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ABSTRACT. Protons are transferred from the inner surface of cytochromedase to the active site by

the D and K pathways, as well as from the D pathway to the outer surface by a largely undefined proton
exit route. Alteration of the initial proton acceptor of the D pathway, D132, to alanine has previously
been shown to greatly inhibit oxidase turnover and slow proton uptake into the D pathway. Here it is
shown that the removal of subunit Ill restores a substantial rate, sé@uction to D132A. Presumably

an alternative proton acceptor for the D pathway becomes active in the absence of subunit 11l and D132.
Thus, in the absence of subunit Il cytochrome oxidase shows greater flexibility in terms of proton entry
into the D pathway. In the presence A and ApH, turnover of the wild-type oxidase or D132A is
slower in the absence of subunit Ill. Comparison of the turnover rates of subunit Ill-depleted wild-type
oxidase to those of the zinc-inhibited wild-type oxidase containing subunit Ill, both reconstituted into
vesicles, leads to the hypothesis that the absence of subunit Ill inhibits the ability of the normal proton
exit pathway to take up protons from the outside in the presene&Uébfand ApH. Thus, subunit Il
appears to affect the transfer of protons from both the inner and outer surfaces of cytochrome oxidase,
perhaps accounting for the long-observed lower efficiency of proton pumping by the subunit lll-depleted
oxidase.

Protons are required by cytochrongeoxidase for the pumping), apparently by substituting another carboxylic
conversion of oxygen to water and for the production of an group in a position that allows it to transfer protons into the
electrochemical gradient across the membrane that is used pathway (1, 15). Direct measurements of proton uptake
to drive the synthesis of ATP1). The analysis of site- into the D pathway in single turnover experiments have
directed mutants2—5) and then the crystal structures of confirmed that D132 and E286 mutants impair the uptake
bovine,Paracoccus denitrificansaandRhodobacter sphaeroi-  of protons needed for oxidase turnovés,(15).
des cytochromec oxidase 6—8) revealed two groups of Zinc has become an important tool in the study of proton
residues in subunit | important for proton uptake, the D and pathways since it has been found to inhibit the entry or exit
the K pathways. The D proton-conductive pathway iS of protons in proton pathways of the; complex (6), the
composed of a series of polar residues that coordinate apacterial photosynthetic reaction cent&6,(17), as well as
hydrogen-bonded chain of water molecules between D132,in cytochromec oxidases 18—22). Zinc inhibits the uptake
located near the inner surface of subunit |, and E286, locatedof protons into the D pathway @&. sphaeroidesytochrome
approximately 26 A above D132, closer to the site of O ¢ oxidase 21, 22), which is the likely explanation for the
binding on hemes (6—8). (The inner surface of cytochrome  jnhipition of steady-state O reduction activity of the
oxidase is that facing the mitochondrial matrix or the detergent-solubilized oxidase by micromolar quantities of
bacterial cytoplasm.) Further proton-conductive pathways, zinc (18). In addition to D pathway inhibition, when the
not clearly identified, presumably transfer substrate protons gxidase is reconstituted with phospholipids to make cyto-
from E286 to the active site where; @ reduced, or pumped  chrome oxidase vesicles (COVs)zinc inhibition of a
protons from E286 to the exit pathway leading to the outer gifferent proton-transfer pathway can be demonstrat&j (
surface of the proteirt( 9, 10). Mutation of either D132 or  cCatalytic turnover of COVs rapidly generates a transmem-
the steady-state activity of bacterial cytochromexidases  that no net proton pumping can be measured. However, even

