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ABSTRACT. Cytochromec oxidase uses the free energy of oxygen reduction to establish a transmembrane
proton gradient. The proton-conducting D-channel in this enzyme is the major input pathway for protons
which go to the binuclear center for water formation (“chemical protons”) and likely the only input pathway
for protons that get translocated across the lipid membrane (“pumped protons”). The D-channel starts at
an acidic residue near the protein surface (DERi#dobacter sphaeroidesimbering) and leads to another
acidic residue near the binuclear center. Recent studies have shown that mutants that introduce an additional
acidic residue in the channel (N139D) have the remarkable effect of accelerating steady-state oxidase
activity but completely eliminating proton pumping. In this work, an aspartic acid was introduced at the
position of glycine 204, G204D, which is also within the D-channel, and the effects were examined. In
contrast to N139D, the G204D mutation results in a dramatic decrease of the steady-state oxygen reductase
activity (<2% of wild type) [Aagaard, A., and Brzezinski, P. (20(2EBS Lett. 494157-160]. The
residual activity is not coupled to the proton pump, and furthermore, in reconstituted vesicles the mutant
enzyme exhibits a reverse respiration control ratio; i.e., the mutant oxidase activity is stimulated rather
than inhibited when working against a protonmotive force. Hence, the mutant behaves very much like the
D132N, which blocks proton uptake through the D-channel. Single-turnover experiments show that the
rate-limiting step in the reaction of Qwith the fully reduced G204D mutant is the-F O transition,

similar to the D132N mutant. The block of the D-channel in the D132N mutant can be partly bypassed
by biochemically removing subunit Il from the enzyme, indicating that removal of the subunit reveals an
alternate entrance for protons to the channel. However, this is not observed with the G204D mutant. This
suggests that the cryptic entrance to the D-channel that is revealed by the removal of subunit Ill is between
the levels of G204 and D132.

Cytochromec oxidase is an integral membrane metallo-
protein that couples the four-electron reduction of dioxygen
to water to the translocation of protons across a lipid bilayer
(2, 3). The proton gradient created by this catalysis is used
in various energy-requiring processes, including the synthesis
of ATP. Extensive studies have been done to elucidate the
mechanisms by which the enzyme translocates protons anc
couples this with the chemical reactioB—5).

On the basis of the crystal structur& &énd mutagenetic
studies ¢, 8), two proton transfer pathways have been
suggested for the prokaryotic oxidases: the K-channel and
the D-channel (Figure 1). The K-channel has an entrance at
E101 in subunit Il ) and extends to Y288, located at the
enzyme active site. The K-channel contains a critical lysine o —
residue (K362) in the middle. Studies on the K-channel A D132 ¥ 4
mutations suggest that the K-channel is required for the D-pathway ‘\'ta
transfer of at least one and, possibly, two protons to the Figure 1: Selected residues that define the proton-conducting
binuclear center upon reduction of hemgand Cy (10— channels of th&R. sphaeroidesxidase in relation to heme (left)
and hemesg (right). The spheres are water molecules observed in
the X-ray structure of the oxidas29). The Gx—Ca distances are
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The D-channel appears to be responsible for the input of affinity chromatography as described previoug)( Further
all other protons from the N (negative) side of the membrane, purification of the enzyme is needed for proton-pumping
including the four protons (per that are pumped across measurement2(). About 4 mg of purified enzyme was
the membrane. The D-channel extends from an aspartic aciddiluted into about 1 mL of buffer A (10 mM KHPQO,, 1
(D132) at the entrance of the channel to a glutamic acid mM EDTA, 0.1% DM} pH 7.2) and loaded onto a tandem
(E286) about 25 A away from D132 and 12 A away from DEAE-5PW column (Toso-HaaS) attached to an FPLC
the binuclear center. A chain of about 10 water molecules system (Amersham-Pharmacia BiotecKPA Basic). The
defines the channel pathway and presumably provides acolumns were washed with buffer A, and the enzyme was
hydrogen bond network to facilitate proton transfer from eluted at a flow rate of 0.5 mL/min with a gradient of buffer
D132 to E286 (Figure 1). It appears that E286 is a branch B (buffer A with 1 M KCI). The gradient was designed to
point and that some protons are transferred from E286 to go to 15% buffer B within 0.5 column volume, and then the
the binuclear center to form water, whereas other protons oxidase was eluted as the gradient was slowly increased from
are transferred to an exit pathway to be pumped out. 15% to 45% buffer B over 4 column volumes. Two peaks

