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One of the challenging features of energy-transducing terminal oxidases, like the aa; cyto-
chrome ¢ oxidase of Paracoccus denitrificans, is the translocation of protons across the
cytoplasmic membrane, which is coupled to the transfer of electrons to oxygen. As a prerequisite
for a more advanced examination of the enzymatic properties, several amino acid residues,
selected on the basis of recent three-dimensional structure determinations, were exchanged in
subunit I of the Paracoccus enzyme by site-directed mutagenesis. The properties of the mutated
oxidases were analyzed by different methods to elucidate whether they are involved in the
coupled and coordinated transfer of protons via two different pathways either to the site of
oxygen reduction or through the enzyme from the cytoplasm to the periplasmic side.
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INTRODUCTION

Several reasons make bacterial cytochrome ¢ oxi-
dases attractive objects to study their enzymatic and
spectroscopic properties. Firstly, they show a much
simpler subunit structure than their eukaryotic, mito-
chondrial counterparts. Secondly, they are easily ame-
nable to genetic manipulation, in particular to site-
directed mutagenesis methods which aim at identifying
the role and contribution of individual amino acid resi-
dues to the catalytic process. Furthermore, a large body
of data shows the evolutionary and structural relation-
ship of the oxidases that form the so-called superfamily
of terminal oxidases (Saraste, 1990). Apart from the
bd-type quinol oxidases (Miller et al., 1988) all mem-
bers of this family of oxidases are characterized mainly
by the structure of their subunit I and the cofactors
that are bound to this subunit (Calhoun et al., 1994
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and below) and by their ability to establish an electro-
chemical gradient by vectorial translocation of protons
across the membrane (Morgan et al., 1994). The close
similarity of their overall enzymatic properties strongly
suggests that results obtained with bacterial oxidases
apply to the mitochondrial oxidase as well. This even
holds true when oxidases are compared that differ from
each other with respect to their heme composition
(Calhoun et al., 1994) and/or the donor of electrons
(cytochrome ¢ or quinol).

If a final proof of the similarity of prokaryotic
and eukaryotic terminal oxidases had been required,
this need was certainly fulfilled by the recent crystalli-
zation of the prokaryotic aa; cytochrome ¢ oxidase of
Paracoccus denitrificans (Iwata et al., 1995) and the
mitochondrial cytochrome ¢ oxidase (Tsukihara et al.,
1995). The comparison of their structures shows that
the three subunits that form the core of the mitochon-
drial enzyme may be superimposed on their prokary-
otic counterparts without any noticeable spatial
differences. The crystal structures give an ample illus-
tration of the bewildering complexity of the eukaryotic
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oxidase that consists of 13 different subunits compared
to only 4 subunits that constitute the Paracoccus
oxidase.

THE AA; CYTOCHROME C OXIDASE OF
PARACOCCUS DENITRIFICANS

Paracoccus denitrificans is able to transduce
energy under aerobic conditions by transferring elec-
trons from NADH to oxygen via an electron transport
chain that closely resembles the mitochondrial one as
far as the involvement of enzyme complexes and the
sequence of individual steps is concerned (John and
Whatley, 1977; van Spanning et al., 1995). This simi-
larity was even interpreted in the context of the endo-
symbiotic theory with Paracoccus as a successor of
the organism once engulfed by the primordial eukar-
oyte (John and Whatley, 1977).

The cytochrome ¢ oxidase of the “mitochondrial”
aas-type is only one of three terminal oxidases of P.
denitrificans (de Gier et al., 1994). Besides a quinol
oxidase (Richter ez al., 1994, de Gier et al., 1994) that
uses ubiquinol as the donor of electrons to reduce
oxygen directly there is a second cytochrome ¢ oxidase
(Raitio and Wikstrom, 1994; de Gier et al., 1996)
with a different heme (cbb) and cofactor composition,
lacking the Cu, center. Although the expression of this
oxidase is believed to be enhanced under conditions of
low oxygen tension (de Gier et al., 1994), it is able
to replace the aa; oxidase in supporting aerobic growth
of Paracoccus. Four different loci are involved in pro-
viding the genetic information for the aa; cytochrome
¢ oxidase of Paracoccus. There are two genetic loci
for isogenes coding for subunit I; in most instances
only the ctaDII gene is transcribed (Raitio et al., 1990)
while there is only one condition reported where a
plasmid-coded ctaDI gene was expressed (de Gier et
al., 1994). The ctaC and ctaE genes of the so-called
cta operon code for subunits II and III of this oxidase
(Raitio et al., 1987; Steinriicke et al., 1987) while yet
another locus, ctaH, codes for subunit IV (Witt and
Ludwig, 1997).