(4, 11-14). The addition of arachidonic acid to D132 ynder these “controlled” conditions a slow ratel6%) of
mutants restores some @duction activity (but not proton
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electron transfer to £continues. Controlled electron transfer 100 mg of detergent/mg of oxidase; volumes were adjusted
appears to utilize the uptake (back-flow) of protons from to keep the total amount of detergent between 12% and 15%.
the outer surface of the protein, possibly by reversal of the After 30 min of gentle mixing at 4C, imidazole was added
normal exit pathway for protonsl®). Low concentrations  to a final concentration of 10 mM, and the oxidase was bound
of zinc inhibit the controlled rate of electron transfer tg, O  to Ni?"-NTA—agarose (Qiagen) by adding 1 mL of buffer-
apparently by inhibiting the entry of protons into the back- washed agarose/milligram of oxidase and gently mixing the
flow (exit) pathway (8). The zinc that inhibits the back-  slurry for 1 h at 4°C. The agarose mixture was poured into
flow pathway is binding to a site on the opposite side of the a small, disposable column and washed with 10 column
protein from the entrance to the D pathway, which cannot volumes of 50 mM HepeskKOH, pH 8.0, 200 mM KClI, 10
be accessed when the oxidase is embedded in the lipidmM imidazole, and 0.1% Triton X-100 followed by 10
vesicles. column volumes of 50 mM HepeK OH, pH 8.0, 200 mM
Subunit 1ll of cytochromec oxidase clearly affects KCI, 10 mM imidazole, and 0.1%-dodecyls-p-maltoside
structures within subunit 1, since subunit Il prevents (LM). The oxidase was eluted with 50 mM Hep&sOH,
spontaneous inactivation of the enzyme during the catalytic PH 8.0, 40 mM KCI, 100 mM histidine, and 0.1% LM and
cycle by maintaining the structural integrity of thegnenter ~ washed with 50 mM HepesKOH, pH 8.0, 200 mM KCl,
of the active site Z3). Recent experiments indicate that and 0.05% LM in a 50 kD Centriprep device (Amicon) until
subunit Il also affects the entry of protons into the D the histidine concentration was below 1 mM. The entire
pathway of subunit I; proton uptake in the absence of subunit procedure was repeated once in order to remove essentially
1l is 30-fold slower than that of the wild-type oxidase at all subunit Ill from the oxidase samples.
pH 8, but rapid proton uptake is restored at lower [24)( The rates of @reduction were measured at various pH
This decrease in the appareri{;pof the D pathway may  values using an oxygen electrode as described in Bratton et
reflect a decrease in the&pof D132 since the N-terminal  al. (23) in a reaction mixture of 25 mM Hepe&OH, 25
region of subunit Il contains hydrophobic residues that mM Taps-KOH, 87.5 mM KCI, 0.5 mM EDTA, 0.6 mM
partially shield D132 from bulk water [see Gilderson et al. TMPD, 3 mM ascorbate, 1 mg/mL phosphatidylcholine
(24)], and the removal of subunit Il will increase the (soybean phospholipids), 0.1% LM, and-20 pmol of
exposure of the carboxylate side chain to solvent. oxidase. Each reaction was initiated by the addition of 40
Here, we have removed subunit Il from the wild-type #M horse heart cytochrome. The rates of nonenzymatic
oxidase, two D pathway mutants [D132A)(and E286A/ reduction of Q@ by ascorbate/TMPD at each pH were
I1112E (@4)], and one K pathway mutant [T359&){ in order subtracted. Oxidase concentrations were determined from
to further explore the influence of subunit Il on proton reduced absolute spectra using the extinction coefficients of
uptake from the inner surface of the protein. The removal Hosler et al. 28), and the turnover numbers (TN) were
of subunit Il from D132A strongly stimulates oxidase calculated as described in Thompson and Ferguson-Miller
turnover, presumably by exposing an alternative proton (29). Apparent X, values for steady-state,@duction were
acceptor. Experiments with COVs containing subunit Ill- determined by fitting the pH dependence data to a sigmoidal
depleted oxidase forms show that the removal of subunit Il function that assumes a singl&gusing the equation T
inhibits controlled electron transfer much like zinc binding  TNmin + (TNmax — TNmin)/(1 + 10°H7P%3), using GraphPad
to the outer surface of the wild-type oxidase. This suggests Prism 3.0 (GraphPad Software). THgax of steady-state ©
that subunit Ill may also affect the activity of the back-flow reduction was determined from cytochrongetitrations
proton pathway necessary for turnover in the presence of aperformed in the reaction mixture listed above except that

membrane potential. the buffer was 50 mM HepeKOH, pH 6.5. The data were
fit to the hyperbolic MichaelisMenten function using
MATERIALS AND METHODS Microcal Origin. Zinc inhibition of steady-state,@duction

) o ) ) by the detergent-solubilized oxidases was performed in the

Materials Arachidonic acid was purchased from Sigma, same reaction mixture as the pH studies except the buffer
and a stock solution of 50 mM was prepared in ethanol and ;55 50 mm HepesKOH, pH 7.4, and EDTA was omitted.
stored at-20 °C. Asolectin (soybean phosphatidylcholine) The zinc inhibition constantsk() were determined by

was purchased from Associated Concentrates and recrystalponjinear least-squares fitting as described in Mills etiz) (
lized using the procedure of Sone et &b)( Sodium cholate using GraphPad Prism.

(Anatrace) was prepared as a 10% solution in water at pH
7.0, whilen-dodecyl-p-maltoside (Anatrace) was prepared
as a 30% solution in water. Valinomycin and FCCP were
from Sigma, and ZnSpwas from Columbus Chemical
Industries, Inc. Horse heart cytochrom@as purchased from
Sigma and further purified on (carboxymethyl)cellulog26)(
when used as the substrate for COVs.

