BIOCHIMICA ET BIOPHYSICA ACTA

BB,

www.elsevier.com/locate/bba

ELSEVIER

Biochimica et Biophysica Acta 1458 (2000) 180-187

Review

Where is ‘outside’ in cytochrome ¢ oxidase and how and when do
protons get there?

Denise A. Mills, Laurence Florens, Carrie Hiser, Jie Qian, Shelagh Ferguson-Miller *
Biochemistry Department, Michigan State University, East Lansing, M1 48824, USA
Received 1 November 1999; accepted 1 December 1999

Abstract

Cytochrome ¢ oxidase moves both electrons and protons in its dual role as a terminal electron acceptor and a contributor
to the proton motive force which drives the formation of ATP. Although the sequence of electron transfer events is well-
defined, the correlated mechanism and routes by which protons are translocated across the membrane are not. A recent
model [Michel, Proc. Natl. Acad. Sci. USA 95 (1998) 12819] offers a detailed molecular description of when and how protons
are translocated through the protein to the outside, which contrasts with previous models in several respects. This article
reviews the behavior of site-directed mutants of Rhodobacter sphaeroides cytochrome ¢ oxidase in the context of these
different models. Studies of the internally located lysine 362 on the K channel and aspartate 132 on the D channel, indicate
that D132, but not K362, is connected to the exterior region. Analysis of the externally located arginine pair, 481 and 482,
and the Mg/Mn ligands, histidine 411 and aspartate 412, which are part of the hydrogen-bonded network that includes the
heme propionates, indicates that alterations in this region do not strongly compromise proton pumping, but do influence the
pH dependence of overall activity and the control of activity by the pH gradient. The results are suggestive of a region of
‘sequestered’ protons: beyond a major energetic gate, but selectively responsive to the external environment. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction Recent studies have attempted to determine how

the oxygen chemistry is energetically coupled to the

In cytochrome ¢ oxidase, four substrate protons
(4H{) are required for the reduction of O, to form
2H,0 at the active site. In addition, for every elec-
tron that is transferred from cytochrome ¢ to cyto-
chrome ¢ oxidase, one proton is pumped through the
protein giving four translocated protons (4Hf; H{/
e~ =1) to add to the electrochemical gradient across
the respiratory membrane for the synthesis of ATP.
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pumping of protons. Some insights have come from
mutational studies [2-6] and the X-ray structures of
cytochrome ¢ oxidase [7-10] revealing at least two
pathways that are common to bacterial and mamma-
lian oxidases, designated as the D and K channels
due to an aspartate (D132) and a lysine (K362)
which are key residues in these proton channels.
The aspartate (D132) appears to be connected via a
hydrogen-bonded network involving H,O and other
residues, to a glutamate (E286) that is positioned
between the two hemes (heme a and a3). A recent
model [1] suggests that protons supplied by the D
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channel are required during the reductive phase of
the oxidase reaction to compensate for electron
transfer from Cup at the external surface in subunit
1I, to heme « buried 19 A into subunit I. Transfer of
the proton from D132 to E286 and then to the vi-
cinity of the heme a3 ring D propionate is envisioned,
en route to the heme a propionate or vicinity (site A)
to stabilize the reduction of heme a. This involves a
conformational event that repositions the glutamate.
(There is some evidence for such a conformational
change from IR and computer modelling studies [11-
14].) Transfer back to the heme a3 propionate (site B)
would occur immediately to stabilize the first elec-
tron at Cug. Subsequently, a proton taken up
through the K channel is proposed to allow heme
a; reduction and O, binding, and to cause the repul-
sion of a proton from site B, resulting in a pumped
proton. Further electron input is also neutralized by
uptake of protons from the D pathway to sites A and
B, which are ultimately pumped. The oxygen chem-
istry proceeds using protons from the D or K path-
ways, driving the release from A and B sites. This is
a structurally explicit extension of the concept that
neutralization of electron transfer to hemes in a re-
gion of low dielectric must be satisfied by protona-
tion close to the heme [15] and that this uptake is
part of the proton pump mechanism.