Replacement of D132 by either asparagine (D132N) or were resolved, and the second peak was collected for proton
alanine (D132A) results in an enzyme witth% turnover pumping assay.

and eliminates proton pumping, (13). The E286Q mutation Steady-State Aclity. Steady-state oxidase activity was
in theRhodobacter sphaeroidmidase virtually eliminates measured p0|arographica"y using a YSI model 53 oxygen
turnover (<0.5%) (L4). Recently, another mutation in the meter equipped with a water-jacketed and stirred glass
D-channel, N139D, was shown to completely decouple the measuring vessel. The reaction mixture contains 1.8 mL of
oxidase activity from the proton pump§ 16). The mutant 50 mM potassium phosphate buffer, 0.1% DM, pH 6.5, 10
enzyme has twice the specific oxidase activity as does themm ascorbate, 0.5 mM TMPD, and 3@V horse heart
wild-type oxidase, but the mutant does not pump protons. cytochromec. For experiments with reconstituted cytochrome
The placement of the acidic residue in the N139D mutant oxidase vesicles, the buffer used was 100 mM HEPESH
increases the apparenKyp of residue E286, and it is and 0.1% DM, pH 7.4. The enzyme turnover (mole of
speculated that this may inhibit proton transfer from E286 electrons per second per mole of enzyme) was calculated
to the putative accepting group in the exit chaniiél (.8). from the slope of the oxygen consumption traces and
The current work was motivated to determine the effect corrected for background in the absence of the enzyme.

of placing an acidic residue at a different location in the  poonstitution of Oxidase into Vesicle€ytochrome
D-channel. As shown in Figure 1, G204 is located just ,i4ase vesicles (COVs) were made by using Bio-Beads to

“above” N139 within the D-channel. Modeling suggested o aye detergent, as describ@,(23). Asolectin (80 mg/
that replacing the glycine by an aspartate should position mL) was mixed with 2% cholic acid and 100 mM HEPES

the carboxyl group of the aspartate within the D-channel. o pH 7.4, and then sonicated using a model W-375

Previously, the equivalent residue in tRaracoccus deni-  gqhicator (Heat System-Ultrasonics, Inc., now Mixonix, Inc.,
trificans oxidase was replaced by phenylalanine and tryp- Farmingdale, NY) using 1012 30 s cycles, at 50% duty,

tophan, and in both cases, the mutations only caused,i 5 hreak of~60 s between cycles. The mixture was kept
moderate reduction in turnover and no influence on proton g ica under a stream of argon gas during sonication. The
pumping (L6). oxidase was added to the lipid/cholate mixture to yield a

The G204D mutant was made in tfie. sphaeroides  qncentration of~1.2 uM (the same protein-to-lipid ratio
oxidase, and the enzyme was purified and examined. TheWas used for both wild-type and mutant enzyme). The
G204D mutant does not behave like the decoupling N139D mixture was stirred at 4C with 66 mg of Bio-Beads/mL

mutant but is much more similar to the D132N mutant. The q4eq every 30 min. After 4 h, 100 mM HEPEBOH
G204D mutation appears to block proton transfer through , ¢ter was added (0.5 mL/mL of mix), and the mixture was

the D-channel to E286. This is the first example of a mutation brought to room temperature. Bio-Beads were added every
in the middle of the D-channel which effectively prevents 34 v for anothe3 h (133 mé/mL during the fit h and
proton transfer through the channel. 266 mg/mL during the last hour). The proteoliposomes were

The property of blocking proton transfer was utilized 10 ihatteq 50 as to remove the Bio-Beads and then dialyzed
help to localize the cryptic entrance to the D-channel that is overnight against 60 mM KCl.

created by the removal of subunit lll. This new proton entry Proton Pumping MeasuremenProton pumping was

partially reverses the block caused by the D132N mutation. o ;
However, removing subunit Il does not result in bypassing me{;\sured by monitoring the pH changgs OU'FSIde the CQVS
during enzyme turnover. A 1.5 mL reaction mixture contain-

the block due to the G204D mutation. Hence, the new entry .
that is uncovered by removal of subunit Il must lie between T(?;I\(/I) \Taﬁ?ngncqbégﬂgﬂngitgzhﬁwmg; dSaOS(()%uV'\\:la:S&(;erea(;eih
G204 and D132, perhaps H26, as previously specula@d ( an anaerobic stirred cell with a sensitive glass pH electrode.