Crystallization of the Paracoccus aa, cytochrome
¢ oxidase finally proved that the enzyme complex con-
sists of four different subunits. A small peptide origi-
nally proposed by Haltia (1990) as a fourth subunit
was shown to be part of the complex (Iwata et al.,
1995). The function of this very small subunit with
only one transmembrane helix remains uncertain as
the deletion of its gene had no deleterious effects for

the assembly or function of the oxidase (Witt and
Ludwig, 1997). Subunit I1I is equally dispensable since
an enzyme complex consisting only of the subunits [
and II has been shown to be catalytically competent
and completely functional (Ludwig and Schatz, 1980;
Hendler et al., 1991). On the other hand there have
been speculations for the Paracoccus aa; oxidase that
the spatial arrangement of the seven transmembrane
helices of subunit III may reflect its involvement in
binding cytochrome css, (Iwata et al., 1995), that this
subunit may influence the conformation of subunits I
and II (Echabe et al., 1995), and that the absence or
mutation of this subunit influences the efficency of
energy conservation (Wu et al., 1995).

The core of the aa; cytochrome ¢ oxidase is com-
posed of subunit II which carries the binuclear Cuy
site that serves as the entry point for electrons donated
by cytochrome ¢ (Hill, 1991) and subunit I which
contains the other redox-active centers. These are a
low-spin heme a accepting electrons from the Cu,
center and transferring them to the binuclear site of
oxygen reduction which is formed by one copper atom
called Cug and the high-spin heme a;.

In addition to the redox-active atoms mentioned
above, manganese is bound in substoichiometric
amounts by specific amino acid residues in the two
larger subunits (Hosler et al., 1995; Witt et al., 1997).
The importance of this metal atom is not completely
understood although some stabilizing role has been
implied.

PROTON-PUMPING PATHWAYS IN
CYTOCHROME C AND QUINOL
OXIDASES

Due 1o the structural similarity between cyto-
chrome ¢ and quinol oxidases which was recently
emphasized by the analysis of two-dimensional crys-
tals of the E. coli bo; quinol oxidase (Gohlke et al.,
1997), it is generally assumed that protons are trans-
ferred within and translocated across subunit I via
routes that are identical in both classes of enzymes.
In fact, two distinct pathways for protons have been
inferred from mutagenesis studies of the E. coli bo,
quinol oxidase since the mutation of Aspl35 to Asn
exerts no major effect on the reduction of oxygen to
water while the proton-pumping capacity of this oxi-
dase is effectively abolished (Thomas et al., 1993a).

Inspection of the three-dimensional structure of
the Paracoccus cytochrome ¢ oxidase also indicated
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two possible proton transfer pathways (Iwata et al.,
1995). One such route for the delivery of protons to
the binuclear center as the site of water formation (Fig.
1) was suggested to be composed mainly of residues
Ser291, Lys354, Thr351, the hydroxyl group of heme
a3, and of Tyr280 (numbering refers to the residues in
subunit I of the Paracoccus enzyme). The side chain
of Lys354 may adopt different conformations to form
hydrogen bonds either to Ser291 or to Thr351, respec-
tively. This pathway has been dubbed “K channel” due
to the involvement of the lysine residue.

Considerably more residues contribute to the
pathway (often termed the “D channel”’) for protons to
be translocated across the membrane. Asp124, Thr203,
and Asn199 are located in the vicinity of the entrance
of this channel (Fig. 1). The further route of protons
is probably lined by Asn113, Asn131, and Tyr35 before
a larger cavity is reached in the protein with Ser134,
Ser189, and Seri93 as possible hydrogen-bonding
partners for water molecules, which may also be
important for the proton transfer to Glu278 (Iwata et
al., 1995). No definite suggestion could be deduced
from the structure of this oxidase as to the further
route of the protons once they gain access to Glu278.
One alternative could be a pathway via the Cug ligand
His325 and Asp399 to the periplasmic bulk phase
while an equally likely route may involve one or both
of the heme a; propionate groups.