Here we consider whether our studies of various
mutants in the D, K and possible exit channel in the
region of the heme propionates are consistent with
the Michel model or other mechanisms that have

Table 1
Comparison of activities of K362M and wild-type after recon-
stitution into lipids vesicles

Conditions Steady-state O, Cyt. ¢ oxidation

consumption (e” /slaas)

(e Islaaz)

W.T. K362M  W.T. K362M
Coupled 96.0 0.17 26.4 0.0115
With valinomycin 100 0.18 132 0.0133
Uncoupled 1380 0.20 243 0.0243
RCR® 7.55 1.22 9.21  2.11

Measurements were made either in a Gilson oxygraph with
0.016 nmol W.T. and 1.6 nmol K362M COVs (steady-state) or
in a stopped-flow Olis-rsm spectrophotometer (cyt. ¢ oxidation
as in Fig. 2).

2RCR =respiratory control ratio = uncoupled rate/coupled rate.

been proposed, such as the histidine shuttle [16] or
the indirect coupling model [10].

Aside from the involvement of different proton
paths, one major difference between current models
is the extent to which the neutralization of electron
input is invoked as contributing to the energy of
proton pumping. Another area of controversy relates
to the order of uptake of chemical versus pumped
protons, and which channels are involved. The Mi-
chel model raises a further issue: where is ‘outside’,
the physical location where protons have free access
to the external solvent, in the oxidase structure?

2. What is the role of the K channel and its key lysine
residue?

Originally the K channel (Fig. 1) was designated as
the substrate proton channel. It lies directly below
the active site and the lysine, K362, and threonines
above it, T359, T352, could connect via waters di-
rectly to a tyrosine, Y288, that is covalently bound to
a histidine ligand of Cup [10,17]. This tyrosine is
proposed to donate a substrate proton and an elec-
tron [18] in the formation of the chemical intermedi-
ate P (alias compound C). Mutation of K362 results
in extremely low activity (< 0.05% of wild-type) and
heme a3 becomes very difficult to reduce, whereas
heme a and CuB are readily reduced [6,19-22]. It
has been postulated that the lysine could be merely
required as a proton trap for neutralization of charge
at heme a3 [19]. However, since T359 and T352 mu-
tants have similar properties to the lysine mutants [6]
except with higher residual activity, this suggests that
a conducting pathway is involved.

Our studies show that the residual activity of the
K362M mutant increases when the membrane poten-
tial is dissipated, both in steady-state measurements
of oxygen consumption (Table 1) and in pre-steady-
state (8 turnovers) stopped-flow measurements of cy-
tochrome ¢ oxidation (Fig. 2, Table 1). This obser-
vation indicates that impaired proton uptake in the
K pathway cannot be overcome by protons supplied
from the exterior, as seen in the D132 mutants
[4,23,24]. Thus the K pathway does not appear to
lead to an externally accessible site, supporting its
proposed role as a substrate proton channel.

Substantial increase in K362M activity is achieved
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Fig. 1. Structure of the metal centers and key residues from the coordinates of the bovine heart cytochrome ¢ oxidase [10] showing
proposed proton pathways and the subunit I/II interface region above the hemes. Cup+ligands (blue); Cug+ligands (green); Mg+li-
gands (purple); hemes+Fe (red); K channel residues (olive); D channel residues (dark blue); H,O (blue). Circle indicates hydrogen-
bonded network surrounding Mg and involving the heme a and a3 propionates with hydrogen bonds depicted as dotted lines.

by using peroxide as substrate (approx. 50-fold at
5 mM H;0,), although the K, for peroxide is high
(50 mM) [22]. This is true for purified and reconsti-
tuted enzyme, but no significant respiratory control
is observed with peroxide (Mills, unpublished). The

activity with peroxide has led to the conclusion that
the K channel protons are only required in the initial
reductive half of the reaction cycle (O—R —P)
(Scheme 1) [20]. Evidence for the non-involvement
of the K channel for the remaining substrate protons
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Scheme 1. O=oxidized state; R;, Ro=1e™, 2e~ reduced;
A =0, bound form; P=peroxy intermediate (at the level of
Fe** =0); F=ferryl-oxo intermediate; Hj =pumped proton.
Proton uptake and release are shown as proposed in the Michel
model [1].

