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ABSTRACT. Genetic manipulation of thaas-type cytochrome oxidase ofRhodobacter sphaeroidegas

used to determine the minimal structural subunit associations required for the assembly of the heme A
and copper centers of subunit I. In the absence of the genes for subunits Il and IIl, expression of the gene
for subunit | inRb. sphaeroideallowed purification of a form of free subunit | (subuni} that contained

a single heme A. No copper was present in this protein, indicating that the &aer@ei active site was

not assembled. In cells expressing the genes for subunits | and II, but not subunit Ill, two oxidase forms
were synthesized that were copurified by histidine affinity chromatography and separated by anion-exchange
chromatography. One form was a highly active subunill loxidase containing a full complement of
structurally normal metal centers. This shows that association of subunit Il with subunit | is required for
stable formation of the active site in subunit I. In contrast, subunit Ill is not required for the formation of
any of the metal centers or for the production of an oxidase with wild-type activity. The second product
of the cells lacking subunit 1l was a large amount of a free form of subunit | that appeared identical
to subunit }. Since significant amounts of subunitwere also isolated from wild-type cells, it is likely

that subunit 4 will be present in any preparation of tlaes-type oxidase isolated via an affinity tag on
subunit I.

Cytochromec oxidase is a multisubunit protein complex six-coordinate hema center in subunit | and then onto the
that uses energy derived from electron transfer from cyto- five-coordinate hemes—Cug active site in subunit 114).
chromec to O, to effect transmembrane charge separation Molecular oxygen binds to reduced hemend accepts four
in mitochondria and many aerobic bacterig. (The three electrons and four protons to form two water molecules.
largest subunits of the mitochondrial oxidase are integral Subunit Il binds no metals and thus does not participate
membrane proteins encoded by mitochondrial DIAthat directly in electron transfer.
form the “catalytic core” of the enzym@,(4). Mitochondrial The assembly of cytochrome oxidase is beginning to be
cytochrome oxidase contains up to 10 additional, nuclear- understood in terms of the order of subunit association. Little
encoded subunits3); the function of these is largely is known, however, about the formation of the metal centers.
undetermined. The proteobacteRhodobacter sphaeroides Recent experiments in human cells have established an
and Paracoccus denitrificangach synthesize aaas-type assembly pathway in which the first intermediate is a free
cytochrome oxidase5( 6) with a structure that is nearly  form of subunit | ((5). Accumulation of free subunit | has
identical to the three-subunit catalytic core of the mitochon- also been demonstrated Neurospora pea, and rat mito-
drial oxidase {—11). In both the mitochondrial oxidase and  chondrial membraned 6—18). The metal content of this free
these bacterial oxidases, reduced cytochramnds to  form of subunit | has not been established. The fact that the
subunit Il to transfer its electron to the dicopper,Giite in addition of exogenous heme A speeds the association of
subunit II 12, 13). The electron is then transferred to the subunit | with subunits Il and Il has led to the proposal that
e ok v o b National Inetitutos of Health Grant both hemes of subunit | are inserted before it binds to the
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ing the structure of the active site during the oxygen reduction containing both oxidase operons and an in-frame deletion
cycle @1). This observation indicates that subunit Il in cox11(31). A 5 kb Ecarl—Hindlll fragment containing
maintains long-distance interactions that affect the structure coxl, coxll, cox1Q and the inactive version afoxl1lwas
of the active site. A reasonable extension of this is that cloned into pRK415-1 to make pLH334. The removal of the
subunit Il plays a role in the assembly of the metal centers 210 bpXhd fragment fromcoxll, as described for pLH361,
of subunit I. Indeed, subunit Ill has been proposed to be created pLH364. Conjugation of pLH364 ink®H. sphaeroi-
necessary for the proper alignment of the hencenter 22), desYZ200 created strain LH364.
although at least one preparation of a two-subunit oxidase Bacterial Growth, Cytoplasmic Membrane Isolation, and
synthesized in the absence of subunit Ill showed an appar-Oxidase Purification Rb. sphaeroidestrains MA120H,
ently normal heme (23). It has also been proposed that the LH361, LH364, as well as YZ300, which expresses the
addition of subunit Ill, as a final step in oxidase assembly, normal three-subunit oxidas27®), were grown as in Bratton
activates electron transfer between henaad the hemeg— et al. @1). Cytoplasmic membranes were prepared as
Cug center R4). previously described6]. The oxidase forms were initially
To directly test the requirement for subunit interactions purified from the membranes as in Zhen et 2¥) by affinity
in the formation of the oxidase metal centers, we have chromatography on Ri-NTA! agarose.
expressed the gene for subunit | independently or in High-Resolution Anion-Exchange Chromatography-
combination with the gene for subunit Il. The oxidase forms finity-purified cytochrome oxidase was briefly incubated in
resulting from these manipulations have been purified and dodecyl maltoside at a milligram of detergent to milligram
characterized. With expression of the gene for subunit I only, of protein ratio of 40 in a buffer composed of 10 mM Tris-
Rb. sphaeroidesells produced a free form of subunit I that HCI, pH 8.0, and 20 mM KCI. The oxidase samples were
contained a single heme A and lacked an intact hagre  then loaded onto a DEAESPW column (7.5 cmx 8 mm,
Cug active site. Expression of the genes for both subunits | Toso-Haas) previously equilibrated in 10 mM KO, pH
and Il revealed that the formation of a complete heaxe 7.8, 1 mM EDTA, 0.1% dodecyl maltoside, using a Biologic
Cug active site in subunit | required the association of these HR chromatography system (Bio-Rad). Following a 20 mL
two structural proteins. Finally, the results confirm that wash with this buffer, the column was developed with a 35
subunit 11l is not required for the normal assembly of any mL gradient of 0 to 0.4 M KCl in the same buffer. Fractions
of the metal centers of cytochrome oxidase or for the containing protein were collected and stored-&0 °C.

