4656 Biochemistry2005, 44, 4656-4666

Slow Proton Transfer through the Pathways for Pumped Protons in Cytoclirome
Oxidase Induces Suicide Inactivation of the Enz{yme

Denise A. Mills§ and Jonathan P. Hoslet*

Department of Biochemistry and Molecular Biology, Michigan Statevehsity, East Lansing, Michigan 48109, and
Department of Biochemistry, Urersity of Mississippi Medical Center, 2500 North State Street, Jackson, Mississippi 39216

Receied Naember 17, 2004; Résed Manuscript Recegéd January 28, 2005

ABSTRACT: In the absence of subunit Il thess-type cytochrome oxidase exhibits a shortened catalytic

life span (total number of turnovers) due to an increased probability of undergoing irreversible inactivation
during steady-state turnover. Inactivation results from structural alteration of the &gt active

site in subunit | [Hosler (2004Biochim. Biophys. Acta 165832—339]. The absence of subunit 1l also
dramatically slows proton uptake to the active site via the D proton pathway, as well as inhibiting the
proton backflow/exit pathway that connects the active site/proton pump with the outer surface of the
oxidase complex. Here we demonstrate that these phenomena are linked: slow proton delivery to the
active site through these pathways induces suicide inactivation, thus shortening the catalytic life span of
the enzyme. Mutations that inhibit the D pathway, but not the K pathway, increase the probability of
suicide inactivation. Strong inhibition of the D pathway allows suicide inactivation to occur even in the
presence of subunit Ill. Arachidonic acid, which stimulates proton uptake by the D pathway, retards suicide
inactivation. Steady-state turnover in the presencAWf and ApH, which inhibits proton uptake from

the inner surface of the protein, enhances suicide inactivation. Simultaneous inhibition of proton uptake
from both sides of the protein by a double mutation affecting the D pathway and the proton backflow/exit
pathway greatly shortens the catalytic life span of the oxidase even in the presence of subunit Ill. Thus,
maintenance of rapid proton transfer through the D pathway and the backflow/exit pathway is one
mechanism by which subunit Il normally functions to prevent suicide inactivation of cytochcaxidase.

The experiments suggest that increased lifetimes of the tegrogoferryl intermediates as well as the
anionic form of Glu286 of the D pathway cause suicide inactivation in the active site.

As the terminal member of the respiratory electron transfer 1 2e7, H* 2 o 3
chain in the inner membrane of mitochondria and the —; caon l el o -
cytoplasmic membrane of many aerobic bacteria, cytochrome %~ “48”—09F"|__2_,ja;™ Cug™ |_ 7 ,]a,™—0-0 Cug
c oxidase reduces Qo H,O. The enzyme uses some of the YOH l YOH YOH
energy of this redox reaction to pump protons through the H,0
protein, across its host membrane. Tdgroteobacterium 2e", 2H"—
Rhodobacter sphaeroideynthesizes a heme A-containing H
oxidase with high genetic and structural similarity to the a;** = 0% Cug?* l a,** =02 Cug?*— OH-
subunits of the catalytic core (1, I, and Ill) of the mammalian Yo Yo
oxidase (—3). l

In one possible catalytic mechanism for steady-state O 5 H,0 4
reduction by cytochrome oxidase, @ binds to hemess FiGURE 1: A scheme for steady-state, @®duction at the active
following the reduction of hemes and Cy by electrons site of cytochrome oxidase. Y= Y288 (R. sphaeroidesumber-
from cytochromec via Cu, in subunit Il and hemea in ing).

subunit | (Figure 1, intermediate 3). In a rapid electronic hydroxyl group on Cy (Figure 1, intermediate 4). The rapid

rearrangement, bound,@ reduced by four electrons, two  kinetics of Q reduction avoid the accumulation and possible

from hemeas, one from Cuy, and one from a covalently  rejease of superoxide and hydrogen peroxide, but the active

Iinkeq histidin&tyr.osine group in the active site that forms  gjte must deal with the persistence of the histigdibgosine

a radical §—7). This chemistry breaks the=80 bond and  agijcal and the oxoferryl species until two more electrons

leaves an oxoferryl species on hemge(as*'=0?") plus a and two more protons are delivered (Figure 1, intermediate

1). These protons and electrons rereduce the radical and
" Supported by National Institutes of Health Grants GM56824 (to regenerate hemas®".

J.P.H.) and GM26916 (to Shelagh Ferguson-Miller for D.A.M.). The protons required for the synthesis of water (shown in

lsgfogeSpFl’.”%”gla“thgf - Tr:alephone: 6(?1‘5’84'1861' Fax: 601-984- £igyre 1), as well as those that are pumped through the
1 Micﬁig;{s]ta?: ﬂ,?véfsﬁty?m'umsme e protein (not shown), are taken up from the inner surface of
8 University of Mississippi Medical Center. the protein (facing the mitochondrial matrix or bacterial
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Subunit |

FiGure 2: Separation of the D and K pathways in subunit | and
the proximity of the D pathway to subunit Ill. The D pathway in
subunit | (brown) is shown as a series of bound waters (blue)
between surface-exposed D132 and E286 in the interior of the
protein. Other waters, not resolved in the crystal structure, connect
E286 with the hemeg (green)-Cug (cyan) Q reduction site. The

K pathway in subunit | is shown from K362 to T359 to Y288 (pink),
near the active site. Henaeof subunit | is not shown, and neither
are subunits Il and IV. The structure is that of thes-type
cytochromec oxidase ofR. sphaeroide$3).

cytoplasm) and transferred-30 A through two proton
pathways to the buried henag—Cug active site. The first

of these is the K pathway, named for a conserved lysine
(Figure 2). The K pathway is responsible for the uptake of
one or two protons during the “reductive” phase of the
catalytic cycle, when hemas; and Cy are being reduced
prior to the binding of @ (8—11). The second is the D
pathway, named for D132, the conserved aspartic acid
residue that serves as the initial proton acceptor. The D
pathway transfers the remaining “substrate” protons to the
active site for Q reduction, plus all of the pumped protons
(11, 12). In the D pathway, a series of ordered water
molecules form a hydrogen-bonded proton-conductive path-
way between D132 and E286, locate@6 A above D132.
From E286 each proton is transferred either to the hayme
Cus active site, apparently through a shorter series of waters,
or to the site of proton pumping, presumably near the heme
az;—Cug active site 4, 13—15). Another pathway transfers
protons from the site of pumping to the outer surface of the
oxidase, but the components of this proton exit pathway are
yet to be identified 16—18). If proton transfer through the

D pathway is severely inhibited, protons fop @duction

are transferred to the active site from the outer surface of
the protein, probably by reversal of the normal exit pathway
for pumped protons1Q, 20). This is termed the proton
backflow pathway.