This concept of two different proton conducting
pathways has recently been challenged extensively.
Although mutation of Lys362 of the E. coli bo; quinol
oxidase to methionine leads to an inactive enzyme, it
has been shown that this mutant oxidase is nevertheless
able to catalyze the later steps of oxygen chemistry,
provided suitable experimental conditions are estab-
lished (Konstantinov et al., 1997). This implies that
only the first two of the four protons required for the
formation of two water molecules are transferred via
the K channel. The other two would reach the binuclear
center via the D channel which is also used by the
“pumped” protons. A total of six protons would thus
have to be funneled through the D channel, although
it is not immediately clear how chemical protons can
be separated from pumped protons (see Wikstrom et
al., this volume). Perhaps there is no such mechanistic
separation, and their fate is decided on momentary
needs. A different challenge to the two-channel con-
cept is the description of additional proton pathways
invoked from the crystal structure of the bovine cyto-
chrome ¢ oxidase (Tsukihara er al., 1996; see also
below).
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Considering these uncertainties about the contri-
bution of the two proposed channels to the overall
movement of protons within or across the enzyme
complex, it is beyond the scope of this review to
address the even more speculative aspect of coupling
of electron transfer to oxygen with the translocation
of protons across the membrane, and the nature of
the gating mechanism. This topic is covered by other
reviews of this volume.

PUMP STOICHIOMETRY OF TERMINAL
OXIDASES

It is generally accepted today that the ratio
between electrons transferred to oxygen and concomi-
tant translocation of protons across the membrane-
incorporated oxidase complex is integer, as long as
experimental conditions favor the strict coupling of
both processes. In addition four protons are consumed
in the reduction of one oxygen molecule.

The ability of oxidases to act as a proton pump
can already be tested on the level of whole cells. In the
absence of an alternative proton pumping cytochrome ¢
oxidase (see below) Paracoccus cells should acidify
the external medium with a stoichiometry of 3 protons
for every electron transferred from succinate to oxygen
via the the bc; complex and the aa; oxidase if any
contribution by complex I (oxidizing NADH) is inhib-
ited. This stoichiometry is decreased to 2 if the bc,
complex is bypassed, and oxygen reduced only by the
quinol oxidase.

One bias of the whole-cell approach, however,
deserves mentioning. While a ratio of 3 H*/e™ clearly
indicates the presence of a redox-driven cytochrome
¢ oxidase proton pump, values close to 2, on the other
hand, may reflect two alternative situations: (i) with
a high electron transport rate, it would indicate loss
of proton pumping activity; (ii) with a low electron
transfer rate, electrons are forced to predominantly use
the quinol oxidase branch; any small contribution of
a proton pumping cytochrome ¢ oxidase is therefore
difficult to assess experimentally.

Experimental conditions for proton pumping
experiments presented here were essentially as
described by Puustinen et al. (1989).

EXPRESSION AND PURIFICATION OF
PARACOCCUS AA; CYTOCHROME C
OXIDASE

Based on evidence from the 3-D structure of the
Paracoccus and beef heart oxidases (Iwata et al., 1995;
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Fig. 1. Partial structure of subunit I of the P. denitrificans cytochrome ¢ oxidase (Iwata er al., 1995), showing residues in 8 out
of 12 transmembrane helices, where mutations were introduced (see Table I). Carbon atoms are color coded according to their
proposed contribution to one of three separate channels (see text for details). Magenta: channel D, cyan: channel K, and green:

channel E.
Tsukihara et al., 1996) and on earlier results of studies several amino acid residues of the Paracoccus aas
with the bo; quinol oxidase of E. coli and the aas cytochrome ¢ oxidase were exchanged by site-directed

cytochrome ¢ oxidase of Rhodobacter sphaeroides, mutagenesis (for experimental details see Witt et al.,
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1995). Mutations were confirmed by DNA sequencing,
and genes cloned into a derivative of the broad-host
range plasmid pBBRIMCS (Kovach et al., 1994).
Besides an additional selection marker (Parales and
Harwood, 1993) conferring resistance to streptomycin,
the promoter region of the cta operon (Raitio et al.,
1987) was inserted to direct the expression of the
ctaDII gene.