Enzyme PurificationR. sphaeroidesells were grown, and
the wild-type and mutant cytochrome oxidases were
isolated using histidine affinity chromatography as described ResyLTS
previously 7). Subunit Ill was removed from the purified
oxidases using Triton X-100 as follows. The purified The Remgal of Subunit Il Alters the Actity of D
oxidases were exchanged into 50 mM Hepk©H, pH 8.0, Pathway Mutants, Especially D132ASubunit Il was
and 200 mM KCl, and Triton X-100 was added at a ratio of removed from the wild-type oxidase and D132A by washing

Preparation of COVs and Aclity MeasurementsCyto-
chromec oxidase vesicles (COVs) were prepared by mixing,
to final concentrations, 20 mg/mL asolecting® oxidase,
and 3% sodium cholate in 75 mM HepesOH, pH 7.4. A
dialysis method was used to slowly remove the detergent
(30). Measurements of cytochrome oxidation with the
COVs were made via stopped-flow spectroscopy as described
previously (8).
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Ficure 1: Removal of subunit Il from the wild-type oxidase and
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Ficure 2: Removal of subunit Il alters the pH dependence of
steady-state Oreduction catalyzed by the detergent-solubilized

D132A using Triton X-100. Oxidase samples were separated on aforms of the wild-type oxidasea), WT Ill (—) (a), and D132A

14% polyacrylamide SDS gel containig 6 M urea as described
in Hosler et al. 28) and stained with Coomassie Blue. The locations
of subunits I, 1, and Ill are indicated by the arrows. Subunit Il
runs as a doublet &fl; 37 and 35 due to incomplete processing at
its C-terminus 42). Lanes: A, wild-type oxidase (WT); B, WT IlI
(-); C, D132A; D, D132A lIl (-).

Table 1: Effect of Removing Subunit Il on thén.x Values of
Steady-State PReduction (e st aas™* at pH 6.5) Catalyzed by
Various Oxidase Forms

oxidase form {) subunit 11 (=) subunit 1l
wild type 1905+ 59 1578+ 48
D132A 30+ 0.6 669+ 23
E286A/1112E 33 0.8 5+0.3
T359A 308+ 6 202+ 11

the purified protein complexes with Triton X-100 (Figure

Il (=) (O). The apparent I, values derived from nonlinear
regression are shown in Table 4. The low rate ofr@duction
catalyzed by D132A containing subunit IIMY is shown for
comparison.

site 6), and alteration of T359 to alanine slows @duction
activity without altering the structure of the active sif. (
The removal of subunit Il from T359A has no greater effect
on this enzyme than the removal of subunit Il from the wild-
type oxidase (Table 1). This suggests that subunit Il has
less of an effect on the structure of the K pathway in subunit
| than it has on the D pathway.

Effects of pH and Arachidonic Aci@ince protons are one
of the substrates for cytochrora@xidase, the rate of steady-
state Q reduction by the enzyme is dependent upon solvent
pH (31—33). With the wild-typeR. sphaeroidesxidase the

1). By exchanging the enzyme back into dodecyl maltoside rate declines above pH 7, with an apparefy of 8.5 (Figure

buffer, all of the Triton X-100 was removed from the subunit

2, Table 4). In the absence of subunit 11l the pH dependence

lll-depleted oxidases, based on UV spectra of the final Of Oz reduction shifts to more acid values; the apparétt p

products (not shown). Using this method, the subunit I1I-

of O, reduction by WT Ill ¢) is 7.0 (Figure 2, Table 4).

depleted enzyme prepared from the wild-type oxidase The Kaand pH profile of WT IIl (~) are similar to those

[termed WT Il ()] generally retained 6590% of the Q
reduction activity of the starting material; i.e., thgax of

of the I=IlI oxidase, which lacks subunit Ill due to the
deletion of its gene from the cel24q). Interestingly, the pH

wild-type oxidase at pH 6.5 is somewhat decreased by theprofile of subunit Ill-depleted D132A [D132A Il )] is

removal of subunit lll (Table 1). In contrast, the removal of
subunit Il from D132A [creating D132A 111 {)] increased
its Vimax Of cytochromec driven G, reduction more than 20-
fold at pH 6.5 (Table 1). Since the strong inhibition of O
reduction in D132A containing subunit Il is attributed to

clearly different from that of WT Ill ). The apparentig,
of O, reduction by D132A 1l ¢) is 8.1, and although its
activity at pH 6.5 is less than that of WT IIH), at pH
values above 7.6 the activity of D132A Il is actually
greater than that of WT llI) (Figure 2). These different

very slow proton transfer through an altered D pathway to pH profiles Ilkely reflect different initial proton acceptors

the active site 15), the large increase in activity upon the
removal of subunit 1l from D132A most likely arises from

for the D pathways of WT lll ) and D132A 1ll (—) (see
Discussion).