Mutations that alter key residues in the D and K pathways,
such as D132 and E286 of the D pathway and K362 and
T359 of the K pathway, have strong effects on the rate of
proton transferg, 21—24). These same mutations either slow
or eliminate steady-state,®@eduction, depending upon the
extent to which the mutation inhibits proton transf@rZ0,

22, 24-27).
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The role of subunit 11l in cytochrome oxidase function is
becoming more clear. This integral membrane protein binds
to subunit 1, is highly conserved, and is clearly a member of
the catalytic core of cytochrome oxidase. However, it does
not bind metal and thus cannot be assigned a direct role in
electron transfer. One critical function of subunit Il is its
ability to prevent the oxidase from undergoing spontaneous
inactivation during turnover (suicide inactivatior®g( 29)
caused by structural changes at the active site in subunit |
(29). This function is likely to be of physiological signifi-
cance since (1) the catalytic life span of cytochranoaidase
(total number of catalytic cycles) is 16A000-fold less in
the absence of subunit Il and (2) suicide inactivation also
occurs in mitochondrial cytochronoeoxidase lacking subunit
[l (Ferguson-Miller, personal communication).

The oxidase structures show contacts between subunit IlI
and the D pathway of subunit | but not the K pathw8y (
30—32). Consistent with this, we have found that subunit
[l strongly affects the pH optimum for proton uptake by
the D pathway but has little effect on the K pathway for
protons 83). In the presence of subunit I, the rate of proton
uptake into the D pathway at pH 8.0 exceeds 10000kt
in the absence of subunit Ill the rate declines to 350 s
Rapid proton uptake is restored to the subunit IlI-depleted
oxidase at low pH 10000 s* at pH 5.5). The effective
pKa value for proton uptake by the D pathway-d.8 pH
units more acid than normal in the absence of subunit 11l
(33). The probability of suicide inactivation by subunit I11-
depleted cytochrome oxidase increases with pH, with an
apparent g, value similar to that of proton uptake by the D
pathway of the subunit IlI-depleted oxidag9). Since high
pH both enhances suicide inactivation and slows proton
uptake through the D pathway, we hypothesized that other
factors that slow proton uptake through the D pathway should
increase the probability of suicide inactivation and shorten
the catalytic life span of cytochromeoxidase. The experi-
ments presented here support this hypothesis. The data
suggest that the reactive herag oxoferryl O, reduction
intermediate, whose lifetime is increased by slow proton
delivery, is involved in the suicide inactivation process.
Subunit Ill protects the active site from suicide inactivation,
in part, by contributing structures necessary for rapid proton
transfer through those pathways in subunit | that are used
for both the transfer of protons to the active site and the
transfer of pumped protons.

EXPERIMENTAL PROCEDURES

Materials L-a-Phosphatidylcholine (asolectin, Sigma type
[I-S) was recrystallized using the procedure of Sone et al.
(34) and prepared as a 40 mg/mL solution in 2% sodium
cholate (Anatrace). Horse heart cytochrooSigma, type
VI) was dissolved in 50 mM KkBPOy, pH 7.2. Arachidonic
acid and n-dodecyl 5-p-maltoside were purchased and
prepared as in Mills et al.2Q). Valinomycin and CCCP
were from Sigma. All other reagents were of the highest
grade available.

1 Abbreviations: Aa, arachidonic acid; CCCP, carbonyl cyanide
3-chlorophenylhydrazone; CC, catalytic cycle; COVs, cytochrome
oxidase-containing phospholipid vesicles; Hepes, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid; TMPIN,N,N',N'-tetramethylp-
phenylenediamine; SD, standard deviation; TN, turnover number; WT,
wild-type.
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Bacterial growth, oxidase purification, and the renab [such as those shown in Bratton et &9)] were obtained
of subunit Ill were as in Zhen et al.36) and Mills et al. within 200 nmol of Q (approximately one-half of the total
(20). To create a version of T359A containing a six-histidine amount of Q in the reaction cell). In this region there is no
tag, the QuikChange mutagenesis system (Qiagen) was usetbss of activity due to low @concentrations. After capturing
to introduce the mutation into pJS3, a plasmid containing the data on a PC, as described above, each curve was
the gene for subunit 36). A 1.3 kbpEcdRI—Bglll fragment corrected for the rate of nonenzymatic @duction by
containing the mutation was excised and moved into ascorbate plus TMPD, and the corrected curve was fit to a
pAH1H32, a pUC-based plasmid containing all of the single exponential using Prism 4 (GraphPad Software). The
oxidase genes (except the gene for subunit V), including R?> parameter for goodness of fit was0.9991 for every
the codons for a six-histidine tag at the C-terminus of subunit exponential fit. The fit itself was differentiated to obtain the
I (37). A 7.5 kbp EcaRI—HindlIl fragment, containing all turnover number (TN) at 150 time points. At each time point
of the oxidase genes, was excised from pAH1H32 and movedthe number of catalytic cycles was determined by dividing
into the broad host range vector pRK4B8), The resulting the nanomoles of ©consumed (after correction for the
plasmid was conjugated inf®. sphaeroidedS100, a strain  amount of @ consumed by ascorbate plus TMPD alone) by
lacking the wild-type gene for subunit I1), for the the total nanomoles of oxidase present. The linear plot of
expression of T359A. Similar methods were used to create TN vs catalytic cycles yielded the G&by calculating the
D132A with a six-histidine tag at the C-terminus of subunit CC value at one-half the initial TN, given by tlydéntercept.