MATERIALS AND METHODS After all of the components were added except the reductant
o . _ (and perhaps valinomycin), the headspace of the cell was
Site Dlrepted Mutagenesﬂ'he .GZO‘}D mutant was con flushed with a constant stream of water-saturated argon.
structed using the Quikchange site-directed mutagenesis kit
from Stratagene. Primers were synthesized at the University.
of lllinois Biotechnology Center, Urbana. The gene was  !Abbreviations: CCCP, carbonyl cyanidg-(trifluromethoxy)-
partially sequenced to verify the mutation. phenylhydrazone; TMPDN,N,N',N'-tetramethylp-phenylenediamine;

. . . . DM, n-dodecyl 5-p-maltoside; Ni-NTA, nickel nitrilotriacetic acid;
Protein Purification His-tagged wild-type and mutant pgpgs, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid: RCR,

enzymes were purified frorR. sphaeroidesising histidine respiratory control ratio.
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Stirring under this argon atmosphere for some minutes Table 1: Comparison of Wild-Type and Mutant Oxidases: Activity

removed the @from the sample. The reductant was then

before and after Reconstitution, Respiratory Control Ratio, and

added. The pH electrode was attached to a sensitive pH meteProton Pumping Efficiency

and a digitizer. The reaction was initiated by adding air-
saturated KD equilibrated at 25C to the reaction mixture
(256 uM O,). Calibration was done by addition of the same
volume of a solution of 1 mM HCI. The experiment was
repeated in the presence of 8M protonophore CCCP to

equilibrate the protons on the inside and outside of the

vesicles.
Reduction KineticsReduction kinetics was studied using

activity [e™/(s-aag)]

vesicle$
solublized +Val,
proteirf inital +Val CCCP RCR H'/e"
wild type 1280+ 79.0 110 160 480 ~4 0.5-0.6
G204D 23+ 1.6 12 8 13 ~1 0

aThe activity of the solubilized enzyme was measured as described
in Materials and Methods. The reaction was initiated by adding about

an Applied Photophysics stopped-flow spectrophotometer 3 nm wild-type enzyme or 0.2M G204D mutant enzyme. The rates

equipped with a diode array detector as descrit2l Z5).
The solution containing the oxidase 1 enzyme in 50
mM Tricine, pH 8.0, and 0.1% DM) was loaded in one of
the driving syringes of the stopped-flow device. Buffer
containing 10 mM ruthenium(lll) hexamine was mixed with
30 mM dithionite, and the mixture was loaded into the other
driving syringe. Upon mixing, the oxygen in the solution is
quickly removed by reaction with dithionite, and the enzyme

of nonenzymatic reduction of by ascorbate/TMPD were subtracted.
The values are the average of measurements on five different prepara-
tions of enzyme® It was assumed for the purposes of quantitation that
all of the enzyme added to the reconstitution mixture was reconstituted
into vesicles in the correct orientatiohThe respiratory control ratio
(RCR) was calculated by dividing the activity measured in the presence
of both valinomycin and CCCP by the initial activity, measured in the
absence of the ionophores.

is subsequently reduced by the ruthenium and dithionite in a proton electrochemical gradient (protonmotive force)

mixture.
Oxidation Kinetics Oxidation kinetics was studied with

which inhibits the oxidase activity. Addition of the proto-
nophore (CCCP) and ionophore (valinomycin, in the presence