Broad-host range plasmids carrying mutated
ctaDII genes for subunit I were conjugated (Gerhus
et al., 1990) into the Paracoccus host strain AO1 car-
rying the following features. This strain is a derivative
of strain MR31 deleted in the chromosomal copy of
the ctaDII gene and its isogene ctaDI (Raitio and Wik-
strom, 1994). To obtain AO1, the alternative cbb, cyto-
chrome c oxidase was inactivated additionally by inser-
tion of a gentamycin resistance gene (Elzer et al.,
1995) into ccoN coding for subunit I of this oxidase.
Consequently, strain AO1 is not able to express any
cytochrome ¢ oxidase activity, but regains the ability
to assemble an intact aa; cytochrome ¢ oxidase once
a functional copy of the ctaDII gene is introduced in
trans. When the host strain is complemented with a
mutated ctaDIl gene, some characteristics of the
mutant oxidase can easily be determined already on
the level of membranes. Expression in strain AO1 of
the aa; cytochrome ¢ oxidase carrying the wild-type
subunit I or mutated versions usually reached a level
comparable to that observed with wild-type strains
of Paracoccus.

The aa; cytochrome ¢ oxidase was purified after
solubilization of membranes by dodecyl maltoside
(Hendler et al., 1991), but essentially in a one-step
procedure involving specific F, antibody fragments
and affinity purification of the resulting complexes
on streptavidine sepharose (Kleymann et al., 1995),
usually followed by size exclusion chromatography to
separate the oxidase complex from excess antibody
fragments.

SITE-DIRECTED MUTAGENESIS OF
RESIDUES LINING PUTATIVE PROTON
TRANSFER PATHWAYS IN THE
PARACOCCUS CYTOCHROME C
OXIDASE

Determination of the structure of the Paracoccus
aa; cytochrome ¢ oxidase allowed us to investigate the
possible involvement of specific amino acid residues in
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the transfer of protons either to the binuclear center
of subunit I or across this subunit.

The mutations that were introduced at different
positions of subunit I fall into three categories. Those
thought to line the channel that transfers protons from
the cytoplasmic to the periplasmic side (Iwata et al.,
1995) constitute one group (the D channel). Mutations
of this group include Tyr35, Asnl13, Asp124, Asnl31,
Ser134, Serl189, Ser193, Asnl199, Thr203, Pro277,
Glu278, Asp399, the double mutations Asnll13/
Asnl31, Ser189/Ser193, and Asn199/Thr203, as well
as His325 and Thr344 (see Table I). A second set of
mutations is located in the other channel (the K chan-
nel): Ser291, His292, Lys354, Trp358, and Tyr280. The
final category includes residues that were proposed to
establish a separate proton transfer pathway, although
no specific function was attributed to it (Tsukihara et
al., 1996). These mutations comprise Glu442, His448,
Serd56, the double mutant Ser489/Ser490, and Ser496.
For convenience, this putative channel will be called
the E channel.

General Remarks

Several routine analyses were performed with
each mutant cytochrome ¢ oxidase after its purifica-
tion. These include electrophoretic analysis of the sub-
unit pattern, determination of the heme-to-protein
ratio, and basic spectral characterizations. If not noted
otherwise, all of these criteria were found in close
agreement with those of the wild-type. In some
instances, the above assignment of residues, especially
to channels D and K (e.g., Thr344 and His325), may
appear arbitrary, since according to current models
both these channels should come in close contact at
some point (Morgan et al., 1994; Iwata et al., 1995).
Some of the residues might just serve a structural

purpose.