| (Qian and Ferguson-Miller, unpublished results). The  For oxidase populations in which the loss of &xtivity
catalytic properties of the histidine-tagged versions of T359A as slow, the decay curve obtained within 200 nmol ef O
and D132A appeared to be identical to the original untagged was too shallow for an accurate exponential fit. In these
versions of these mutants. Mutant oxidases E288B),(  cases, a series of experiments with longer periods of catalytic
E286A-1112E 89), R481K @0), and M263L #1,42) areas  tyrnover were performed in order to create the data for a
previously described. The construction of the double mutant |inear plot of TN vs catalytic cycles, and as above, theCC
D132A-R481K will be described elsewhere (Mills and \yas determined from this plot. Extended catalytic turnover
Ferguson-Miller, to be published). was accomplished by periodically replenishing therCthe
Activity Assays Steady-state Oreduction was measured  reaction cell by blowing humidified over the surface of
at 25°Cin a 1.7 mL water-jacketed chamber (Gilson) using the stirred reaction mixture. Particularly long experiments
a Clark-type Qelectrode (Yellow Springs Instruments) and  a|so required small additions of ascorbate. The final TN was
a YSI 5300A biological oxygen monitor. The analogue determined from the slope of the, @duction curve at the
output from the YSI monitor was ported to an 18-bit end of the experiment after correction for the nonenzymatic
analogue to digital converter in a Hansatech Oxygraph unit O, reduction rate. The number of catalytic cycles to the point
and from there to a PC for data analysis (see below). For at which the final TN was measured was estimated by
experiments using detergent-solubilized oxidase forms, thesymming the total nhanomoles of,@onsumed throughout
reaction mixture included 25 mM KO, or 25 mM the experiment, subtracting the amount of nonenzymatic O

Hepes-KOH (pH as noted), 0.1% dodecyl maltoside, 1 mg/ consumption, and dividing the remainder by the total
mL phosphatidylcholine, 3 mM ascorbate, 0.3 mM TMPD, nanomoles of oxidase present.

40 uM horse cytochrome (except where noted), and 1000
units of catalase. KCl was added to adjust the ionic strength COVs that showed a slow loss of,@duction activity. In

to 100 mM. The reactions containee-B0 pmol of oxidase  yhoqe experiments, catalytic turnover of the COVs took place
depending upon the activity of the oxidase form. Steady- \,,qer controlled conditions, i.e., in the presence\lif and

state oxygen reducti_on by cytochrome oxidase VeSiCIeSApH.At the end of various amounts of controlled turnover,
[COVs; prepared as in Mills et al2Q)] was measured s yho remaining activity of the oxidase population was

above in a reaction mixture containing 25 mM Hepes, pH determined after adding detergent (0.1% dodecyl maltoside)

7.4, and 24 mM KCl, plus ascorbate, TMPD, horse cyto- 54 1 mg/mL phosphatidylcholine. The addition of these
chromec, and catalase as above. Turnover numbers (TN) reagents eliminatedW and ApH, thus maximizing the
were calculated as described in Thompson and Ferguson'remaining Q reduction activity '

Miller (43).
Measurements of Suicide Ina@tion. Suicide inactivation  ResyLTS
progresses exponentially with time and linearly with the
number of catalytic cycles (CC: 10— 2H;0). The Subunit 1l can be quantitatively removed from the;-
parameter chosen to measure suicide inactivation of cyto-type cytochromes oxidase ofR. sphaeroidesising Triton
chrome oxidase is the number of catalytic cycles per oxidaseX-100 to create a form termed WT 1K) (29). While the
molecule required for the population of oxidase monomers initial O, reduction activity of detergent-solubilized WT Il
to reach 50% of the initial rate of @eduction activity. This (—) at pH 6.5 is similar to the enzyme containing subunit
number is termed the G The CGp is also the average ll, the catalytic life span of WT Il ) is at least 300-fold
catalytic life span of the oxidase (see Results). less than the normal oxidase at the physiologic pH of 7.4
Three methods were employed to obtain the;3@lues. [Figure 6 @4)]. [Catalytic life span is the number of catalytic
Control experiments using WT IlI<) and D132A 11l () cycles (CCs) between the birth and death of the enzyme.]
showed that each of these methods yielded nearly identicalThe shorter life span of the wild-type enzyme in the absence
CGCs values. For oxidase populations that rapidly lost O of subunit lll is due to its increased tendency to irreversibly
reduction activity, either as the detergent-solubilized oxidase lose activity, or suicide inactivate, due to some malfunction
or as COVs, exponentially decaying @duction curves  during the catalytic cycle29). Inactivation is caused by a

Similar experiments were used to measure the @
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Table 1: Initial @ Reduction Activities (i.e., Prior to Suicide
250,000 ——WT Il (-) Inactivation) of the Oxidase Forms Used in the Experiments
-=-T359All (-) Presented in This Study
200,000 ¥ D132Alll(-) initial TN (s7%)
oxidase form assay conditions atpH7.4
8 150,000 WT Il (+) uncontrolled 992+ 46
(& WT () uncontrolled 549t 6
@) WT I (—) uncontrolled plus A& 1136+ 65
100,000+ WT I (—) controlled 20.3+ 2.3
D132A 111 (+) uncontrolled 1133
D132A 1l (—) uncontrolled 322 40
50,000+ D132A Il (-) uncontrolled plus Aa 722 42
D132A 1l (—) controlled 22+ 1
0 : y . Y - . T359A 111 () uncontrolled 114+ 6
6.00 6.25 6.50 6.75 7.00 7.25 7.50 T359A I (—) controlled 7.5 1.9
E286D Il (—) uncontrolled 140t 35
pH E286D IIl (-) uncontrolled plus Aa 269 46
Ficure 3: Effect of D pathway inhibition, K pathway inhibition, Egggﬁ:ﬁgg ”: E_T_g ﬂﬂgggggl:gg 2(2)&31__ 82
and pH on the probability of suicide inactivation in the absence of D132A-R481K Ill ()  uncoupledl 77404
subunit 1ll. Average catalytic life spans (as §Cvalues) of D132A-R481K Il (+)  controlled 115£ 04

detergent-solubilized WT 1l1-{), T359A Ill (—), and D132A 1lI

(—) were measured at pH values between 6.2 and 7.4. Decreases ?Measured as the detergent-solubilized oxidaseAH6 or ApH.

in the CGy value indicate a greater probability of inactivation during ®250 uM arachidonic acid® Measured in COVs in the presence of

any given catalytic cycle. Error bars show the SD. AW plus ApH. 9 Measured in COVs with valinomycin and CCCP to
collapseAW and ApH.

structural change at the active site that targets thec€nter,
but the details of the inactivation chemistry are yet to be increases as the rate of proton uptake by the D pathway
defined @9, 44). decreases.

