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ABSTRACT. Several pathways for proton transport in cytochroenexidase have been proposed on the
basis of mutational analysis and X-ray structure: at least one for moving “pumped” protons from the
interior to exterior of the membrane and a separate route for transporting “substrate” protons from the
interior to the binuclear metal center to combine with oxygen to mai@. HAccording to the crystal
structures of cytochrome oxidase, Asp407Rhodobacter sphaeroidemimbering) is at the interface of
subunit | and subunit Il of the oxidase, in a negative patch proposed to be the proton exit site in a pumping
pathway, as well as a possible ligand to Mg [lwata et al. (198&ure 376 660-669]. Three mutants

at the Asp407 position dR. sphaeroidesytochrome oxidase, Asp407Ala, Asp407Asn, and Asp407Cys,
have been purified and characterized. All showed electron transfer activity, and pH dependence of activity,
similar to that of the wild type enzyme and no major structural changes, as evidenced by visible, EPR,
and resonance Raman spectroscopy. When reconstituted into artificial vesicles, the purified mutants pumped
protons with normal efficiency and responded to the membrane pH and electrical gradients in a manner
similar to that of wild type. Furthermore, the EPR spectra and Mn quantitation analysis of mutants grown
in high Mn indicated no significant alteration in the Mn/Mg site. These results suggest that Asp407 does
not play a critical role in proton translocation or in Mn/Mg binding.

The mechanism of coupling of electron transfer to proton also propose that another acidic amino acid, Asp407, located
pumping is a major unsolved problem in understanding in an exterior loop between helix 1X and helix X of subunit
cytochromec oxidase. A model for a proton pump is |, could be part of a proton exit path. In the crystal structure
provided by bacteriorhodopsin (Krebs & Khorana, 1993), of the mammalian enzyme, Yoshikawa and colleagues
in which a hydrogen-bonded relay system is suggested to(Tsukihara et al., 1996) also identify Asp132 as a possible
be important for proton movement, from theoretical consid- entry site for protons to be pumped but do not invoke Asp407
erations (Nagle & Morowitz, 1978) and from structural and as an exit site. However, both tHe. denitrificansand
spectral analysis (Henderson et al., 1990; Rothschild, 1992).mammalian oxidase crystal structures show Asp407 at the
Thus residues that can participate in hydrogen bonding areinterface of subunit | and subunit Il in a negative patch near
of particular interest for mutational analysis of proton a proposed Mn/Mg site, between Cand Cuy (Figure 1).
pathways. In previous studies, Asp132 in an interior loop In this study we examined the effects of three different
between helix Il and helix Il of subunit | oRhodobacter mutations at the Asp407 position on electron transfer, proton
sphaeroide®xidase was mutated to alanine and asparagine.pumping, Mn/Mg binding, and Gustructure. The results
The mutants showed no proton pumping but retained somesuggest that a carboxyl group at this position is not critical
electron transfer activity, leading to the proposal that this for any of these structural or functional properties of
residue provided the entry site in a proton pumping pathway cytochromec oxidase.

(Fetter et al., 1995). Similar results were obtained with
mutants of the homologous cytochrotes in Escherichia ~ MATERIALS AND METHODS

coli (Thomas et al., 1993b; GaszHorsman et al., 1995).
. - : The Asp407Ala/Asn/Cys mutants were made by PCR
In agreement with this idea, two possible proton pathways overlapping extension methods (Ho et al., 1989). Oligo

have been identified in the crystal structureRa&racoccus rimers of 18-21 bp were svnthesized. Eor each mutant
denitrificanscytochromec oxidase (lwata et al., 1995), which P X P y ' ; S
four primers were used for the polymerase chain reaction,

Sgg;{t\gnﬂ'sgtlo’zzp;siofs?gr t;jn:g;[r?gorlvigz ::g Clgllzagﬁzg and plasmid DNA pJS3 which contains the COXI gene was
' used as the template. The 523 bp PCR products containing

mutations were digested witBglll/SpH, and the 352 bp
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FIGURE 1: Structure of the interface between subunit | and subunit FIGURE 2: Comparison of visible spectra of purified wild type and