production of an oxidase with wild-type activity. Oxygen Reduction Acity and Ligand BindingMeasure-
ments of the initial rates anWma.x values of Q reduction
EXPERIMENTAL PROCEDURES were performed as in Bratton et a21j. Carbon monoxide

, ) . (CO) and cyanide (CN) binding were performed as previ-
Construction of Expression Vectorshe expression of ously described21).

ACoxI'II (describeq below) was driven by' pMA120H, a Copper, Iron, and Heme A Contet@xidase samples for
plasmid that contains the genes for subunits I an€dk(  eta) content analysis were treated with 25 mM EDTA in a
andcoxll) and the genes for assembly factors Cox10p and , tter of 10 mM Tris-HCI, pH 8.0, 40 mM KCl, and then
Cox11p €ox10andcox11) but not the gene for subunit Il asheq in this same buffer without EDTA, using a 50 kDa
(coxlll) (25 26). Coxlll was deleted from theoxll/lll operon — gjecylar mass cutoff Ultrafree-4 filtration device (Mill-
(26) by removing a 956 bgma fragment that contained all 416y " yntil the EDTA concentration was below 1 mM.
of coxlll from pYJ100 27) to create pCF200. The truncated Samples were concentrated to-1Z5 «M and shipped to
coxll/lil operon was removed from pCF200 on a 3.3 — the University of Georgia Chemical Analysis Laboratory for

Smd _frfagment and cloned intq pJS3-X6H, a plasmid inductively coupled plasma atomic emission spectroscopy
containing a version ofoxl encoding a six histidine tag at (ICP-AES).

the C-terminus 48), to create pMB307.Coxl and the
truncatedcoxll/lll operon are located on opposite DNA
strands in pMB307. A 5.3 klEcaRI—Hindlll fragment
containingcox|, coxll, cox1Q andcox11of pMB307 was
transferred to the broad-host range vector pRK4139) o
yield the expression vector pMA120H. Conjugation of
pPMA120H into YZ200, a strain oRb. sphaeroidem which

The heme A to protein stoichiometry of each of the
purified oxidase forms was determined using the pyridine
hemochrome method to measure the amount of hem@& A (
32) and the absorbance at 280 nm to determine the amount
of protein. Extinction coefficients for the 280 nm absorbance
(as Azsonm — Asi12nm) Of each oxidase form were calculated
the coxll/lll operon has been delete@7], yielded strain ?g:;;utwén :l],.gmtgzreéntrﬁ(g's%nr\g332;0@%;?2?#0%]?%%?&
MAI120H. derived amino acid sequences of subunits |, 1l, and2§, (

Expression of subunit (described below) was driven by g 30). An extinction coefficient of 153 mMt cm* was
pLH361, a derivative of pMAleH in which a 210 bp in- used for subunitsgland k; 215 mM?cm? for the I-II

frame deletion was created withgoxll (30) by removing  oxidase, 354 mW* cm® for the normal three-subunit
anXhd fragment. This deletion removed amino acid residues oxidase, and 368 mv cm-* for ACoxIIl (assuming equal
30-99 of subunit Il, leaving full-length copies obxI|, cox1Q amounts of subunityland the +I1 oxidase in ACoxill).