a substantial increase in the rate of proton uptake viathe D The addition of certain fatty acids stimulates the O

pathway.
In contrast to D132A, the already low activity of E286A/
I1112E was almost eliminated by the removal of subunit 11l

reduction activity of D132A containing subunit lIL{). The
greatest stimulation occurs with long-chain, unsaturated fatty
acids, particularly arachidonic acid. It is presumed that

(Table 1). The glutamate at position 112 in transmembrane arachidonic acid restores activity by binding in such a manner

helix 2 of subunit | of this mutant occupies a position similar
to that of the normal E286 in the wild-type oxidask)
The loss of @Qreduction activity upon the removal of subunit
Il from E286A/I112E suggests that subunit 1ll normally
helps to maintain the structure of the interior of the D
pathway, well above the position of D132.

Threonine 359 of theR. sphaeroide®xidase is a key

that its carboxylate group serves as an alternative entry point
for protons in the absence of D1321( 15). Arachidonol

has no effect on the activity of D132A, indicating that
changes in @reduction activity are not due to conforma-
tional responses to the binding of the acyl chaiil)(
Arachidonic acid fails to stimulate eduction by the wild-
type oxidase that contains subunit IIl; in fact, it appears

component of the K pathway of proton transfer to the active weakly inhibitory (L1). Similarly, arachidonic acid fails to
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1250- Table 2: Long-Chain, Unsaturated Fatty Acids Increasethg of
A Steady-State ©Reduction by D132A Il {)
"_g 1000 fatty acid* Vmax (€~ s tagg™h)°
-.-: none 669+ 23
D 250 palmitate (16:0) 78% 18
< WT Il (-) + Aa linoleate (18:2) 108% 29
.‘E arachidonate (20:4) 1154 33
2 500
2 a250uM. PpH 6.5.
250 WT Il ()
0 . *E‘ 100 x
; 7 8 9 10 S
1000- g 754
B £
< 3
‘© 7501 £ 50
- "5
n D133:a I (-) 2
()
;é 500- g 25 Y y
g o
< 250 0 : ; ; ;
0 100 200 300 400
Zinc (uM)
0 Ficure 4: Low concentrations of zinc inhibit steady-state O
reduction by detergent-solubilized wild-type oxidam®,(WT Il
10004 (=) (a), and D132A Ill <) (¥). Turnover of the oxidases in the
presence of zinc sulfate was measured at pH 7.4, and zinc inhibition
_ constants were determined as described in Materials and Methods.
"_g 7501 The calculate; values were 11.@M for the wild-type oxidase
= (95% CI from 9.6 to 14.0), 3.gM for WT Il (—) (95% CI from
» 3.3t0 4.4), and 5.@%M for D132A Ill (—) (95% CI from 3.1 to
()
> s00] 6.9).
2 of soluble cytochrome oxidase, it has been proposed that
< 250. a high-affinity binding site for the metal exists near the entry
point of the D pathway, possibly including D132 and two
conserved histidines of subunit 121, 22). Steady-state ©

o

reduction by the wild-type oxidase, WT IIH{), and D132A
Il (=) were all inhibited by zinc with similaK; values
(4—12 uM; Figure 4), indicating that the removal of subunit
FIGURE 3. Arachidonic acid further alters the pH dependence of [l does not prevent the inhibition of the D pathway by low

steady-state ©reduction catalyzed by WT Ili€) and D132A 1l concentrations of zinc. In addition, neither D132 nor the

glé 5@2@%%3{,;L%%egﬁgdsﬁjwnneﬁ,dﬂgg fla('xt)yvsfr‘?lrﬁg?gtat'on’histidines of subunit Il are required for zinc inhibition.
the presencem) and absence) of 250xM arachidonic acid. (B) Steady-state ©reduction in the presence of arachidonic acid