the same equipment as described in the study of reductionof K*) eliminates the protonmotive force, and with the wild-
kinetics. A solution containing the enzyme 4 oxidase ~ type oxidase, the result is to accelerate the steady-state
and ~100 ug/mL catalase in 50 mM Tricine, pH 8.0, and oxidase activity since the transmembrane charge movement
0.1% DM) was placed in a reservoir made from a syringe inherent in the enzyme mechanism is no longer working
barrel at the loading position of the stopped-flow unit. The against the electrochemical gradient. This is measured by
solution was made oxygen free by directing a gentle jet of the RCR, which is the ratio of enzyme activity in the presence
water-saturated argon gas onto the surface of the sample©f the ionophores divided by the activity in the absence of
About 400uM dithionite was added to reduce the enzyme, the ionophores. The expected result was found for the wild-
and then the sample was loaded into one of the driving type oxidase, which had an RCR of 4 (Table 1 and Figure
syringes. The presence of catalase eliminates any hydroger?). This response also indicates that the vesicles are intact
peroxide that might be generated by the dithionite and, thus, and do not exhibit excessive proton Ieakage. In contrast, the
prevents formation of P and F intermediates of the oxidase. G204D mutant has about the same activity in the presence
Oxygen-saturated Tricine buffer was loaded into the other Of both valinomycin and CCCP, but the activity is decreased
driving syringe. Upon mixing, the dithionite is rapidly in the presence of valinomycin alone [8 vs 12(s-ag)]
eliminated by reaction with excess,Cand the reduced (Table 1 and Figure 2), resulting in an RCR close to 1. The
enzyme is subsequently oxidized by.O fact that the reconstityted G204D mutant did respond to the
Subunit 1l Depletion Subunit 11l was removed from the change of protonmotive force across the membrane in the

oxidase which had been affinity purified using the Ni-NTA Presence of valinomycin indicates that the vesicle membrane
column as described in rdf. is intact. The fact that the activity is decreased in the presence

of valinomycin rather than increased is reminiscent of results
obtained with the D132N and D132A mutants in reconsti-
tuted vesicles which have a more pronounced reverse RCR
Steady-State Aclity. Both the wild-type and the G204D (7, 13).
mutant enzymes were purified using a Ni-NTA affinity Proton PumpingUsing a pH meter, the proton pumping
column. The UV-vis spectra of the mutant enzyme showed of the oxidase was measured using the enzyme reconstituted
no difference from the wild-type spectra (data not shown), in phospholipid vesicles. The reaction is initiated by the
indicating that, in the G204D mutant enzyme, the hemes areaddition of a known amount of present in water, sufficient
intact and the mutation does not result in any major structural for the enzyme to turn over about 2@0 times. Figure 3
perturbation. The turnover number of the G204D enzyme is shows that, with the wild-type enzyme, there is a rapid

RESULTS

~23 e/s, compared te-1200 e/s for the wild-type enzyme

acidification followed by slow alkalinization of the solution

(Table 1). Hence, the G204D mutation reduces the specific due to slow proton leakage back into the vesicles. The proton

activity to only ~2% of the activity of the wild-type control.
Respiration Control Ratio (RCRThe G204D mutant and

the wild-type enzymes were each reconstituted into phos-

pholipid vesicles using the Bio-Beads meth@@,(23). The
activities of the wild-type and the mutant enzymes after

pumping (H/e") is in a range normally observed with the
R. sphaeroideexidase (0.50.8, with 1.0 being the expected
value). In contrast, the G204D mutant oxidase (Figure 3B)
exhibits no acidification, only alkalinization, indicating that
there is no proton pumping associated with the turnover of

reconstitution were assayed in the presence and in thethis enzyme. Note that, with both the wild-type and mutant
absence of the ionophores valinomycin and CCCP (Table oxidases, the addition of CCCP allows rapid proton equili-
1). In the absence of the ionophores, oxidase turnover resultdbration across the membrane and, as a result, only net rapid
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Ficure 2: Comparison of the effects of valinomycin and CCCP on the oxygen consumption of reconstituted wild-type and G204D oxidases.
Oxygen consumption was monitored polarographically, and the conditions were the same as for reconstituted oxidases described in Table
1. The effects are shown for (A) the addition of valinomycin (i) followed by CCCP (28:M) or (B) the addition of CCCP followed

by valinomycin. In this experiment, the G204D enzyme is 12 times more concentrated than wild-type oxidase.

cccp added ccep added t 0,

Ficure 3: Proton pumping by the wild-type (A) and G204D mutant oxidase (B, C). The assay was performed with a stirred anaerobic cell
equipped with a sensitive pH meter. The reaction mixture includes 60 mM KGIMiByt c, 300uM ascorbate, 1@M valinomycin, and

wild-type or G204D enzyme in reconstituted vesicles. The protein:lipid ratio in the vesicles is identical for the two samples, but more
vesicles were added to the reaction mixture of G204D oxidase to obtain a comparable activity to that of the wild-type sample. The reaction
was initiated by adding 2.5 nmol of 10 uL of H,0) into the reaction mixture. pH changes in the bulk solution (outside the vesicles)
were measured. Rapid acidification occurred upon addition,ad@he wild-type oxidase (A) but not in the case of the G204D mutant (B).