Il of beef heart cytochrome oxidase [inR. sphaeroidesxidase mutant cytochromeags of R. sphaeroidesDithionite-reduced
numbering; coordinates are from Tsukihara et al. (1996), with absolute spectra of the purified enzyme were recorded with a Perkin-
permission of the authors]. The solid lines indicate the bonds E/MerLamda 6 UV visible spectrophotometeor at 26. The assay
between metals and their ligands. The dashes lines indicateSolution includes 100 mM K&PQ, pH 7.2, 0.2% lauryl maltoside,
hydrogen bonds. Asp407, His 411, and Asp412 are on the loop @1 (A) 0.6uM Asp407Ala, (B) 0.3uM Asp407Cys, (C) 0.4M
between helix IX and helix X in subunit I. Asp407Asn, and (D) zM wild type cytochromeaa.

) ) Reconstitution of oxidase into phospholipid vesicles was

mutation, and no secondary mutations were found. The conducted as described (Fetter et al., 1995).
pJS3-X6H with the mutation was subject to digestion with  For the mutants grown in high Mn (7Q0M) and low Mg
EcoRI/Hindlll. This fragment was subcloned to plasmid (50 ,M), adventitiously bound Mn was removed by incubat-
pRK415-1, followed by transformation into tfe coli strain ing the purified enzymes in 50 mM EDTA for 30 min at 4
S17-1, which is capable of conjugating wkh sphaeroides  oc (Hosler et al., 1995), and the oxidase was separated from
strain JS100, a COXI-deleted strain. Single conjugants wereEpTA by running through a G-75 column. Electron transfer,
grown on Sistrom’s plates with antibiotics spectinomycin (50 proton pumping, CO binding, and EPR spectroscopy were
ug/mL), streptomycin (5Q:g/mL), and tetracycline (Lg/ measured as described (Hosler et al., 1992).
mL) at 30°C for 2—3 days. Resonance Raman spectra were measured as described

All mutant R. sphaeroidesells were grown in Sistrom’s  (Mitchell et al., 1996), except that the excitation wavelength
medium as described (Hosler et al., 1992) except differentis 438.4 nm, and an average of six scans is shown.
Mn and Mg concentrations are indicated in the figure  Quantitation of the bound Mn was performed as described
legends. (Hosler et al., 1995), except that the spectra were taken on

Mutants were purified with Ni-NTA agarose affinity & Bruker ESP300E.
chromatography (Mitchell & Gennis, 1995) with modifica- RESULTS
tions. All steps were carried out at 4C. Cells were
resuspended in 50 mM K4RQy, pH 7.2, followed by two Visible Spectra, Electron Transfer, and CO Binding
passages through a French pressure cell at 20 000 psi. Wholéssays Visible spectra of these mutants show that they are
cells and debris were removed by centrifugation at 209000 highly pure ofcbl; oxidase and have spectral characteristics
for 20 min. The supernatant which contains the membranessimilar to those of wild type, although there is a slight blue
was pelleted by centrifugation at 200@Pfor 1.5 h. The shift in thea band and Soret band (less than 1 nm; see Figure
membranes were homogenized in 10 mM Tris and 40 mM 2). Purified Asp407Ala, Asp407Cys, and Asp407Asn mu-
KCI, pH 8.0, and solubilized in 3% lauryl maltoside. The tants have 1100, 650, and 1400 activities, which are 85%,
solution was stirred for 1 h. The solubilized membranes were 50%, and 100% of wild type oxidase activity, respectively
centrifuged at 2000@Pfor 30 min. The amount of cyto-  (Table 1). The activities of reconstituted mutants are 700,
chromeaas was estimated from the dithionite-reduced minus 550, and 70078 for Asp407Ala, Asp407Cys, and Asp407Asn,
ferricyanide-oxidized spectrum. Imidazole was added to the respectively, compared to 1200'sfor wild type. The
solubilized membrane (at 0.7 mg of cytochroas/mL) to activities after the reconstitution are lower than the activities
a final concentration of 10 mM. Packed resin (0.7 mL)/mg before the reconstitution, partly because the assay conditions
of oxidase was added, and the mixture was stirred for 1 h. for the reconstituted enzyme are not optimal for maximal
The mixture was loaded into a gravity-flow column. The activity and, in this case, the mutants may have lesser stability
column was washed with 10 column volumes of 10 mM than wild type during the long dialysis. Other possibilities
imidazole, 0.1% lauryl maltoside, 10 mM Tris, and 40 mM to explain the loss of activity include a different sensitivity
KCI, pH 8.0, followed by 5 column volumes of 0.1% lauryl to pH or less of the enzyme reconstituted in the correct
maltoside, 10 mM Tris, and 40 mM KCI, pH 8.0. The orientation. The pH dependence of the activity of purified
oxidase was eluted with 100 mM histidine, 0.1% lauryl Asp407Ala was compared to wild type over the pH range
maltoside, 10 mM Tris, and 40 mM KCI, pH 8.0. 6.0-9.0, and a similar pH profile was found (Figure 3).
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Table 1: Comparison of Wild Type and MutaRt sphaeroide€ytochromec Oxidase: Electron Transfer Activity of Purified and
Reconstituted Enzyme, Respiratory Control Ratios, Proton Pumping Activity, and CO Binding Efficiency

