton” to the binuclear
from the enzyme (see Figure 7), presumably from E(1-286) center for oxygen reduction (see also 4€).
or groups (e.g., water molecules) in the D-pathway located It has recently been proposed that the-@ bond is
further away from the binuclear center than E(I-286). It has cleaved already upon formation of the P intermediate
been suggested that E(I-286) plays a central role in alternating(41—43) and that the bond breaking is associated with
the accessibility of protons to different sites in the enzyme, abstraction of a hydrogen atom {H- &) from Tyr(I-288)
associated with pumping of proton36-39). In the wild- (41). According to this scenario, during reaction of the fully
type enzyme, the proton transferred during the A&8@hase reduced enzyme with £ states P and F have the same
is presumably transferred in two steps: proton transfer from, structures, except that in staP a proton is missing at the
e.g., E(1-286) to the binuclear center forming F with a time binuclear center, either at TyrQor at C?"OH™ (cf. 43).



6832 Biochemistry, Vol. 38, No. 21, 1999 Smirnova et al.

As discussed above, in the DN(I-132) mutant enzyme this the proton-input pathway (see, e.g., #8). The antenna
proton may be transferred internally from the D-pathway consists of carboxylates and histidines, forming a network
without being replenished from solution. In the EQ(I-286) which can attract protons from solution and keep them for
mutant enzyme the F intermediate cannot be formed becausesufficiently long times as to allow efficient transport into
E(I-286) is closer to the binuclear center than D(I-132) and the pathway. InR. sphaeroidesytochromec oxidase,
blockage of the D-pathway at E(I-286) blocks the proton D(I-132) is positioned in a cleft in a strongly negative
transfer. electrostatic surface potential, surrounded by a network of
We have previously shown that the electron transfer from Six histidine residuesi). This arrangement hints at a similar
Cua to hemea with the same rate constant as the-PF mechanism for proton collection in cytochromeoxidase
transition is controlled by the proton uptake associated with @s in bacteriorhodopsin (see ref§, 47). The results from
this transition {1, 12. It was suggested that this control is this study indicate that aspartate-132 is a key element in such
of an electrostatic nature: the transfer of a positive charge & proton-collecting antenna, constituting the “entrance” to
toward the binuclear center increases the apparent redoxhe D-pathway.
potentia| of hemea more than that of Cu because the In conclusion, even if the P~ F transition is not affected
distance between the positive charge is smaller to heme in the DN(I-132) mutant enzyme, this transition is not
than to Cu. This is consistent with the results from this study associated with proton pumping because the proton taken
since with the DN(I-132) mutant enzyme there is no proton internally from the D-pathway during F formation cannot
uptake from solution (withr =120 us) and therefore no  be replenished from solution due to the kinetic barrier at the
electron transfer from Guto hemea. D-pathway entrance exhibited by the mutation. Thus, the
As observed previously by Fetter et al8], addition of results from this study show that in the wild-type enzyme

arachidonic acid, but not arachidonyl alcohol, resulted in an the protonatable residue D(I-132) plays a crucial role in
increase of the DN(I-132) mutant enzyme activity. This proton transfer into the D-pathway, shuttling protons from

indicates that arachidonic acid can bind to the enzyme surfacetn® bulk solution into the pathway.

with the carboxylic group in the vicinity of N(I-132) in the
DN(I-132) mutant enzyme, partly replacing the role of D(l-
132). In principle, the fractional overall activity in the
presence of arachidonic acid could arise from a low activity
in a major fraction of the enzyme population or a high
activity in a minor fraction of the enzyme population (or an
intermediate case). Our results indicate that the latter
alternative is correct because upon addition of arachidonic
acid the fraction (but not the rate) of the 2-ms reaction
increased significantly (Figures-®). This indicates that the
effect of the arachidonic acid is specific: either it binds close
to N(I-132), in which case the enzyme oxidation rate is
almost the same as that of the wild-type enzyme, or it does
not bind close to N(I-132), in which case there is no effect.
It has been shown earlier that in the DN(I-18%)utant
cytochromebo; from E. coli proton pumping and at least
part of the activity could be restored by introducing car-
boxylates at other locations in the vicinity of N(I-132)j.

The specificity of the effect of arachidonic acid is further
supported by the proton-uptake stoichiometry of the DN(I-
132) enzyme; in the enzyme fraction in which the 2-ms phase
was restored;-1.5 H/cytochromec oxidase were taken up
from solution, which is about the same value as in the wild-
type enzyme X0). Thus, arachidonic acid seems to partly
substitute the role of D(I-132) in providing protons to the
D-pathway. However, it should be noted that with the
arachidonic acid, the 2-ms phase, botthe 120us phase,
was restored, which indicates that the acidic group of the

arachidonic acid cannot provide protons as efficiently as does

D(I-132). Therefore, it is possible that the DN(I-132) mutant

enzyme does not pump protons even in the presence of

arachidonic acid because the proton uptake during the P
F transition is absent.

Gutman and Nachliel have suggested that proton uptake
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