D132A 1l (=) in the presencea) and absencea() of 250 uM by both D132A Ill (=) and WT IIl (=) was also sensitive
arachidonic acid. (C) Comparison of WT [I+-) (W), D132A I to zinc (data not shown), but the apparé@tvalues were
(~) (), and D132 containing subunit IICY, all in the presence  geyated since fatty acid micelles bind zinc.
of 2504M arachidonic acid. The Remgal of Subunit Il and the Addition of Zinc Both
stimulate the activity of WT Ill ¢) at pH 6.5, but it does  Slow the Rate of Controlled Electron Transféhe various
stimulate enzyme activity at higher pH values (Figure 3A). oxidase forms were reconstituted with phospholipids to
In contrast, the @reduction activity of D132A Il ¢) is prepare cytochrome oxidase vesicles (COVs). The rate of
stimulated at all pH values between 6.5 and 10 (Figure 3B). cytochrome c oxidation was measured in stopped-flow
As with D132 containing subunit Ill, long-chain, unsaturated experiments in which COVs containing the wild-type oxi-
fatty acids are more effective than palmitate in stimulating dase, WT Ill (), D132A, or D132A Ill (~) were mixed
the activity of D132A IIl (—) (Table 2). Remarkably, in the  with reduced cytochrome (Figure 5). In the absence of
presence of arachidonic acid both the activity and the pH ionophores and uncoupling agents, the r®duction and
dependence of D132A IIK) and WT 1l (—) become quite proton pumping activities of cytochrome oxidase in COVs
similar (Figure 3C). rapidly create a transmembrane voltage gradiat¥) and
Inhibition by Zrf". Steady-state ©reduction by the a ApH, both of which slow oxidase turnover. Turnover in
detergent-solubilized wild-type oxidase is inhibited by zinc the presence AW andApH is termed controlled turnover.
with a biphasic responsé&&). Most of the activity is inhibited =~ The addition of the potassium ionophore valinomycin
with micromolar amounts of 2, while inhibition of the eliminates AW, while addition of the uncoupler FCCP
remaining activity requires at least 10 times this amount. collapses bottApH andAW. The presence of these agents
Since zinc strongly inhibits proton uptake into the D pathway results in rapid “uncontrolled” catalytic turnover. As previ-
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Ficure 5: Removal of subunit Il from the wild-type oxidase or
from D132A decreases the rate of cytochromexidation in the

controlled state, which is further inhibited by zinc. The rate of
cytochromec oxidation by COVs containing different oxidase forms

Mills et al.

oxidase has nearly the same effect as adding zinc: an 8-fold
inhibition of the controlled rate of electron transfer and a
large increase in the RCR (Figure 5, Table 3). Addition of
zinc further inhibits the controlled rate of electron transfer
by WT Il (—), resulting in a very low rate of controlled
electron transfer (2'es* ag 1) and an extremely high RCR

of 195 (Figure 5, Table 3).

For D132A containing subunit 1ll, turnover under both
controlled and uncontrolled conditions is slow, but the
controlled rate of cytochromeoxidation is actually greater
than the uncontrolled rate (Figure 5), as has been observed
previously @). In the absence of adequate rates of proton
transfer through the D pathway, protons necessary for O
reduction are transferred to the active site from the outer
surface of the proteind( 11), possibly through the normal
exit pathway for pumped proton&&). Thus, for D132A the
removal of theAW andApH that helps drive proton uptake
from the outer surface slows the rate of oxidase turnover.
This results in an RCR of less than 1 (Table 3). The addition
of zinc to COVs containing D132A causes a 3-fold reduction
in the rate of controlled turnover, and an RCR of greater
than 1 is reestablished (Table 3).

The removal of subunit 11l from D132A slows its rate of
controlled turnover approximately 4-fold (Table 3), which
is qualitatively similar to the 8-fold reduction in the rate of
controlled turnover of the wild-type oxidase in the absence
of subunit Ill. In fact, the controlled rates of turnover by
D132A Il (=) are essentially identical to WT IIK) in both
the presence and absence of zinc (Figure 5, Table 3).
Therefore, the presence or absence of D132 does not affect

was measured at 550 nm using an Olis-rsm stopped-flow spectro-the rate ofcontrolled electron transfer when subunit 11l is

photometer as described in Mills et all8]. Spectra: (A) no
ionophores; (B) with the addition of 1M valinomycin; (C) with
the addition of valinomycin plus 5.0M FCCP. Zinc sulfate was
added to a final concentration of 1M as indicated.