(P—F — 0) also comes from flow-flash studies of the
fully reduced enzyme [25] where single turnover
events proceed normally, and from other studies us-
ing peroxide as a substrate [20,22]. However, in the
flow-flash studies it is difficult to know how many
protons are pre-loaded, and in all these studies, it
cannot be determined whether the peroxide itself
provides the protons necessary for the oxygen chem-
istry when the K channel is blocked [19,21]. Never-
theless, our results and others show that there is
general agreement that the lysine is important for
allowing reduction of heme a3, which explains why
blocking the K channel has a drastic effect on the
ability of the enzyme to bind and utilize oxygen.
Whether this is due to blockage of only one, or sev-
eral, substrate protons is not clear.

3. What is the proton specificity of the D channel?

The D channel was originally designated as the
proton pumping channel. An aspartate (D132) in
the loop between helix II/III of subunit I (Fig. 1) is
required for proton pumping [2,4,5,26]. The question
remains whether protons from the D channel are also
required as substrate protons in the second half of
the reaction cycle (P—F — O) under normal condi-
tions. There is evidence that this latter part of the
reaction cycle (phase 1I) is responsible for all proton
pumping [27,28]. However, this has been contested
recently by Michel [1] who proposes that at least
one proton is pumped during the initial (phase I)
reduction. New evidence from Wikstrom and col-
leagues confirms an important role of the reductive
phase in at least the release of pumped protons [29].

Results with the K362 mutants suggest that the D
channel not only supplies all the pumped protons but
also the last two substrate protons [25,30]. An alter-
native explanation is that only when the K channel is
compromised are substrate protons supplied by the
D channel [1], or by pre-loaded protons [19,21], or
by H,O, [21] (and see above). The evidence for either
model is not yet compelling.
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Fig. 2. Cytochrome ¢ oxidation by K362M shows normal respi-
ratory control. Measurements were made in an Olis-rsm
stopped flow spectrophotometer. Wild-type cytochrome ¢ oxi-
dase (0.16 uM) vesicles (COVs) were mixed with 2 uM cyt ¢**
with: (a) no ionophore (coupled), (b) +2 uM valinomycin, (c) as
b +5 uM CCCP (uncoupled). K362M COVs (0.32 uM aas)
with 3.3 UM cyt. ¢** as above and (d) in the absence of en-
zyme, i.e. a measurement of cyt. ¢>* autooxidation.
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Fig. 3. D132A is rate-limited by the accessibility of protons
from the exit path. Cytochrome ¢ oxidation measurements were
made as in Fig. 2 but with a rapid pH change in the stopped-
flow by using different pH buffers with cyt. ¢*, mixed with the
COVs (0.08 uM aas) in low buffer (50 uM HEPES-KOH, 45
mM KCl, 44 mM sucrose, | mM EDTA pH 7.4) but keeping
the ionic strength constant using KCI.

When D132 is mutated to any non-carboxylate
residue, the residual activity is only 5% of wild-type
in the R. sphaeroides aa; oxidase. This is substan-
tially higher than the activity of the K362 mutants,
suggesting a less, rather than more, essential role, or
that the mutation does not provide as complete a
block of the pathway. The latter argument appears
true in the case of the Escherichia coli bo; oxidase
where nearly 45% activity is retained by the equiva-
lent mutant, but still with no proton pumping. How-
ever, unlike the E. coli bo; mutants, or the K362
mutants, the residual activity of D132A/N is inhib-
ited rather than stimulated by removal of a mem-
brane potential. Considerable evidence supports the
conclusion that this ‘reverse respiratory control’ is
due to uptake of protons from the exterior side of
the membrane driven by a negative-inside membrane
potential [4,21,24,31].

Consistent with this conclusion is the finding that
the activity of the D132A mutant can also be in-
creased by increasing the proton concentration out-
side. This has been measured in a stopped-flow spec-
trophotometer using a pH jump with the
reconstituted enzyme (Fig. 3). The normal pK, seen
for the wild-type (pH 7.8) is not evident in D132A:

the rate increases exponentially with decreasing pH,
showing that availability of protons from the outside
is rate-limiting in this mutant. Presumably, reversal
of proton uptake is not observed in the native en-
zyme because protons are much more rapidly sup-
plied from the inside through the D channel. How-
ever, regulation of reversibility of the proton exit
path could explain how ‘intrinsic uncoupling’ [32],
or lowering of the normal proton to electron stoichi-
ometry, might occur under physiological conditions
[33].