activity of purified activity of reconstituted RCR % CO binding
oxidase enzyme (5%) enzyme (5%) (+val + CCCP) H/e™ (compared to wild type)
wild type 1300+ 400 1200+ 300 9 0.5-0.8 100
D407A 1100 700 7 0-+0.8 100
D407C 650 550 9 040.6 70
D407N 1400 700 7 0.6 90
110
wt \M
100+ [ ]
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90+ i
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Ficure 4: Proton pumping activity assay of reconstituted wild type
504 E] and Asp407Ala cytochrome oxidase. The extravesicular pH
change was measured at 556.8 minus 504.7 by phenol rec’@t 22
with an Aminco DW2a spectrophotometer. Wild type (A) and
40 e T y ' " ' mutant Asp407Ala (B) cytochrome oxidase (0.065 nmol) was
60 65 70 75 80 85 90 95 100 reconstituted into soybean phospholipid vesicles, which were added
pH in 2.5 mL of assay solutions containing & NaHCGO;, 45 mM

- . . KCI, 44 mM sucrose, and henol red, pH 7.4, followed b
FiIGURE 3: pH dependence of activity of purified wild typ&X equilibration with 3.2uM vaﬂ\(ﬂ)nqycin and O.Fé)l nM CCCP. Rapi)é
and Asp407Ala®) cytochrome oxidase. Activities were assayed cigification was detected upon addition of 0.8 nmol of cytochrome

polarographically using 0.002M Asp407Ala and 0.00&M wild c(0.32 e - P

. ) ; .32uM in final concentration). After addition of aM CCCP

m\)ﬂe 'Il'rr]is5(f)o£n MH p7o ?_Sg |8rnin|c§1uodsiﬁha£e8fcr>rr]'\ﬁHasecher;r;d (I)noggty and the same amount of cytochroroepure alkalinization was
pri o5 g < g ?  detected. HCI standard acid (0.5 nmol) was added befogg) (H

l:‘#(;yll T?T']t&s'Tdﬁb%mpgecigﬁcglgﬁ{;ﬁ&b\',céfg s;%zfggggg?hglr&% and after (H") addition of concentrated CCCP. The measurements
: ’ p of Ho*, Hi*, and the pure alkalinization were used to calculate the

?grtgz ngf\fé t(lirzn(%’ gi)measured: for wild type (1056) sand electron transferred (¢ and the H/e™ ratio can be calculated from
P : the electron transferred (and acidification (H). Other mutants

. . o have similar proton pumping activity as Asp407Ala (data not
After bubbling 1 mL of CO into dithionite-reduced  shown).