In this study, the tendency of different oxidase forms to  The proximity of the D pathway to subunit Il (Figure 2)
suicide inactivate under a variety of experimental conditions suggests that the relationship between proton uptake and
is compared by measuring their average catalytic life spans.suicide inactivation may be specific for the D pathway. If
The average catalytic life span of cytochrome oxidase is suicide inactivation follows from slow proton uptake through
given by the CG, (see Experimental Procedures), which has the D pathway, but not the K pathway, then a mutation that
several definitions and uses. First, the £ the number inhibits the D pathway should lower the G while a
of catalytic cycles (1CC= 10, — 2H,0) per oxidase mutation that inhibits the K pathway should not. Initially,
molecule that an oxidase population has performed at thetwo well-characterized subunit | mutations were chosen to
point where the entire oxidase population exhibits one-half test this. Alteration of D132, the initial proton acceptor of
of its initial O, reduction activity (see Experimental Proce- the D pathway, strongly inhibits proton uptake by this
dures). At the point of the G one-half of the oxidase pathway 21), while alteration of T359 to alanine inhibits
molecules in the total population have inactivated and one- proton transfer through the K pathway, with little effect on
half are still fully active. The single exponential decay in the D pathway §). In the first set of experiments, subunit
the rate of Q reduction exhibited by a suicide-inactivating 1l was removed from both D132A and T359A [creating
oxidase population20) indicates a balanced distribution of D132A Ill (—) and T359A Il ()] so that the effect of the
lifetimes in the oxidase population. Thus, the £@& the mutations could be compared to the WT I#), the wild-
average catalytic life span of each oxidase molecule in the type oxidase lacking subunit IlI.
population in terms of catalytic cycles. Although the 5C The average catalytic life span (gfcof D132A 1l (—)
is derived from time-based measurements efr€@luction is 2-fold to 50-fold less than that of WT 1), depending
activity (as described in Experimental Procedures), the;CC upon pH, and the C& of D132A 11l (—) is independent of
is a number of catalytic cycles, not a measure of time. The external pH from pH 6.2 to pH 7.4 (Figures 3 and 4). Over
CGCsp can also be viewed as a measure of probability. The this same pH range, direct measurements show that the rate
smaller the Cg, the greater the probability that any given of proton uptake by the D pathway of D132A IH-] remains
oxidase molecule in that oxidase population will inactivate constant and 20-fold slower than wild type, at 500 s
on each turnover. (Adelroth et al., unpublished results, and see2®f Thus,

Slow Proton Transfer through the D Pathway but Not the the catalytic life spans of both WT IlI«) and D132A 1lI
K Pathway Induces Suicide Inagdition. The CGo or average (—) are proportional to their rates of D pathway proton uptake
catalytic life span of detergent-solubilized WT IlI] between pH 6.2 and pH 7.4.
decreases dramatically with pH [FigureZ9(44)], suggest- Alteration of T359 of the K pathway to alanine has been
ing that a reduced rate of proton delivery to the active site demonstrated to strongly impair the proton transfer activity
sets up the conditions for the suicide inactivation event. A of this pathway §), leading to a 70% reduction in the rate
25-fold decrease in the Ggoccurs as the pH changes from of steady-state £reduction 8, 27). The steady-state activity
6.2 to 7.4, from an average catalytic lifetime ©250000 of T359A Il (=) was 20% that of WT Ill {) (Table 1),
CCs to one 0of~9000 CCs (Figure 3). Over this same pH indicating that, as expected, the mutation also inhibits proton
range, the rate of proton uptake into the D pathway of WT transfer in the absence of subunit Ill. This inhibition of the
Il (—) shows an approximate 20-fold decrease, froff©000 K pathway did not decrease the §6f T359A Il (—) below
to ~500 s (33). Thus, the probability of suicide inactivation that exhibited by WT Il ¢) (Figure 3). Thus, slowing proton
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Ficure 4: Various D pathway alterations induce suicide inactivation
and shorten the catalytic life span of cytochrotrexidase. Average Ficure 5: Stimulation of the rate of proton uptake into the D
catalytic life spans (as Ggvalues) were measured for detergent- pathway by arachidonic acid slows suicide inactivations§&@lues

solubilized oxidase forms at pH 7.4. The actualsg@lues, with (average catalytic life spans) were measured at pH 7.4 using
errors as SD, are as follows: WT I, 8981+ 660; D132A llI detergent-solubilized oxidase forms, with and without the addition
(—), 4922+ 662; E286D Il (), 3774+ 236; E286A-1112E I of 250 uM arachidonic acid (Aa). The measured &@alues

(), 105+ 53. without arachidonic acid are those given in the legend of Figure 4.

The CGy values obtained in the presence of arachidonic acid are

i as follows: WT Il (-), 3668444 57470; D132A I ), 103913
uptake. 'through' t'he _K pathyvay does not increase thei 22732: E286D Il ), 35567 10446,
probability of suicide inactivation.