Table 3: Effect of Zinc and Removal of Subunit Ill on Turnover
Rates and Proton Pumping in COVs

controlled uncontrolled proton
turnover  turnover pumping
COVs ratet rate RCR (H'/e")
WT 93 590 6 0.9-0.72
WT + Zn2*te 16 330 21
WT Il (—) 11 390 35 0.6:0.2
WT Il (=) + Zn?* 2 390 195
D132A 37 18 0.5 0.0
D132A+ Zn?* 13 15 1.2
D132A1ll (—) 10 100 10 0.0
D132A Il (=) + Zn2* 2 80 40

aln e~ s ! aa~%; conditions were as in Figure 5Measurements
were taken at pH 7.4 using subsaturating§3:M) cyt c®*; therefore,
the rates are lower than tMa.ax values in Table 1¢ RCR= respiratory
control ratio= uncontrolled rate/controlled ratéConditions were as
in Figure 6.6100uM ZnSQ,. f Standard deviatiom = 5.

ously shown 18), the addition of zinc to COVs containing
the wild-type oxidase inhibits the controlled rate of turnover
significantly more than the uncontrolled turnover (Figure 5).

This leads to a large increase in the respiratory control ratio
(RCR= uncontrolled rate/controlled rate; Table 3). In these

absentUncontrolledelectron transfer by D132A 1lI) is
not as fast as that of WT IlI<) (Figure 5) with the result
that the RCR values generated using D132A H) @re not
as high as those seen using WT It)((Table 3). When
compared to D132A with subunit 1ll, however, it is clear
that the removal of subunit Il from D132A increases its
RCR values (Table 3).

Proton Pumping The efficiency of proton pumping by
the wild-type cytochromes oxidase ofR. sphaeroidess
slightly decreased in the absence of subunit Il (Figure 6,
Table 3), as also occurs with mitochondrial cytochrome
oxidase 84, 35). In contrast, D132A Il ) shows no
measurable proton pumping (Figure 6, Table 3), similar to
D132A containing subunit 11l 4). Proton pumping by
W143H', a mutant of theR. sphaeroidegxidase in which
electron transfer to the active site is slo®86), is shown in
order to demonstrate that the slower rates of turnover
exhibited by D132A Il ) cannot explain its apparent
inability to pump protons. It may be that a carboxylic amino
acid at position 132 facilitates proton pumping by providing
another side chain in the D pathway, in addition to E286,
that can rapidly protonate the proton pump (via E286) when
necessary37).

DISCUSSION

Alternative Proton Acceptors in the D Pathway of Subunit

experiments, zinc is binding to a site on the external surfacel Are Recruited in the Absence of Subunit. IRecent

of the oxidaseX8), and the sealed vesicle prevents zinc from

experiments have shown that the removal of subunit 11l from

gaining access to its binding site(s) on the inner surface of cytochrome oxidase oR. sphaeroideslows the rate of

the protein. The absence of subunit Il from the wild-type

proton uptake into the D pathway 30-fold at pH 8.0, but rapid
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0041 e sespitir] 904 Table 4: Apparent 6, Values Derived from Nonlinear Regression
/ Uncontrolled Uncontrolled of pH Profiles of Q Reduction Activity by the Wild-Type Oxidase
/ and D132A (Figures 2 and 3)
£ 000 / Wildtype| o o app fKaof O,
: ¥+ Valinomycin reduction activity
o \ H'e = 1.0 H'le = 0.0 oxidase form (95% confidence interval)
N N . . wild type 8.5 (8.34-8.56)
00 s 004 WT Il (=) 7.0 (6.94-7.08)
2 00 0.5 o 00 0.5 1.0 D132A 7.3(7.16-7.48)
= . - - D132A 11l () 8.1 (7.98-8.26)
2 st (0 WT Il (—) + Aa? 7.8 (7.67-7.88)
ﬁ 002l Uncontrolled | ™ Uncontrolled D132A 1l (—) + Aa 8.0(7.93-8.12)
< / D132+ Aa 7.6 (7.45-7.68)
0.0 WT LG oo W143F 2250 uM arachidonic acid.
H'e =0.5 H'e’ =0.7
Y s aacussatit the protein surface to allow the recruitment of an alternate
+ Valinomycin -0.004 + Valinomycin proton acceptor for the D pathway in the absence of D132.
05 0 o m = One possible candidate for this alternative proton acceptor
Time (sec) ﬁme (sec) is His 26 of subunit I, which normally is shielded from bulk
FIGURE 6: Proton pumping is observed for wild-type, WT I}, water by the carboxylate side chain of D132 and by residues
and a low-activity mutant W143but not for D132A 1ll () COVs. in the N-terminus of subunit 111§). With the alteration of

Measurements were made in &0l Hepes-KOH, pH 7.4, 45 mM the D132 to alanine plus the removal of subunit Ill, the
KCI, and 100 4M phenol red in an Olis-rsm stopped-flow nitrogen of His 26 should be accessible to bulk water.