cytochromeaas, 100% of Asp407Ala, 70% of Asp407Cys,
and 90% of Asp407Asn are converted to the CO-bound form, The Ht/e~ ratio ranges from 0.4 to 0.8 for the Asp407
compared to 100% for wild type under these conditions. This mutants, while the wild type has anff¢~ ratio of 0.5-0.8,
indicates that no major conformational change has occurredindicating that removal of the carboxyl causes no significant
at the binuclear center (Table 1). Asp407Cys has the lowestchange in proton pumping efficiency, within the accuracy
activity before and after reconstitution and the lowest CO of the assay.
binding among all the mutants, suggesting that a cysteine at Mn and Cu Binding Sites Cytochromec oxidase
this position may have additional detrimental effects unre- contains two copper ions at the Cgite and, under certain
lated to the loss of a carboxyl, such as seeking a moregrowth conditions (Hosler et al., 1995), close to stoichio-
hydrophobic environment or forming a disulfide bond with metric Mn. Both metals give unique, quantifiable EPR
another cysteine residue, either of which could lead to signals. WherR. sphaeroidess grown with high Mn (700
structural instability. uM) and low Mg (50uM), Mn appears to be inserted into
Respiratory Control and Proton Pumpinglhe respira- what is normally a Mg site, and the strong Mn EPR signal
tory control ratio (RCR) is a measure of the completeness in theg = 2.0 region masks the Gignal. However, under
of reconstitution and intactness of the artificial membrane growth conditions of high Mg (1200M) and low Mn (0.5
vesicles, as well as the innate properties of the mutantuM), the EPR spectrum of oxidase shows only thesCu
oxidase. In the reconstituted oxidase vesicles, an increasesignal, due to the fact that Mn content of the purified oxidase
of oxygen consumption is expected after addition of the is below the detection level of EPR spectroscopy and the
ionophore valinomycin or uncoupler CCCP, due to their site is presumably occupied with EPR-silent Mg. Wlken
ability to release the inhibiting effect of an electrical or proton sphaeroidess grown with high Mg (120@:M) and medium
gradient which is formed when activity is stimulated by Mn (27 uM), both Mn and Cy signals show in the EPR
addition of cytochrome. The RCR'’s (activity after iono-  spectrum of the purified oxidase. Wild type and mutants
phore addition divided by activity before) of Asp407Ala, were grown under the three different conditions, and EPR
Asp407Cys, and Asp407Asn are 7, 9, and 7, very close to spectra at 10 K are shown in Figure 4. Under low Mn/high
that of wild type (Table 1). When proton pumping is Mg growth conditions, no Mn is bound in wild type or
measured using the pH-sensitive dye phenol red, acidificationmutant Asp407Ala, revealing a normal Csaignal for the
is observed, followed by alkalinization due to consumption mutant (Figure 5A). In the high Mg/medium Mn growth
of protons to make kD in the vesicle interior (Figure 4).  condition, both wild type and mutant Asp407Ala reveal
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FiIGurRe 5: EPR spectra of purified wild type and Asp407Ala mutant
R. sphaeroidesytochromec oxidase grown in (A) high [Mg] (1200
uM) and low [Mn] (0.5u4M), (B) high Mg (1200uM) and medium
Mn (27 uM), and (C) high [Mn] (70«M) and low [Mg] (50uM).
EPR spectra of Mn were shown gt= 2.0 region. The spectra
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Ficure 6: Resonance Raman spectrum of purified Asp407Ala
cytochromec oxidase. Asp407Ala (64M) was reduced with
dithionite, and the spectrum was taken at 438.4 nm excitation. The
indicated modes are 214 c Fe—Ny;s stretch of hemes; 365
cm1, ring bending of hemas; 1611 cnr?, formyl stretch of heme

a; 1624 cntl, vinyl stretch of heme; 1662 cnt?, formyl stretch

of hemeas.

significant effect on the henag environment that may relate
to partial denaturation and lower activity of this mutant.