and cox11 Conjugation of pLH361 intdRb. sphaeroides  protein concentrations determined by UV absorbance were

YZ200 created strain LH361. Expression of subupitvas  found to be in reasonable agreemen8%) to concentrations
also driven by pLH364, a vector that contains full-length

copies ofcoxl and cox1Q but notcox11 The creation of 1 Abbreviations: NTA, nitrilotriacetic acid; ICP-AES, inductively

pLH364 began with the removal of the 956 8ma fragment coupled plasma atomic absorption spectroscopy; EPR, electron para-
containing coxlll from pLAJ200, a pUC-based vector magnetic resonance; BCA, bicinchoninic acid.
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Table 1: Activity, Optical Analyses, Heme A Content, and the Cu/Fe Value of Five Purified Oxidase Forms

Vimax 0f O2 o peak Soret peak Soretf heme A/
oxidase form reduction (s?) maxima (nm) maxima (nm) (amplitude) proteirt Cu/Fée
normal 1983 605 444 5.3 220.2(3) 1.424+ 0.16 (7)
ACoxlll 1891 603 442 4.9 2.90.2(3) 0.88+ 0.13 (6)
I—Il oxidase 1955 605 444 5.2 190.1(3) ND
subunit 0 599 440 4.6 1.20.2(5) 0(1)
subunit k 0 599 440 4.6 0.20.2(4) 0(1)

2The number in parentheses is the number of independent determinatiwtsdetermined.

determined by the more laborious BCA assay (Pierce).
Previous studies of thRb. sphaeroidesxidase 6) show

that the BCA assay and a modified Lowry assay are no more
accurate than the UV absorbance method. The UV absor-
bance method was also used in the calculation of the
extinction coefficients of the Soret ardtband transitions

of subunits § and L.

ACoxIII

RESULTS

Expression, Purification, and Characterization of Free
Subunit .To test the minimal subunit composition necessary
for metal center assembly in subunit | of tha-type oxidase
of Rb. sphaeroidesthe gene for subunit 1cpx]) was
expressed in the absgnce of the genes for subunits 1l and 550 575 600 625 650
II. All of the genes coding for cytochrome oxidase assembly
factors were present in either the expression vector or in the
bacterial genome. This was accomplished by creaRhg Ficure 1: Cytochrome content of purifiedRb. sphaeroides

; ; ; ieq. Cytoplasmic membranes containing the normal oxidase (WT),
sphaeroided H364 or LH361, strains that contained episo ACoxllIl, and subunit J. Dithionite-reduced minus ferricyanide-

mal copies of the genes for subunit | and the assc_ambly factors,yidized spectra of membranes from YZ300 (WT), MA120H
Cox10p or both Cox10p and Cox11p, respectively, under (ACoxill), and LH361 (1) were recorded using a Hitachi U-3010
control of their natural promoters. The genes for subunits Il dual beam spectrophotometer. Thepeaks~600-606 nm arise

and Il were deleted (see Experimental Procedures). [lt gg;nksthaetasacgéygﬁdogggsﬁrgogrzs&E;htg %%ﬁ%igﬂ%sb&mfd?e
should be ”Ot‘?d that .the expression of a muegttype . cytochromes, respectively. The three spectra have been normalized
cytochrome oxidase with no activity does not affect aerobic g that the amplitudes of tHecytochrome peaks at 560 nm are
growth ofRb. sphaeroidesince the bacterium constitutively  the same.