Other mutations in the D pathway that slow proton transfer  Enhancement of D Pathway Adty by Arachidonic Acid
to the active site also increase the probability of suicide sjows Suicide Inactation. A unique characteristic of the D
inactivation in the absence of subunit Ill. In the form of pathway is the ability of long-chain, unsaturated fatty acids,
E286D containing subunit Ill, the rate of proton uptake has particularly arachidonic acid, to bind at or near the entrance
been shown to be 2-fold slower than the normal enzy2@k ( of the pathway and enhance the rate of proton trangf@r (
consistent with a 50% reduction in its; @duction activity 21, 45) (see Discussion). If suicide inactivation is enhanced
(22, 26). E286D Il (—) exhibits a 75% decrease in it O by slow proton uptake into the D pathway, then the addition
reduction activity, compared to WT IlI{) (Table 1),  of arachidonic acid should delay suicide inactivation by
indicating that proton transfer through D pathway of the increasing the rate of proton uptake. This is precisely the
subunit lll-depleted mutant is inhibited to a similar extent case: arachidonic acid increases the average catalytic life
as in E286D Il (). The CGp or catalytic life span of  span of detergent-solubilized WT II+) approximately 40-
detergent-solubilized E286D IIH) was half that of WT 1lI fold, that of D132A Il (—) approximately 20-fold, and that
(=), or about the same as D132A II] (Figure 4),  of E286D Il (—) by 10-fold (Figure 5). The fact that the
indicating that the mutation enhanced suicide inactivation. life spans of all of these oxidase forms are not increased to
The double mutant E286A-1112E relocates the internal the same level by arachidonic acid (Figure 5) indicates that
glutamate from helix VI to helix Il and shifts the carboxylate each D pathway mutation continues to impose an underlying
side chain an estimade2 A from its normal position43, limitation.
39). The rate of proton transfer to the active site in E286A-  Extreme Inhibition of Proton Uptake through the D
I112E Ill (+) is 100—400-fold slower than in the wild-type ~ Pathway Leads to Suicide Inagdition in the Presence of
oxidase, depending upon external pH, leading to a slower Subunit Ill. The rates of D pathway proton uptake exhibited
rate of Q reduction 23). At pH 7.4, a TN of 20 s! was by E286A-1112E Il (+) and D132A Il (+) are very slow.
measured for E286A-1112E IIHf), or 2% of the activity of A rate of approximately 68 has been reported for E286A-
WT Il (+) (Table 1). Following the removal of subunit Ill,  1112E Il (+) at pH 7.5 23), while a rate of 5 s! has been
the activity of E286A-1112E 1l ) was 0.4% that of the  measured for proton uptake by D132A IH-) at pH 7.4
subunit Ill-depleted wild-type oxidase (Table 1). Therefore, (Adelroth et al., unpublished results). [In a seeming paradox,
like E286D, the subunit Ill-depleted form of E286A-I1112E proton uptake into the D pathway of D132A is much slower
shows a similar level of inhibition of proton transfer as the in the presenceof subunit Ill than in its absenc&Q). This
form that contains subunit 11l. Consistent with its very slow appears to be due to a strong contribution by the N-terminal
rate of proton transfer to the active site, detergent-solubilized region of subunit 1l to the environment of D1320).] The
E286A-1112E Il (—) inactivates with high probability and  rate of proton uptake exhibited by D132A is similar to that
exhibits a very short average catalytic life span of ap- exhibited by the related mutant D132R1J. These slow rates
proximately 100 catalytic cycles (Figure 4). of proton uptake by the D pathway lead to equally slow
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ApH) stimulates suicide inactivation. G&values were measured
FiIGure 6: Suicide inactivation in the presence of subunit lll.sgC  at pH 7.4 for three oxidase forms in cytochrome oxidase vesicles
values, obtained at pH 7.4, for two detergent-solubilized D pathway (COVs) under controlled and uncoupled conditions. For the latter,
mutants containing normal amounts of subunit Ill are compared to 5 4M valinomycin and 7uM CCCP were added to collapgeV

WT Il (+) and WT Il (=). The CGp values are as follows: WT  and ApH. The CGy values under controlled conditions were as
Il (+), 3.5 x 10° (from a representative experiment); D132A lll  follows: WT IIl (=), 1136+ 108; D132A Ill (=), 716 £+ 79;

(+), 49436+ 714; E286A-1112E Il ), 17825+ 2544; WT Il T359A Ill (=), 2227 + 917. Those under uncoupled conditions
(—), 8981+ 660. A break is included in th¥ axis to allow the were as follows: WT IIl (), 10449+ 621; D132A 11l (—), 3537
high CG of WT Il (+) to be included. + 804; T359A Il (-), 15210.

steady-state rates of,Q@eduction by D132A Il ) and shows a decreased catalytic life span in the presence of a
E286A-1112E Il (+) (ref 20 and Table 1). E286A-I1112E  membrane potential (Figure 7). Unlike D132A I,
and D132A suicide inactivate even when they contain however, the catalytic life span of T359A Il is no less
stoichiometric amounts of subunit Il (protein gels not than that of WT IIl ). This is consistent with the earlier
shown). D132A Il (+) had an average catalytic life span of conclusion that inhibition of the K pathway fails to enhance
approximately 50000 CCs at pH 7.4, while E286A-1112E suicide inactivation.
[l (+) showed an average life span-©18000 CCs (Figure Proton Uptake from the Outer Surface of the Oxidase
6). These catalytic life spans are longer than those measure@omplex Helps To Slow Suicide Inaetiion and Extend the
for the subunit lll-depleted forms of these mutants, but they | jfe Span of the EnzymBuring controlled turnover in COVs
are 70-200-fold shorter than the catalytic life span of the (i.e., in the presence &W andApH) a considerable portion
wild-type oxidase that contains subunit Ill (Figure 6). of proton flow to the active site comes from the outer surface
In contrast to the D pathway mutants containing subunit of cytochrome oxidase, perhaps by reverse proton flow
11, the subunit Ill-containing form of the K pathway mutant through the normal exit pathway for pumped protoh$, (
T359A exhibits a catalytic life span of {34) x 10f CCs 46). The importance of this pathway becomes particularly
(data not shown), similar to WT IlI-) (Figure 6). This is evident using mutants that inhibit proton transfer through
consistent with the finding that the rate of proton uptake the D pathway, such as D132A (see Discussion). The double
through the D pathway of T359A III4) is similar to that mutant D132A-R481K alters both D132 plus an arginine that

of WT Il (+) (8). may form part of the proton exit pathwayq, 46). The
Inhibition of Proton Uptake byAW and ApH Further catalytic life span of D132A-R481K, which contains stoi-
Accelerates the Rate of Suicide Inastion. Once cyto- chiometric amounts of subunit 1ll, is 10-fold shorter than