In the presence of CCCP, addition of Produced the expected alkalization in both cases. (C) shows the pH change outside G204D
vesicles when the ascorbate concentration is increased to 7 mM.

consumption of protons is observed. This shows that the mutation, oxidation and reduction kinetics were performed
G204D reconstituted vesicles are intact. Figure 3C showsusing a stopped-flow spectrophotometer. To study the
the pH response of the G204D vesicles with a high oxidation kinetics, the fully reduced enzyme was rapidly
concentration of ascorbate (7 mM). The rapid acidification mixed with oxygen-saturated buffer. Figure 4A shows the
is due to the rapid proton release from the reaction betweenabsorption changes at 445 nm for both the wild-type and
ascorbate and cytochrorogwhich confirms that the mutant  G204D mutant enzyme during this process. A majority of
enzyme is inserted properly in the vesicles. the reaction with the wild-type enzyme was complete within

Oxidation and Reduction Kinetic3o further investigate  the dead time of mixing. From the remaining part of the
which part of the reaction cycle is slowed by the G204D reaction, we can only know that the rate constant for the
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Ficure 4: (A) The kinetics of oxidation by @of the fully reduced enzymes and (B) the kinetics of reduction by ruthenium(ll) hexaamine
of the fully oxidized enzymes. Measurements were made with both the wild-type and the G204D mutant oxidases. Absorption is normalized
to the zero time point. The conditions are described in the text.

Table 2: Effect of Removing Subunit Il on the Steady-State pmtons_ into the D'Channel'_it has been concluded Fhat ‘T:m
Activity of the Wild-Type and Mutant Oxidases alternative proton entrance is revealed when subunit 11l is
removed, thus bypassing the block at D132. In contrast,
removal of subunit Ill almost completely eliminates the

activity [e”/(saa)] at pH 7.5

O_X'dase ) subunit i () subunit i activity of the G204D mutant (Table 2 and Figure 5C). At
‘g’gg\f’e 11%2 2 ‘;gi L the very least, the data indicate that the potential new entrance
G204D 283 44 for protons that is recruited in the absence of subunit Il is

at a position below the level of G204 in the D-channel, which
is not surprising since the region of the protein above G204
is presumably buried within the membrane bilayer. The
removal of subunit Ill and the G204D mutation act as a
double block of the D-channel.

wild-type enzyme is higher than 480's In the mutant
enzyme, the oxidation rate is dramatically decreased (more
than 960-fold) with a rate constant of 0.5'sWhen the data
surfaces were analyzed using the global multiexponential , o ) i
fitting program SPLMOD 26), the spectra show that the Effects of Addm_g Ar_ach|d_on|c AcmP.r(_awous work has
F-to-O transition of the G204D mutant is the rate-limiting Shown that arachidonic acid can partially overcome the
step during oxidation (data not shown). proton block due to the D132A and D132N mutatiof8,
The rate of reduction of the fully oxidized enzyme by 27). Presumably, the hydrophobic fatty acid binds in a

ruthenium(l11) hexamine was also determined by monitoring manner to provide a pathway for protons to enter the channel.

the absorption changes at 445 nm (Figure 4B). These datal "¢ Same experiment was performed with the G204D

show that the rate of reduction of heragis slowed by the mutant. The results (Table 3) show that arachidonic acid can

G204D mutation compared to the wild-type oxidase. Rate also partially provide a bypass around the G204D block to

constants of 170 and 8 swere obtained for the wild-type approximately the same extent observed with the D132A and
and G204D mutant enzymes, respectively. D132N mutants. Note that, even in the presence of arachi-

Effects of Remal of Subunit 11l The removal of subunit donic acid, the activity of the mutants is still far less than
Il from the wild-type oxidase results in a lower steady-state that of the wild-type oxidase. Nevertheless, the data suggest

activity (by about 60% at pH 7.5), apparently by impeding that the infl_uence of _ara}chidonic acic_i ig not specifically at
proton flux through the D-channelg, 27, 28). This is also _the D132 site, substituting for the missing carboxyl group
shown in Table 2 and Figure 5A. However, the removal of N the D132N or D132A mutants. Instead, the effect of the
subunit 11l substantially increases the steady-state turnover @ty acid appears to permit proton leakage into the D-channel

of the D132A mutant at pH 7.510). To determine the V€N for a block that is considerably higher up in the channel.
influence of subunit Il depletion on the activity of the The specific nature of the interaction of arachidonic acid with