THE D CHANNEL

By definition the channel through which protons
are pumped across the membrane has to traverse the
protein. Residues from several transmembrane helices
are thought to contribute to this channel. In the Para-
coccus enzyme, residues from helices II, III, IV, and
VI seem to be involved. The carboxyl group of Asp124
which lies at the entry of this channel in the loop
between helix II and 11 is of prime importance for the
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Table I. Activities of Purified Mutant Oxidases from
Paracoccus denitrificans and Proton-to-Electron
Stoichiometries Measured in Intact Cells

Activity
Mutation? Helix® (%) H*/e™ ratio?

channel D
Y35F I 59 3.0
N113D II 67 2.9
N113V II 16 32
N113V/N131D III/11 96¢ 2.5
S134A I 94 29
D124N loop I/III 5 2.1
Di124S loop TI/1I 7 1.9
N131D III 62 3.0
N131V 111 8 22
S189A v 85 31
S193A v 73 3.0
S189A/S193A IvVav 104 33
N199V v 174 3.1
N199D/T203V vav 72 2.6
T203V v 72 3.0
P277G VI 25 nd/
E278Q VI 2 2.0
E278D Vi 60 29
H325N loop VI/VIIT 3 23
T344D A 11 1.2 nd
T344V Vil 1.2 2.2
D399L loop IX/X 12 2.0
D399N foop IX/X 110 3.0

channel K
Y280H VI 0.9 nd/
S291A VI 105 32
H292L VI 115 32
K354M Vil 0 1.8
W358F VI 105 3.0

channel E
E442Q X1 42¢ 3.1
H448L X1 5¢ 1.8
S456A XI 81¢ 29
S489A/S490A XX 106¢ 29
S496A X1 67¢ 29

¢ Position of introduced mutation in subunit 1.

b According to the crystal structure of Iwata et al. (1995).

¢ Activities are given relative to a wild-type oxidase expressed and
purified under the same conditions. All oxidases are isolated as
a complex with F, antibody fragments. 100% is equivalent to a
turnover number of about 200 sec™' at 20 M cytochrome ¢ (for
details of the assay conditions see Witt et al., 1995).

4 Proton-to-electron ratio of whole cells respiring on succinate deter-
mined according to Puustinen et al. (1989).

¢ Measured only on the level of isolated membranes.

/nd, not determined.

maintenance of the proton pumping capacity as has
been shown for the quinol oxidase of E. coli (Thomas
et al., 1993a) and the aa; cytochrome ¢ oxidase of R.

sphaeroides (Fetter et al., 1995). Experiments with
whole cells give no indication for proton pumping
if Aspl124 of the Paracoccus enzyme is replaced by
asparagine, in line with results obtained with the afore-
mentioned oxidases, but this may simply be the conse-
quence of the low residual enzymatic activity (see
above and Table I). This is about 5% for the Paracoc-
cus mutant and comparable to Asp132Asn in Rhodo-
bacter, while Asp135Asn in E. coli still exhibits 45%
of the wild-type electron transfer activity. The same
residue has also been mutated to serine in Paracoccus
(Table I), to alanine in Rhodobacter (same conse-
quences as the Aspl32Asn mutation; Fetter et al.,
1995), and to lysine in E. coli (Garcia-Horsman et al.,
1995). This illustrates to some extent the problem of
comparing the effect of mutations if different amino
acid residues are used for the replacement. Comparing
identical substitutions in this position, results may be,
and have been in the past, interpreted as a decoupling
of electron transfer from proton translocation. Yet,
electron transfer is not unaffected, and the different
levels of residual activity may support the notion that
the stringency of interaction between both processes
may be higher in cytochrome ¢ oxidases than in the
quinol oxidase. While a number of alternative explana-
tions may be plausible, too, this mutual influence is
in accordance with the view that most of the protons
which are required for both processes share this same
D channel pathway. A mutation in an essential residue
of this channel would therefore lead to loss of proton
pumping (decoupling), but, to a varying degree in the
two different groups of oxidases, also decrease the
efficiency of water formation, as reflected by a dimin-
ished electron transfer rate.

The situation is very much different for the muta-
tions Asnl13Asp and Asn113Val which in Paracoccus
retain significant enzymatic and proton pumping activ-
ity. The low electron transfer activity of the Asn113Val
oxidase probably reflects a reduced stability of the
purified enzyme as the activity of the mutant oxidase
in membranes reaches about 50% of the wild-type
value. In contrast, mutations of the equivalent residue
(Asnl24) in E. coli to aspartate and histidine both
abolish proton transfer, though retaining considerable
electron transfer activity (56% and 16% respectively).
The E. coli mutant Asn124Gln, on the other hand,
shows wild-type characteristics (Garcia-Horsman et
al., 1995).