chrome oxidase is reconstituted into a phospholipid vesicle, that of WT Il (—) during uncontrolled or uncoupled turnover
catalytic turnover generates a transmembrane voltage gradienfFigure 8). Such a high probability of suicide inactivation,
(positive outside) that electrostatically opposes proton uptakeeven in the presence of subunit IlI, likely occurs because
from the inside of the vesicle through both the D and K proton flow from the outer surface of the protein is inhibited
pathways. Catalytic turnover under such “controlled” condi- by the R481K mutation at the same time that proton flow
tions increases the probability of suicide inactivation such from the inner surface is inhibited by the D132A mutation
that the catalytic life span of WT Il ) is decreased (see Discussion). Note that the catalytic life span of D132A-
approximately 10-fold, from~10000 CCs to~1000 CCs, R481K Il (+) is actually longer during controlled turnover
by the transmembrane voltage gradient (Figure 7). On thethan it is during turnover in the presence of uncouplers
basis of the above, this increase in suicide inactivation is (Figure 8). This indicates that the driving force of the
due to the inhibition of proton uptake through the D pathway transmembrane potential (negative inside) is able to at least
by the AW and ApH. A similar pattern is seen for D132A  partially overcome the inhibition of reverse proton flow
Il (—) (Figure 7), although the inhibition imposed by the imposed by the R481K mutation.

D132A mutation itself further increases suicide inactivation  Is Slow Electron Input into the Aet Site the Actual Cause
under both controlled and uncoupled conditions. Once T359A of Suicide Inactation? The experiments presented to this
Il (—) is incorporated into COVSs, this mutant oxidase, also, point support the hypothesis that slow proton transfer to the
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& Ficure 9: Effect of the rate of electron delivery to the active site
0’&" on the rate of suicide inactivation. The average catalytic life span
(CGCsp) of detergent-solubilized WT 1lI<€) at pH 7.2 was measured
at different rates of initial turnover (Oreduction), achieved by

Ficure 8: Simultaneous inhibition of the D proton pathway and varying the concentration of horse cytochromén the reaction

the backflow/exit proton pathway enhances suicide inactivation in

the presence of subunit lll. The Ggralues of COVs containing mixture.

D132A-R481K Il (+) were 2337+ 158 (controlled turnover) and

1162 + 136 (uncoupled turnover). The G values for WT IlI Il (=) did vary with TN in that it increased 3-fold as the
(=) COVs are presented in the legend of Figure 7. TN declined to 2508, below which the life span decreased

once again (Figure 9). Since the rate of proton uptake by

active site increases the probability that cytochrarogidase WT Il (=) under these conditions is500 s (33), it may
will suicide inactivate during its catalytic cycle. Since be that at the turnover rate of 250tshe enzyme is “tuned”;
electron input into the active site of the enzyme is controlled e, the rate of delivery of substrate electrons and substrate
by the rate of proton uptaket{—49), it could be argued  protons to the active site has been optimized. If such
that the direct cause of suicide inactivation is actually slow electron-proton tuning helps to resist suicide inactivation,
electron input into the active site, brought about by slow it follows that slow electron delivery to the active site may
proton uptake. This hypothesis was examined in three ways.sometimes play a role in the chemistry of suicide inactivation

First, the ability of the subunit Il mutant M263L to induce (see Discussion).
suicide inactivation was examined. The M263L mutation
inhibits electron transfer from cytochrongdo Cu,, setting DISCUSSION
up conditions where electron input into the active site of
M263L is over 30-fold slower than the intrinsic rate of proton Suicide Inactiation and the D Pathwayin the absence
uptake via the D pathway4@, 48). Catalytic turnover of  of subunit Ill, cytochrome oxidase exhibits a tendency to
M263L, containing subunit Ill, does not result in suicide syicide inactivate during any given catalytic cyck8), due
inactivation (data not shown). In the absence of subunit Ill, to irreversible structural alterations at the active site of the
M263L does inactivate, but no faster than WT Ht)((data  enzyme 29, 44). The probability of the inactivation event
not shown). These experiments argue against slow electronncreases substantially at pH values above newt#l The
input as the primary trigger for suicide inactivation. experiments presented above explain the pH effect: the

Second, the tendency of the wild-type oxidase, containing probability of suicide inactivation increases as the rate of
subunit IIl, to suicide inactivate at very slow turnover rates proton delivery to the heme&s;—Cus O reduction site
was examined. This is a important control experiment decreases. For protons taken up from the inner surface of
because the mutant oxidase forms shown above to inactivatehe oxidase complex, the effect is specific for the D proton
in the presence of subunit Ill, D132A-R481K IH-], D132A pathway. Mutations that disrupt the D pathway increase the
Il (+), and E286A-I112E Il 4), exhibit very slow initial probability of suicide inactivation while mutational inhibition
turnover rates due to slow proton delivery to the active site of the K pathway does not. We have previously shown that
(21, 23, 25, 27, 39) (Table 1). Slowing the turnover rate of the removal of subunit Il strongly inhibits proton uptake
the wild-type oxidase, with subunit Ill, te~10 s* (by by the D pathway (and not the K pathway) at pH values
adjusting the concentration of cytochrom)edid not induce above neutralZ0, 33). Together with this previous finding,
the enzyme to suicide inactivate (data not shown). the experiments presented here demonstrate that one way
electron input into the active site of detergent-solubilized IS to maintain rapid proton transfer through the D pathway
WT Ill (=) by progressively limiting the amount of cyto- t0 the active site.
chromec, thus slowing electron input via Guand hemea. Long-chain, unsaturated fatty acids, particularly arachi-
Figure 9 shows that the average catalytic life span of WT donic acid, stimulate the slow, ®@eduction activity of D132
Il (=) during uncontrolled, steady-state turnover is the nearly mutants by increasing proton uptake into the D pathway,
the same at a TN of 2I'sas itis at a TN of 825, Taken apparently by replacing the carboxylate function of the absent
alone, these two points suggest that slow electron input into D132 with the carboxylate group of the fatty aci@tl( 45,
the active site in the absence of subunit 11l does not induce 46). More recent experiments indicate that the removal of
suicide inactivation. However, the catalytic life span of WT subunit Ill allows for a more productive binding of the fatty
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acid in terms of its ability to direct protons into the D 1 b 4
pathway R0). In keeping with its function of enhancing —~ =~
proton uptake into the D pathway, arachidonic acid strongly /;’: C‘LB | h f’gﬁl Cl-l.s ) BE | CL?
retards suicide inactivation by WT 1IH) and two subunit v S path /
lll-depleted oxidase mutants with structural alterations in the E2867 8 E2867 E2867 &
D pathway, D132A 1l () and E286 Il () (Figure 5).