G204D mutant, subunit 11l was removed from the wild-type the oxidase is not known, and the question of how the fatty

oxidase as well as from the D132N and G204D mutants acid facilitates proton entry into the D-channel must remain
(creating WT III-, D132N I1I-, and G204D IIt) by treating ~ for future studies (see Figure 1).

with Triton X-100 as described previouslyd). SDS-PAGE Effect of Arachidonic Acid on the Subunit Ill-Depleted
analysis confirmed that subunit Il was completely removed OxidasesThe addition of arachidonic acid to the wild-type
(data not shown). The U¥vis spectra of the subunit Ill-  oxidase has no influence on the specific activity (Table 3).

depleted oxidases were unchanged, indicating that theHowever, the presence of arachidonic acid increases the
removal of subunit Il does not perturb the environments of oxidase activity of the subunit IlI-depleted oxidase. This is
the heme centers. shown in Figure 6A. At pH 7.5, the activity of the subunit
As shown in Table 2 and Figure 5B, the depletion of lll-depleted oxidase is about half of that of the intact enzyme,
subunit Ill also increases the activity of the D132N mutant, as previously shown2(). Addition of arachidonic acid at
similar to what is observed with the D132A mutah®(27). pH 7.5 brings the activity up to about that expected for the
Since these mutations are thought to block the entrance ofintact enzyme. Removal of subunit lll also greatly enhances
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Ficure 5: Effects of removal of subunit Ill on the pH dependence

Table 3: Effect of Arachidonic Acid (AA) on Steady-State Activity
of Wild-Type and Mutant Oxidase

% activity?
oxidase M AA 250 uM AA
wild type 100 100
G204D 160 260
D132N 130 290

a0Oxygen consumption of the purified, soluble enzymes was
measured at pH 6.5, as described in Materials and Methods. 100%
represents the turnover of the corresponding enzyme before adding
arachidonic acid.

the effect of arachidonic acid on the proton block caused by
the D132N mutant. The activity of this mutant is greatly
enhanced by adding arachidonic acid to the enzyme that ha
been depleted of subunit Il (Figure 6B). It is shown in Figure
6C that the effect of adding arachidonic acid to the G204D
mutant also is greatly enhanced by the removal of subunit
Ill. These data suggest that the arachidonic acid effect is to
enhance proton entry to the D-channel above the level of
G204 and that removal of subunit 1ll makes the enzyme
much more susceptible to this effect.

DISCUSSION

The substitution of glycine 204 by aspartate leads to a
98% reduction in turnover rate and complete elimination of
proton pumping in th&. sphaeroides agype oxidase. The
same residue i®. denitrificansoxidase has been mutated
to phenylalanine and tryptophan, and only moderate reduc-
tion of turnover rate was observed, without any major effect
on the stoichiometry of protons pumped in the reconstituted

of the steady-state activity of the wild-type and mutant oxidases.

enzyme 16). Clearly, a block to proton conduction has been
introduced in the middle of the D-channel by the G204D
mutation. In the X-ray structure, 10 water molecules have
been identified in the D-channel, presumably forming a
hydrogen-bonding network with other amino acids in the
channel 29). Unlike the previously studied mutations D132N

and D132A, in which the proton-collecting function of the

D-channel is also interrupted, the introduced D204 might
disturb the hydrogen-bonding network in the channel. Two
water molecules in the D-channel are quite close to G204,
with the distances of ©Ca at 4.1 and 3.4 A, respectively.

When the glycine is substituted by aspartate, it is very likely
that the carboxylate group of D204 will form hydrogen bonds
with water molecules and disrupt the original hydrogen bonds

ghat provide a proton-conducting pathway.

Analysis of the reaction of the reduced G204D mutant
oxidase with @ shows that the rate-limiting step during the
turnover of the G204D enzyme is likely to be the F-to-O
transition. This is similar to what has been observed with
the block caused by the D132N mutant oxid&®.(In single
turnover, the proton present on E286 is used in th¢oF-
transition. Presumably, because of the disturbance of the
hydrogen-bonding network in the D-channel by the G204D
mutation, E286 cannot be reprotonated rapidly, resulting in
a severely reduced rate of the F-to-O transition. From the
data presented here and previoudl§)( it is not very likely
that the substitution of G204 by an aspartate or amino acids
with bulky side chains causes any structural changes in the
protein which can lead to functional alteration.