Yet another mutant that impairs proton transfer
in E. coliis Asn142Val, while the effect of the mutation
Asn142Asp is less clear (some pumping may be attrib-
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utable to this mutant). Asnl42GlIn again shows wild-
type behavior (Garcia-Horsman et al., 1995). The
mutation Asn131Val of the oxidase in Paracoccus has
a lower electron transfer activity than in E. coli (8%
instead of 22%) while currently no unequivocal con-
clusion on the proton pumping capacity can be drawn
from whole-cell measurements. In contrast,
Asnl31Asp is clearly comparable to the wild-type
enzyme although the electron transfer activity is some-
what reduced (62%).

Another mechanistically important amino acid
residue in the pathway for the pumped protons is
Glu286 in the E. coli enzyme. The alanine mutant is
nearly devoid of electron and proton transfer activity
(Thomas et al., 1993a), as is the glutamine mutant (5%
residual activity; Wikstrém, personal communication),
which had earlier been reported to perform both func-
tions (Thomas et al., 1993a). The equivalent mutation
leaves the Rhodobacter enzyme completely inactive
(Mitchell et. al., 1995). The same holds true for the
Paracoccus Glu278GIn mutant with a residual activity
of 2% close to the limit of reliability of the assay
employed. The conservative replacement Glu278Asp
leads to a functional, proton-transferring enzyme
(Table I). The mutation Pro277Gly shows even more
severe effects in Paracoccus than does Pro285Gly in
E. coli (29% of wild-type activity, no proton pumping;
Svensson-Ek et al., 1996) since the activity is not only
reduced to about 3% in the Paracoccus enzyme but
the mutant enzyme displays distorted spectroscopic
properties; not the least, substoichiometric ratios of
heme to protein and probably a lack of Cug are
observed (not shown).

One residue that would at best show an indirect
contribution to proton transfer is Thr344 of the Para-
coccus enzyme. Replacement by aspartate and valine
results in an enzyme with only marginal enzymatic
activity and a decreased copper content in the latter
(not shown). Mutation of the equivalent Thr352 to
alanine causes a considerable loss of enzymatic activity
in E. coli, while replacement by asparagine and serine
retains much of the enzymatic activity (Thomas et al.,
1993b). The mutation Thr352Ala results in a severely
reduced enzymatic activity in Rhodobacter (Hosler et
al., 1996). His325Asn, the Paracoccus equivalent of
one of the three Cug ligands, is virtually devoid of
enzymatic activity, although copper determination by
TXRF shows partial occupancy of Cug in the binuclear
site (Wittershagen, unpublished). Distortion of the
binuclear site may obscure a possible role of this resi-
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due in proton transfer according to the histidine shuttle
model (Iwata et al., 1995).

The replacements Serl34Ala, Ser189Ala (no
equivalent mutations published for the oxidases of E.
coli or Rhodobacter), and the mutations Ser193Ala,
Asnl199Val, and Thr203Val for which similar muta-
tions were constructed in Rhodobacter, as well as the
unprecedented  double  mutants  Asnl13Val/
Asnl131Asp, Ser189Ala/Ser193Ala, and Asn199Asp/
Thr203Val all result in functional enzymes with elec-
tron transfer activity ranging from 44% to 105%. The
latter two double mutants may become more interest-
ing, however, as measurements with whole cells indi-
cate that proton pumping efficiency is reduced in these
mutant oxidases (Table I). Asp399 is included in this
group of residues as it has been speculated that it
may be located in the exit part of the D channel. The
mutation to asparagine does not alter the properties of
the oxidase while the mutation Asp399Leu reduces the
activity to about 10%. The influence of this mutation is
accompanied by some changes in the redox FTIR?
spectrum (Hellwig, unpublished). Mutations of the
equivalent Asp407 of Rhodobacter to alanine, aspara-
gine, and cysteine result in enzymes with properties
nearly identical to wild-type (Qian et al., 1997). There-
fore, these three replacements do not indicate an essen-
tial role of this aspartate in proton translocation in the
Rhodobacter oxidase, although structure determination
shows that residue Asp399 is in close contact to propio-
nate groups of heme a; (Iwata et al., 1995).