spectrophotometer as described in Mills et &B)(with 0.15uM . .
agg and 6uM horse heart cytochrome*, except for W143It (36) Proton uptake into the D pathway of the detergent

which was with 0.08:M aas and 2.5¢M cyt c2*. Acidification on solubilized wild-type oxidase is inhibited by micromolar
the outside due to proton pumping is observed as a decrease inconcentrations of Z& (22). This is likely the primary cause
phenol red absorbance in the presence @iV valinomycin (to of zinc inhibition of steady-state Oreduction by the
collapseAW). Alkalinization on the outside, after the addition of detergent-solubilized oxidase. Assuming the presence of a

valinomycin and 5uM FCCP (collapsingA® and ApH), is seen . . T . S .
as an increase in phenol red absorbance and represents the consumémgle high-affinity binding site for zinc in the region around

substrate protons, which have a 1:1 stoichiometry to the electronsD132, the fact that steady-state @duction by the wild-
consumed. The relative amplitudes of these two phenol red type oxidase, WT Il £), and D132A Il <) are all inhibited

absorbance changes give the stoichiometry of proton pumping, by similar concentrations of 2h suggests that the alternative

given as H/e™ values. The rates of uncontrolled electron transfer, proton acceptor that becomes functional in D132A H)(
taken from the initial slope of the alkalinization profiles, are (in e

s aag-1) 784 for the wild-type oxidase, 316 for WT 1), 195 is reasonably close to ppsition 132._This wou]d c_ertgin!y be
for D132A 1ll (—), and 10 for W143IE. The slow alkalinization true for His 26 of subunit I. In addition, the zinc inhibition
seen for D132A 1ll &) in the presence oApH (+valinomycin) experiments indicate that neither D132 nor subunit Il is
appears to arise from the slow uptake of some substrate protonsrequired for zinc coordination. Given this, it is reasonable
from the outer surface of this mutant oxidase rather than a to propose that zinc inhibits proton uptake in the normal
nonspecific leak in the COVs. . . - . . .
oxidase via electrostatic interactions (e.g., the zinc cation
proton uptake is restored at pH 6.5 and bel@4)(The rate may strongly stabilize the deprotonated form of D132) or
of proton uptake via the D pathway appears to become theby conformational restraint rather than by direct interaction
rate-limiting step for steady-state @duction in the absence  with D132.
of subunit 1l 24). The absence of subunit Il may slow the If slow proton uptake into the D pathways of detergent-
rate of proton uptake into the D pathway by increasing the solubilized WT 1l (=) and D132A III () limits the rate of
exposure of D132, the initial proton acceptor for the D steady-state ©reduction, then the pH dependence of O

pathway, to bulk water, thus decreasing ik pgn addition, reduction by these subunit IlI-depleted oxidases may largely
part of a proton-collecting antenna for the D-pathway may reflect the K, of the initial proton acceptor. The apparent
be lost upon removal of subunit IlI. pK, of O, reduction by WT 1l (), where D132 is the initial

When D132 of cytochrome oxidase ofR. sphaeroides  proton acceptor, is 7.0. This is considerably different from
is altered to alanine or asparagine, the rate of steady-statehe apparentlg, of 8.1 measured for D132A llI), where
O, reduction and the rate of proton uptake into the D pathway another proton acceptor, perhaps His 26, has replaced D132.
are extremely inhibited4( 15). The addition of arachidonic The addition of arachidonic acid shifts the pH dependence
acid stimulates the ©reduction activity of D132 mutants, of WT Il (—) to more alkaline values (Table 4). In contrast,
presumably because the carboxylate of the fatty acid providesarachidonic acid shifts the pH dependence of D132AH) (
the most effective entry point into the D pathway in the to slightly more acid values, and the fatty acid also stimulates
absence of a carboxylic amino acid residue at position 132the rate of Q reduction (Table 2). As a result of these
(11). Indeed, direct measurements indicate that the rate ofchanges, the pH profiles and activities of WT IH) and
proton uptake into the D pathway of D132N is increased by D132A 1l (—) become quite similar in the presence of
arachidonic acidX5). The experiments presented here show arachidonic acid, whereas they are considerably different in
that the removal of subunit Ill from D132A strongly its absence (Figures 2 and 3). One explanation for these
stimulates the rate of steady-statgr€duction in the absence results is that the carboxylate of arachidonic acid becomes
of arachidonic acid. The most likely explanation for this is the primary entry point for D pathway protons in both of
that the removal of subunit 11l changes the conformation of the oxidase forms lacking subunit Ill. The role of arachidonic
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acid in the presence of subunit 11l is less clear. Arachidonic
acid stimulates the weak (eduction activity of D132A
containing subunit 11l [Figures 2 and 31)]. In contrast,
arachidonic acid does not increase the activity of the wild-
type oxidase containing subunit Il at pH 6.51f or at pH

7.5 (data not shown).