One unexpected observation with the G204D mutant is
that the rate of reduction of the binuclear center is slower
(~20-fold) than observed with the wild-type oxidase. This



G204D Mutation Blocks the D-Channel Biochemistry, Vol. 44, No. 38, 20092773

A B 400
1200 4 . 5 owtlll- 8 D132N+ara
e wtlll-+ara 350 4 e D132N lll- + ara
L]
1000 4 300 -
"o 800 2504
©
600 - 200 -
£
S 4004 150
°
S 200 - 100 A
-
0 50
T M T M T v T M T v T v O T T T T T T
6.0 6.5 70 75 8.0 85 9.0 95 6.0 65 7.0 75 8.0 85 9.0 95
pH pH
160
c ®  G204D-ara
140 ® G204Dll- + ara
120
@ 100
i
‘n
-2' 80 4
=
3 o0
g 40
204
0
6.0 6.5 70 7.5 80 8.5 9.0 95
pH

Ficure 6: Effects of arachidonic acid (250M) on the pH dependence of the steady-state activity of wild-type and mutant oxidases.

is not the pattern observed with D132M0j. This may such a way so as to slightly loosen the structure of the
indicate a role of the D-channel in proton uptake during the enzyme and allow protons to enter the D-channel. At least
reductive phase, as has been suggested previal@lybut part of this effect must occur at a level above G204, i.e.,
further work will be necessary before such a conclusion is between G204 and E286 (see Figure 1). The effect of
justified. arachidonic acid in the case of G204D, D132N (Figure 6),
It is clear, however, that proton uptake through the and also D132A X9) is greatly enhanced by removing
D-channel is effectively blocked by both the D132N (or Subunit Il by treating the enzyme with excess Triton X-100
D132A) and G204D mutant enzymes. It was previous|y (19) This is another feature that is common between the
shown that D132N and D132A both show an anomalous mutants that block the D-channel at the entrance (D132N
behavior insofar that the oxidase activity of the mutant and D132A) and the G204D mutant which blocks the channel
enzymes in reconstituted vesicles is inhibited rather than in the middle.
being stimulated by the presence of either an ionophore However, one difference between these mutants is that
(valinomycin) or the protonophore (CCCP)(This yields removing subunit 11l is by itself sufficient to stimulate the
an RCR value that is less than 1. The same is true of theactivity of the D132A or D132N mutantd ) whereas the
G204D mutant, at least in the presence of valinomycin. The subunit 1l depletion of the G204D mutant acts to further
pattern manifested by the G204D mutant is similar to that block the activity of the mutant enzyme. Subunit Il has been
shown by the D132N mutant). This is that they exhibita  shown to be required for rapid proton uptake through the
reverse respiration control ratio (RCR) when reconstituted D-channel at physiological pH8(). However, it also seems
into lipid vesicles. Their activities are inhibited rather than that removing subunit Ill exposes a cryptic, albeit inefficient,
stimulated by release of either the proton or the electrical proton entry to the D-channel that is below the level of G204
gradient. A model has been proposd®)(to explain this but above the level of D132. Hence, in the D132N or D132A

phenomenon, which basically involves protons leaking in
through the exit channel to support a low level of enzyme
turnover. This explanation could apply just as well for the
G204D mutant as for the D132N mutant.

In the case of the D132N or D132A mutants, the addition
of arachidonic acid stimulates the activity by severalfold and
also eliminates the reverse respiratory contdd)(In the
current work, it is also demonstrated that the activity of the
G204D mutant is similarly stimulated by arachidonic acid
(Table 3). Presumably, the hydrophobic fatty acid binds in

mutants, there is partial relief of the block caused by the
mutant (L9). However, with the G204D mutant the effect is
like having a double block in the channel, and activity is
virtually nil. It has been suggested9) that a reasonable
candidate for the proton entry point exposed by removal of
subunit Il might be His26 in subunit I. The location of this
residue, near D132, would be consistent with the observations
in the current work.

In summary, the current work has demonstrated that the
G204D mutant has many properties in common with the
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D132N and D132A mutants in which proton flux through

the D-channel has been blocked. It is concluded that G204D

virtually blocks proton flux through the D-channel by
disruption the hydrogen bond network of water molecules
necessary for proton diffusion through the channel.
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