Results of site-directed mutagenesis for residues
of the D channel support the notion that there are
qualitative differences between the quinol and cyto-
chrome c oxidases as can be inferred from the different
effects exerted by the mutations Asnl13Asp in Para-
coccus and Asn124Asp in E. coli which retain or abol-
ish proton pumping (see above). On the other hand,
more results of equivalent mutations in other oxidases
are necessary to evaluate whether the contribution of
this residue reflects a genuine difference between these
two types of oxidases.

THE K CHANNEL
Spatially confined to residues of helices VI and

VI, side chains thought to constitute the K channel

2 Abbreviations: FTIR: Fourier transform infrared spectroscopy;
TXREF total reflection X-ray fluorescence.
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could direct protons to the binuclear center (Iwata et
al., 1995). Ser291 and His292 are close to the cyto-
plasmic side of this channel in the Paracoccus enzyme.
Their mutation to alanine and leucine, respectively, is
without significant influence on either the transfer of
electrons or protons. As can be seen from the structure
the mouth of the K channel is relatively wide, which
may explain the above results. The same holds true
for the Trp358Phe mutant of Paracoccus (Table 1).
The most important side chain for the functionality of
this channel seems to be the one of a highly conserved
lysine. Mutation of Lys354 to methionine in Paracoc-
cus leaves the enzyme virtually inactive as are the
equivalent mutant enzymes of E. coli and Rhodobacter
(Thomas et al., 1993b; Hosler et al., 1996). Interest-
ingly, the mutant enzymes Lys362Met und Lys362Leu
of E. coli still show an isotopic effect (Svennson et
al., 1995) indicative of the involvement of proton
uptake reactions.

As with the Tyr288Phe mutant from E. coli the
corresponding Tyr280His mutant of Paracoccus has
only very low enzymatic activity (proton pumping has
not been assayed). Again this would be consistent with
an important function of this residue for the catalytic
mechanism, but functions other than the transfer of
protons are possible. For example, loss of stabilizing
interactions with other residues or a structural distor-
tion due to different spatial requirements of the newly
introduced side chain may explain the observed
result, too.

The results of site-directed mutagenesis experi-
ments obtained thus far for residues lining the K chan-
nel in the Paracoccus oxidase are consistent with
results of earlier studies with equivalent mutations in
other oxidases. Taken together, lysine 354 is obviously
important for the transfer of protons toward the site
of oxygen reduction while tyrosine 280 (288 in the E.
coli enzyme) and threonine 344 (352 in E. coli, see
above) may be involved in reactions other than proton
transfer (Iwata et al., 1995).

THE E CHANNEL

Analysis of the cytoplasmic surface of the Para-
coccus enzyme reveals three different sinks, two of
which represent the entries of the above discussed K
and D channels. Glu442 is located in the vicinity of
the third entry; therefore this channel is termed the E
channel. The determination of the structure of the
bovine cytochrome ¢ oxidase led Tsukihara et al.

(1996) earlier to claim a third channel with a rather
constricted diameter at certain sites along helices XI
and XII. Replacement of Glu442 by glutamine in Para-
coccus causes a notable decrease of enzymatic activity
to about 40% of the wild-type enzyme but is not
accompanied by a loss of proton pumping activity
(Table I). The electron transfer rates of the mutations
Ser456Ala, Ser496Ala and the double mutant
Ser489Ala/Ser490Ala are all in the range between 70%
and 106%. No inhibition of proton pumping activity
of whole cells is observed with any of these mutant
oxidases with the exception of His448Leu. An oxidase
that contains this mutation displays a severe distur-
bance of its heme a content and consequently is devoid
of enzymatic activity. As a Western blot analysis
proves the presence of at least subunits I and II of this
oxidase, and since the distance of the histidine side
chain of this residue to heme a or heme a3 is >18 A
and ~7 A respectively, there is no obvious explanation
for the observed loss of the cofactor. Further studies
will be required to elucidate the reason for this
behavior.

No published data for mutations in those two
transmembrane helices are available to safely draw
general conclusions from the above results with the
Paracoccus cytochrome c oxidase. Nevertheless, at
least for this specific oxidase there are at present no
data that indicate an involvement of amino acid resi-
dues of this region in the overall catalytic mechanism.
Given the general structural and functional similarity
of enzymes of the superfamily of terminal oxidases
these results may also apply to other oxidases, disprov-
ing the existence of an additional proton transfer path-
way in this section of the enzyme.
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