While the removal of subunit Il stimulates the activity
of D132A, it further inhibits the weak activity of E286A/
I112E. Previous experiments have shown that the removal
of subunit Ill from the wild-type oxidase appears to raise
the apparent g, of E286 without slowing the rate of proton
transfer between E286 and the heage Cug active site 24).
Thus, subunit 1l influences the structure of the D pathway
at more than just the entry point, although the structural

Mills et al.

and constrict the proton exit (back-flow) pathway in the
presence of &A\W.

Clearly, the absence of subunit Il does not prevent the
binding of zinc on the outer surface of the oxidase. The
effects of zinc and the removal of subunit Il are additive,
leading to an extremely high RCR value of nearly 200 for
WT Il (—) in the presence of zinc. The high RCR is due to
the fact that controlled electron transfer is almost entirely
eliminated under these conditions, while uncontrolled elec-
tron transfer is unaffected. This is not a result of high internal
pH, as shown by the strong stimulation of respiration by
valinomycin which will increase the internal pH. Rather,
proton flow to the active site from the inside of the COVs is
inhibited by AW while proton flow via the back-leak/exit

changes around E286 are probably more subtle and they muspathway is simultaneously inhibited by zinc and the absence

occur via long-range interactions.

Proton Maement through the Exit Pathway of Cyto-
chrome Oxidase May Be Inhibited in the Absence of Subunit
III. During controlled electron transfer in COVs botA&
and ApH oppose the transfer of protons through the D
pathway and the K pathway to the active site and slow the
turnover rate of the oxidase. Pumped protons must exit at
the outer surface of the oxidasAW¥W and ApH will also
oppose proton transfer through the exit pathway and slow
catalytic turnover. The components of the proton exit
pathway leading from the active site to the outside of the
oxidase are not yet conclusively identifieti0( 38).

Controlled catalytic turnover by cytochrome oxidase is
even slower in the absence of subunit Ill, as seen by the
considerable increase in the RCR (Table 3); without subunit
Il cytochrome oxidase turnover is more sensitive to the
effects of aAW and aApH than the normal oxidase. One
likely explanation for this effect comes from the observation
that removing subunit lll has nearly the same effect as adding
zinc to COVs containing the wild-type oxidase. In COVs,
zinc cannot access its interior binding sites, but in the
presence of a\W there exists a high-affinity binding site
for zinc on the external surface of the protel8); Electron
transfer requires protons to neutralize the charge of incoming
electrons 89, 40) and to participate in oxygen reduction
chemistry, but theAW opposes proton transfer from the
inside of the vesicle. However, proton uptake from the
outsideof the vesicle, via reversal of the normal exit pathway,
is favored byAW and ApH and may be required to allow
turnover under controlled conditions. The addition of mi-
cromolar amounts of zinc appears to block this back-flow
of protons and slow controlled electron transfer, leading to
high RCR values1(8; Table 3). Since the removal of subunit
Il also slows controlled electron transfer, it seems reasonable
to propose that the transfer of protons to the active site via
reversal of the proton exit pathway is inhibited by structural
alterations induced by the removal of subunit Il.

At the top of helix 3 of subunit Ill, on the outer surface
of the oxidase, subunit Il forms connections with subunits
I and Il. Lysine 103 of subunit Il forms an ion pair with
Asp 271 of subunit I, while Asp 271 also participates in a
hydrogen bond with Arg 234 of subunit 1B). Disruption

of these interactions by mutation of these residues weakens

both the subunit+1l interface and the subunitlll interface
(41). The removal of subunit Ill may strengthen the associa-
tion of Asp 271 of subunit | and Arg 234 of subunit Il, alter
the structure of the protein in this region of the outer surface,

of subunit 111,

In conclusion, the removal of subunit 11l from cytochrome
c oxidase apparently increases the flexibility of the enzyme
in terms of the entry of protons into the D pathway. This
result supports and extends the conclusion of Gilderson et
al. (24) that subunit Ill plays a role in controlling the access
of solvent protons to the entry of the D pathway on the inner
surface of the oxidase. In addition, the removal of subunit
lIl appears to affect the ability of the normal proton exit
pathway to take up protons from the outer surface of the
oxidase under controlled conditions, i.e., in the presence of
AW and ApH. These roles for subunit Il in facilitating
proton transfer in subunit | may be the reason why subunit
Il is required for full efficiency of proton pumping by
cytochrome oxidase, as well as the reason for the high
conservation of the subunit throughout evolution.
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