An informative negative result was obtained when we
attempted to use zinc to induce suicide inactivation. The D D D
addition of micromolar quantities of 2h strongly inhibits \\Pa“‘ Sub. Ij \Path__ Sub. '/ path| Sub.1
steady-state ©reduction by detergent-solubilized cyto- N
chrome oxidases(). Single-turnover experiments show that Littleorno  Rapid Sl without Rapid S|
zinc inhibits proton uptake into the D pathwapi]. inac?il\.lr::tligﬁ (sl) 5”%#"1? g&%‘:"’ﬁ{ Si 9‘;%':1“\“:“

However, the addition of zinc at a variety of pH values did ' ,
not increase suicide inactivation by WT I+ (data not Ficure 10: Relationship between the D pathway and the backflow/

T . exit pathway to suicide inactivation of cytochromexidase. The
shown) even though it did inhibit steady-stater@duction, cartoon shows subunit | only, with the two metal centers of the

as expected. From this we propose that the predominantactive site. The D pathway (D) leads to E286 from the inner surface
effect of zinc during steady-state turnovemiat inhibition the oxidase complex while a backflow/exit pathway (B/E) is
of proton uptake by the D pathway; it may be that zinc slows proposed to lead to E286 from the outer surface of the oxidase

] : 5 e ; complex. The involvement of E286 in the B/E pathway is purely
steady-state greduction by the detergent-solubilized oxidase hypothetical. A short arrow depicts the pathway for protons leading

by inhibiting proton uptake through the K pathway. This from E286 to the active site. The red blocks represent the substantial
finding need not be viewed as inconsistent with the inhibitory but incomplete inhibition of proton flow through the pathways as
effect of zinc on the D pathway in the single-turnover a result of site-directed mutations, the removal of subunit Ill, or,
experiments§1). In the latter, ZA™ has extensive time to  for the D pathway only, the presence A and ApH.
equilibrate with all of its binding sites on the oxidase surface . .
prior to the initiation of the single-turnover reduction of.0  inhibition of both the D-pathway and the proton backflow
It is entirely possible that proton and Zncompete for a pathway by the amino acid alterations. The D132A muta’_uon
site near the entrance to the D pathway wherekfidor $trongly retards proton uptake by the D pathway, especially
proton is greater than that for Zn If this is so, Z&*+ will |n.the presence of subunit [120). Arg481 normally interacts
have little effect on proton uptake into the D pathway during With the propionate groups of hemasandag (3, 40), one
steady-state turnover even though the metal may have a larg®" Poth of which may be participants in the proton backflow/
effect once ZA" and proton have sufficient time to reach €Xit pathway {6, 52, 53). When proton uptake from the inner
equilibrium for binding prior to the single-turnover experi- Surface of R481K (the single mutant) is inhibited By
ment. andApH (i.e., by turnover in COVSs), its rate of controlled
The Role of the Proton Backflow/Exit Pathw@onsider- ~ {Urnover is~25% that of the wild-type oxidase (Mills and
able evidence now exists for a proton backflow pathway Ferguson-Miller, unpublished results). This indicates re-
leading from the outer surface of the oxidase complex to stricted delivery of protons to_ the active site of_R481K from
the active site9, 20, 46). This pathway, which may function the outer surface of the oxidase complex via 'Fhe proton
by reversal of the normal exit pathway for pumped protons, backflow pathway, an effect that only become; evident when
allows at least a slow delivery of protons to the active site Proton uptake from the inner surface of the oxidase complex
from the outer surface of the oxidase under conditions where S inhibited. Thus, the rapid inactivation of D132A-R481K
proton delivery from the inner surface is compromised. For Il (1) occurs because proton transfer from both sides of
example, a membrane potential (negative inside) stimulatesthe oxidase complex is |nh_|b|t_ed in the double mutant, with
the slow Q reduction activity of D132A IIl ¢), apparently the result that the active site is starved for protons.
by driving the influx of protons from the outer surfacs( An alternative explanation for the rapid inactivation of
45). In other experiments, the slow rate of controlled O D132A-R481K is that the R481K mutation distorts the
reduction (plusAW andApH) by COVs containing the wild-  structure of the active site in such a manner that suicide
type oxidase is further inhibited by the addition of zinc, inactivation becomes more likely. However, the 4 ©f
because the zinc cation binds to the outer surface of thedetergent-solubilized R481K is approximately 8.0%; i.e.,
oxidase and blocks the entry of protori9) (In the latter ~ With uninhibited proton uptake through the D pathway, the
experiment the lipid bilayer of the COVs prevents access of catalytic life span of R481K is the same as the detergent-
zinc to its binding sites on the inner surface of the oxidase solubilized wild-type oxidase containing subunit Ill. Thus,
complex.) Recently, we have found that the removal of the R481K mutation does not appear to introduce an active
subunit 1l also inhibits proton transfer from the outer surface site alteration that predisposes the enzyme to suicide
of the oxidase, similar to but additive to the effect of zinc Inactivate.

(20). A scheme for the roles of the D pathway and the backflow/
Of particular interest with regard to the backflow of exit (B/E) pathway in preventing or inducing suicide
protons is the D132A-R481K double mutant containing inactivation is presented in Figure 10. The D pathway is
subunit lll. This mutant oxidase exhibits a 10-fold shorter viewed as primary, since, as yet, we have no definitive
catalytic life span than WT Il €) during uncontrolled evidence that the restriction of proton transfer through the
turnover (Figure 8) even though it contains normal amounts B/E pathway in the absence of D pathway inhibition induces
of subunit 1. This phenomenon may be explained by strong suicide inactivation. However, once the D pathway is
induction of suicide inactivation upon simultaneous structural inhibited by a membrane potential (or by mutation), proton
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uptake through the B/E pathway helps to slow suicide
inactivation. Inhibition of both pathways leads to rapid
suicide inactivation even in the presence of subunit Il
which, in addition to its other effects, is likely to directly

stabilize the structure of the active site (see below).