Are D channel protons normally utilized as both
substrate and pumped protons? If so, it would ap-
pear that both functions can be satisfied, in a kineti-
cally limited way, by protons coming from the out-
side when the D channel is blocked. It is relatively
easy to imagine the exit channel supplying sites A
and B envisioned in the Michel model [1] but access
to the active site chemistry is harder to visualize,
unless E286 or histidine 334 can pick up protons in
their ‘out’ positions. Even more difficult to conceive
is how an indirect coupling model [10] would allow
external protons to supply the oxygen chemistry. It is
important to note that unlike the K channel mutants
[6,20], the steady-state reduction of the hemes of the
D132 mutants is not inhibited. D132 mutants also
have normal internal electron transfer from heme «
to heme a3, or the reverse, when CO is flashed off the
CO-inhibited mixed-valence enzyme in the absence of
O, in single electron transfer experiments [25]. How-
ever, D channel protons are required for kinetically
competent complete turnover, and at least for the
neutralization of an electron movement from CuA
to heme « in the fully reduced enzyme in flow-flash
transient absorption spectroscopy measurements [34].
But where exactly the D path protons are delivered is
not clear, nor whether that delivery route is different
at different stages of the oxygen chemistry.

4. Are the propionates above the hemes involved in
proton exit?

There is an extended hydrogen-bonded network
above the hemes that involves the arginine pair
(R482, R481) (Fig. 1) and water [8,9,13] and the
non-redox active Mg/Mn site at the subunit I/II in-
terface. Mutation of the Mg/Mn ligand H411 to Q
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alters the structure of the metal site, and D412 to N
or A causes loss of the metal [35]. When the Mg/Mn
is lost, activity is reduced to 40% of wild-type and
redox properties of the heme a3 are altered. Kinetic
analysis shows changes in the pH dependence of the
overall activity of the D412A mutant along with a
change in rate of reduction of heme a3, suggesting an
altered protonation event that is necessary for nor-
mal rates of heme a3 reduction — perhaps secondary
to a change in the reducibility of Cug. This is remi-
niscent of the K channel mutants where reduction of
heme a3 is also strongly inhibited, suggesting some
relationship between these sites. Such a relationship
would be consistent with the Michel model, where a
proton coming from the D channel to site B (in the
vicinity of the a3 propionate D) facilitates Cup re-
duction, while a proton from the K channel is re-
quired to allow a3 reduction.

Interestingly, some of the arginine (R481,482) mu-
tants also lack a Mg/Mn metal site and have charac-
teristics somewhat similar to the Mg/Mn ligand mu-
tants (J. Qian, D.A. Mills, S. Ferguson-Miller,
unpublished results). Although proton pumping is
not abolished in any of these mutants, except where
structure is extremely disturbed as in R482P, alter-
ations of the arginines lower the H*/e™ stoichiometry
(J. Qian, D.A. Mills, S. Ferguson-Miller, unpub-
lished results) [36]. It is difficult to determine which
changes caused by these mutations may be more crit-
ical: (a) alteration of the pK, of the propionates to
which the arginines and the Mg/Mn ligands are nor-
mally hydrogen-bonded [36]; (b) destruction of the
hydrogen-bonded network which may be important
for a proton relay pathway that is part of the exit
route; or (c) conformational changes due to the
charge redistribution. In all cases, it is an interesting
question whether protons reaching the region of the
propionates are already ‘out’. The Michel model im-
plies that they are not [1], since further energy input
from the oxygen chemistry is needed to displace
them. The Wikstrom histidine shuttle model and a
Glu-286 shuttle model discussed by Hofacker and
Schulten [37] and Iwata et al. [7] imply that they
are, since they are outside the gate provided by the
movement of the shuttling residue in question.