DISCUSSION

Previous data demonstrated that aspartate-132 is critical
for proton pumping activity in bottlR. sphaeroidegyto-
chromeaa; (Fetter et al., 1995) anH. coli cytochromebos
(Thomas et al., 1993b). It is located on the interior of the
membrane in a position that makes it a good candidate for
an entry site for protons to be pumped (lwata et al., 1995;
Tsukihara et al., 1996). For understanding the mechanism
of coupling between proton translocation and the oxygen
chemistry, it is also important to define the exit site for

were recorded on a Bruker ESP300E series spectrometer by usingorotons. An exit site in close proximity to the binuclear

a TEyg, cavity, at X-band at 10 K. Purified mutants (0.3 mL) were

used for each EPR spectrum (data of Asp407Asn and Asp407cys

are not shown).

similar signals for Cy and Mn (Figure 5B), although a slight
broadening of the Mn lines is observed in the mutant
compared to wild type, leading to an attenuated Mn signal.
At high Mn/low Mg growth conditions, both the Asp407Ala
mutant and wild type show the typical six-line hexaqua®Mn
spectral characteristics in tlge= 2.0 region (Figure 5C),

center where the oxygen chemistry occurs would support
the idea of direct coupling between these processes, whereas
proton efflux at a distance from that region might encourage
consideration of an indirect, conformational coupling model.
Aspartate-407, an acidic residue in subunit I, is located in
a negatively charged cluster at the interface between subunit
| and subunit I, immediately above the heme-Cus center
(Figure 1). In the context of a direct coupling mechanism,
Iwata et al. (1995) suggest Asp407 as a possible proton exit
site. The crystal structure also shows that Asp407 is close

suggesting that mutation at the 407 position does not changeto the Mn/Mg ligands, His411 and Asp412, identified by
the Mn ligand structure. Slight broadening is also observed mutational analysis (Hosler et al., 1995) and by analysis of

in this signal, indicative of some minor increase in disorder
in the Mn binding site. The Mn content was quantified by
acidifying and precipitating the protein and comparing the
Mn signal to a set of quantitation standards. Under high
Mn/low Mg conditions, purified wild type and mutant
Asp407Ala oxidases showed similar Mn incorporation, 88%
and 85% of stoichiometric, respectively.

Resonance Raman Spectroscofyhe resonance Raman
spectra of Asp407Ala and Asp407Asn are identical to wild
type in both the high and low frequency region, indicating
undisturbed hema andaz environments (Figure 6). How-

the mammalian crystal structure (Tsukihara et al., 1995). In
the bacterial enzyme structure, lwata and colleagues suggest
Asp407 as a possible Mg ligand itself. If either of these
suggested roles is correct, substitutions at this position might
be expected to alter either proton pumping or Mn/Mg
binding, or both.

The visible spectra of mutants Asp407Ala, Asp407Cys,
and Asp407Asn show that tleband of all the mutants has
a maximum at 605 nm, similar to wild type oxidase, except
for Asp407Cys (604 nm). In addition, CO binding analysis
shows that all substitutions except cysteine retain high
efficiency of CO binding. These results suggest that

ever, Asp407Cys has about a 50% decrease in intensity atreplacement of a negatively charged residue with a neutral

214, 365, and 1661 cm (data not shown), revealing a

residue at this position does not alter the environment at the
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hemeaz—Cus redox center and imply that the charge at this  In conclusion, all the data in this study show that aspartate-
position is not critical for stabilizing the protein structure. 407 is not a critical residue in cytochroneeoxidase for
The oxygen consumption assay of the purified mutants proton pumping, for Mn binding, or for maintaining protein
shows that they all have high activity, approaching that of structure at the subunit I/l interface. Other residues may
wild type, except Asp407Cys, which is ony50% active. be capable of substituting for its function in a proton (Iwata
A cysteine at this position may interact in some way to et al., 1995) or water exit channel (Tsukihara et al., 1996),
destabilize the protein, by seeking a more apolar environmentbut the lack of effect on Mn spectral characteristics and
or forming an inter- or intramolecular disulfide bond. From binding is strong evidence that it is not a Mn/Mg ligand.
the crystal structure, possible candidates would be Cys64,
Cys88 in the loop between helix | and helix Il of subunit |, ACKNOWLEDGMENT
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