Our results suggest an important physiological role for the
backflow pathway for protons from the outer surface of the
oxidase complex. Under conditions of a high membrane
potential, where proton transfer from the inner surface is
strongly inhibited, the transfer of protons through the
backflow pathway will help to prevent the rapid inactivation
of cytochrome oxidase. Since suicide inactivation is irrevers-
ible, this would prevent the cell from having to synthesize
large amounts of the cytochrome oxidase complex following
transient periods of low ADP availability. The ability of
subunit 11l to enhance the function of the proton backflow
pathway 20) becomes a second way in which this membrane
partner of subunit | helps to prevent the onset of suicide
inactivation at the active site.

The Mechanism of Suicide Inagdition. The finding that
slow proton transfer through the D pathway, but not the K

Mills and Hosler

the Y288-H284 Cgl ligand is the most likely of the three
Cug ligands to dissociatesg).

The catalytic cycle of cytochrome oxidase may include
the formation of a radical form of Y288, close to £{5, 7,

59) (Figure 1). The ability of an amino acid radical to initiate
destructive chemistry makes this an attractive candidate for
the species that leads to inactivating structural changes in
the active site. During steady-state turnover, the reduction
of hemea may be limited by the supply of electrons from
cytochromec, and this should extend the lifetime of the Y288
radical. The finding that the probability of suicide inactivation
by WT Il (=) is increasing as electron delivery slows (Figure
9) leaves open the possibility that the Y288 radical may
augment suicide inactivation at slow turnover rates in the
absence of subunit Ill. In the presence of subunit Il
however, slow turnover of the wild-type oxidase does not
lead to suicide inactivation (see Results).

Suicide Inactiation and Proton PumpingSuicide inac-
tivation results from decreased rates of proton transfer
through the D pathway and the backflow/exit pathway.
Together, these two pathways provide the route for the

pathway, enhances suicide inactivation provides important transfer of pumped protons to and from the site of proton

clues about the mechanism of inactivation. The inactivation

pumping, presumably near the hemge-Cug O, reduction

event itself presents as an irreversible alteration in the site @). Consistent with this, oxidase forms that suicide

structure of the active site29), which culminates in the
release of Cgl (Hosler, unpublished results). Since the D

inactivate either fail to pump protons or pump with de-
creased efficiencyR. sphaeroide®132A Il (+), D132A

pathway is required for the uptake of the protons that carry 11l (—), and D132A-R481K Ill {+) all fail to pump protons

the G reduction chemistry past the oxoferryl intermediates
(Figure 1, intermediates 4 and 3j){( it follows that slow
proton delivery by the D pathway will increase the lifetimes

of these intermediates in the catalytic cycle during steady-

state turnover. The oxoferryl (Fe=O) group is capable of

(20, 25) (Mills and Ferguson-Miller, unpublished results).
R. sphaeroide8VT Il (—) and E286A-1112E Il {) pump
with lower efficiency than the wild-type oxidase containing
subunit Il (20, 39). Consistent with our finding that
inhibition of the K pathway does not induce suicide inactiva-

nucleophilic attack on a nearby target, leading to irreversible tion, the K pathway mutant T359A IlI4) pumps with

oxygenation or hydroxylation. An extended lifetime for the
oxoferryl may allow its reaction with the protein scaffold of

normal efficiency 25).
The Role of Subunit IIIWe have previously shown that

subunit | in the same manner that the oxoferryl intermediate the removal of subunit 11l from cytochrome oxidase (1)
of cytochrome P450 monooxygenases reacts with substratanduces suicide inactivation at the active si8)( (2) slows

molecules %4, 55).
Slow proton uptake through the D pathway will also

proton uptake into the D pathway at physiologic pB3)(
and (3) inhibits the backflow of protons to the active site

increase the lifetime of deprotonated E286. A series of bound (20). The experiments presented here link these phenomena
water molecules, unresolved in current crystal structures, hasby demonstrating that slow proton transfer to the active site

been proposed to direct protons from E286 to the hage
Cus O, reduction site, a distance of10 A (56). Spectro-

scopic studies reveal the existence of a through-bond,

polarizable connection between E286 and the Center,

via water 66, 57). Anionic E286 may polarize the waters
between it and the Gucenter, bringing a partial negative
charge on a water oxygen close to a histidine ligand qf. Cu

induces suicide inactivation and that both the D pathway and
the backflow pathway for protons play a role in this process.
Thus, it can be argued that the ability of subunit 11l to prevent
suicide inactivation in the normal oxidase is due to its ability
to maintain effective rates of proton flow through these two
pathways in subunit I. The ability of subunit 11l to prevent
suicide inactivation can be overcome, however, by severely

Electrostatic stabilization by this partial negative charge could limiting proton flow to the active site.
promote the occasional dissociation and protonation of the Does subunit Il protect the active site from suicide

histidine from Cy as the initial step in suicide inactivation.
Nucleophilic attack of the dissociated histidine by the
oxoferryl group on hemeg could make the dissociation of

inactivation by any mechanism in addition to its ability to
facilitate proton transfer in subunit 1? The answer appears
to be yes, based on the following observations. D132A

the histidine permanent, thus weakening the interaction of suicide inactivates both in the presence and in the absence

Cugs with the protein and allowing loss of the metal. We

of subunit 1ll. However, the average catalytic life span of

have previously noted that the structural features of the activeD132A Il (—) is 10 times less than that of D132A [+
site of the suicide-inactivated oxidase are remarkably similar (Figures 4 and 6) even though the rate of proton delivery to

to those of oxidase mutants containing alterations of the Cu
ligand H284 or its covalently attached neighbor, Y288)(
Thus, we propose the dissociation of H284 fromg@s a
central component of suicide inactivation chemistry. This

the active site is some 40-fold faster for D132A ) than

for D132A lIl (+) (Adelroth et al., unpublished results, and
ref 20). Comparison of these two forms of D132A, therefore,
suggests that subunit Il protects the active site by some

proposal is strengthened by theoretical studies indicating thatmechanism in addition to the maintenance of proton delivery.
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It seems likely that the binding of subunit Il to subunit |
exerts structural influence that also helps to protect the active
site from the chemistry of suicide inactivation.
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