The effects of mutants in the vicinity of these pro-
pionates can be interpreted to indicate that this re-
gion is indeed ‘out’; that is, beyond an important
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Fig. 4. The release of the membrane potential by valinomycin
has a less stimulatory effect on D412A cytochrome ¢?* oxida-
tion compared to wild-type or H411Q. Reconstituted oxidase at
0.08 uM in asolectin vesicles (as in Fig. 2) with 2 uM cyt. ¢**
with: (a) no ionophore (coupled), (b) +2 uM valinomycin, (c)
as b +5 uM CCCP (uncoupled).

gating mechanism, because their effects are not as
dramatic as might be expected if the region were
critical to the pumping mechanism. But all the mu-
tants which have lost the Mg/Mn show an increased
sensitivity to the pH gradient as illustrated in Fig. 4,
where the rate of respiration is not strongly stimu-
lated by valinomycin (loss of the electrical potential,
A%P) in D412A compared to the effect of the uncou-
pler CCCP (loss of ApH). Thus this region of the
protein may be important in the mechanism of res-
piratory control.
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5. Conclusion

Both the D and K channels appear to have the
required structure to form a hydrogen-bonded net-
work for proton uptake from the inside of the mem-
brane if predicted waters are included. In both chan-
nels there are polar residues (serines, threonines) and
water-organizing residues (arginines). Bacteriorho-
dopsin has a similar hydrogen bonded network con-
trolled by key residues (aspartate, glutamate, threo-
nine and arginine) [38]. In cytochrome ¢ oxidase, as
in bacteriorhodopsin, the D channel appears to be
supplied by a proton collecting antenna that is at the
inner surface of the protein. However, in the Rhodo-
bacter sphaeroides oxidase, D132 is essential to en-
sure a kinetically efficient supply of protons through
the D pathway. In the absence of this carboxyl, pro-
ton reversal through an external path is revealed,
demonstrating a connection between the D channel
and the exit path. The conclusion can thus be drawn
that protonation of a group (or groups) rapidly ac-
cessible from the D channel and slowly accessible
from the exit channel is involved in proton pumping
and permitting electron transfer to proceed.

The K channel is not connected to the exit path
because the residual activity of lysine 362 mutants is
not increased by the presence of a membrane poten-
tial. But the K channel protons are required for effi-
cient reduction of heme a3. For normal reduction of
heme a3 during turnover, protonation of a site(s)
above the heme is also required. The results from
mutants in this region (arginines and Mg/Mn li-
gands) support the idea that protonation of a propi-
onate of heme a3 could be one of the groups in-
volved, the suggested site B in the Michel model.
Since the propionate on ring D in question is hydro-
gen bonded through a water to His-334, a ligand of
Cug, it 1s a reasonable candidate for a site whose
protonation could influence reducibility of Cug and
secondarily heme a;. Alternatively, in the histidine
shuttle mechanism, His-334 itself is a proton accep-
tor whose behavior could be influenced by modifica-
tions that result in loss of Mg.

The current model of Wikstrom and colleagues
suggests that release of protons during the reductive
phase of the oxidase reaction is not due to a reduc-
tion-driven pump [1], but to energy stored in the
oxidative phase [29]. However, a mechanism of ‘stor-

ing’ the oxidative energy (conformational?) is yet to
be described. (Proton pumping by conformational
events induced by oxygen chemistry is also part of
the indirect coupling model proposed by Yoshikawa
and colleagues [10].) The storage of protons in a
region where they are beyond an energetic gate, but
still structurally sequestered almost seems to be re-
quired, raising the critical issue of where is ‘out’ and
when do protons get there. Is the hydrogen bonded
network which is anchored by Mg and involves the
heme propionates ‘in” or ‘out’? Or is it the region
where the protons can be temporarily sequestered?
Some of the studies reviewed here would favor the
idea that this region is beyond an important gate,
since disruption of major elements do not drastically
affect the pumping behavior. However, there is also
evidence that loss of Mg significantly affects control
of activity by the pH gradient ([35,39]; J. Qian, D.A.
Mills, S. Ferguson-Miller, unpublished results). Fur-
ther analysis of mutants in this region may clarify
these issues and elucidate the mechanism of regula-
tion of electron and proton transfer.
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