expresses abhs-type cytochrome oxidase with redundant

function @4)]. The oxidase forms expressed from LH361 38) The absolute reduced spectrum of subunitdes show
and LH364 were spectroscopically indistinguishable and 5 significanta. band (Figure 3A). The Soret to amplitude
were termed “subunit,l. Spectra of purified cytoplasmic  ratio of subunit 4 (4.6; Table 1) is greater than that of low-
membranes of cells expressing subupgtiowed a significant  spin hemea in the normal oxidase (Soret/~ 3), but dis-
o-band at 602 nm (Figure 1), indicating the accumulation tinctly different from the Soret ta value of high-spin heme
of a cytochrome containing heme A. Subunitdas isolated g, (Soretfx ~ 17) (36). Extinction coefficients of 86 and 20
from purified cytoplasmic membranes by virtue of a six mm-1cmt were calculated for the Soret andransitions,
histidine tag at its carboxy-terminus and was shown to have respectively, for subunit,/(see Experimental Procedures).
full-length subunit I (Figure 2). The purified protein exhibited  These values are significantly lower than the corresponding
no oxygen reduction activity. values for either hema or hemeas of the normal oxidase
The metal center content of subunittas determined. In (36, 38). Similar to the extinction coefficients of reduced
contrast to subunit | of the normal oxidase, which contains subunit |, the extinction coefficient of the Soret transition
two heme A centers3p), subunit 4 contained only one heme  of oxidized subunit] was lower than either normal herae
A molecule (Table 1). Metal analysis showed that subunit or hemeas (36, 38). This argued against the possibility that
la contained a single equivalent of iron, consistent with the the low extinction values were due to incomplete reduction
presence of a single heme A, and no copper (Table 1). Thus,of the heme of subunit] Another indication that the environ-
the hemeas—Cug active site was clearly not intact in subunit  ment of the heme of subunit Was abnormal was that its
la. and Soret peaks were blue-shifted by&nm (Figure 3A
The environment of the heme in subunitttas examined  and Table 1). In the complete oxidase, the position of these
by optical and EPR spectroscopy and by ligand binding peaks is strongly influenced by the strength of a hydrogen
assays. The optical spectrum of reduced cytochrome oxidasébond between an arginine of subunit | and the formyl group
is dominated by the absorption of low-spin hean@nd high- of hemea (39—41). The EPR spectrum of subunif Wwas
spin hemeas (36, 37); the o band at 605 nm is primarily  similar to one previously published for a preparation of free
due to heme, while the larger Soret peak at 444 nm results subunit | isolated fronP. denitrificansTN-57, a strain that
from roughly equal absorbance by both heme cenfe &6 lacks the gene for subunit [IKQ). A broad low-spin heme

Wavelength (nm)
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FIGURE 2: Subunit composition of purified cytochrome oxidase A L'
forms. Oxidase samples were separated on-Sffyacrylamide \ : A
gels containing urea as described in Hosler et@l.ahd stained 425 525 625
with Coomassie Blue. The location of subunits I, 1, and Il are
indicated by the arrows to the right. The molecular masses of protein |0,1 A
standards (M) are given in kDa.

[

(C(

signal atg = 3 was seen consistently (Figure 4B), along
with variable amounts of a broad sigralg = 6 (not shown)
indicative of high-spin heme4@). The broad nature of the B
EPR signals of subunit,l the shift away from the normal x

: . 550 600 650
low-spin g, value of 2.83 §), and the variable amount of
high-spin heme indicated substantial structural heterogeneity Wavelength (nm)
of the heme binding site in this protein. Consistent with the Ficure 3: Absolute spectra of the reduced oxidase forms. Each
presence of some high-spin (five-coordinate) heme, subunitpurified oxidase form was reduced by the addition of solid sodium
I, bound small amounts of CO and Chh its reduced and  dithionite to a final concentration of 5 mM in a buffer of 50 mM

P . KH,PO,, pH 7.2, 1 mM EDTA, and 0.1% dodecyl maltoside.
oxidized states, respectively (spectra not shown). The Spectra were recorded using a Hitachi U-3010 dual beam spectro-

absolute amount of ligand binding could not be determined photometer. The dotted line in panel A indicates the peak position
since the extinction values used to measure the extent ofof the a bands of the normal oxidase and thelll oxidase at 605

CO and CN binding to hemes; of the normal oxidase are  nm. Panel B is an enlargement that shows how the presence of
unlikely to apply to the altered heme of subunit | subunit |, alters the shape of the-peak ofACoxlIl (dotted line),

. . . as compared to the wild-type oxidase (solid line).
Isolation of Two Oxidase Forms That Accumulate in the P yp ( )

Absence of Subunit IITo examine the role of subunit Ilin  oxidase appears to bind to DEAE via a cluster of exposed
metal center assembly, as well as to gain insight into the carboxylate residues on subunit Il as opposed to the histidine
role of subunit Il by inferenceRb. sphaeroidestrain  tag on subunit | used for the initial purification step. The
MA120H was created (see Experimental Procedures). Thischromatogram of the anion-exchange separatioh@bx!!|
strain contained the genes for both subunits | and Il (as well was essentia"y the same as that shown previous|y for the
as the genes for both Cox10p and Cox11p), but not the geneyild-type oxidase27), except that large amounts of weakly
for subunit Ill. MA120H also synthesized a cytochrome pound protein appeared in the flow-through fractions. These
containing heme A (Figure 1); this protein was termed fractions contained free subunit I, which was termed “subunit

“ACoxllI" since it assembled in the absence of subunit lll. | .”. Like subunit L, subunit } contained full-length subunit

Following affinity purification on Nff-NTA agarose, | (Figure 2) and showed noeduction activity. Two other

ACoxlIl was found to contain subunits | and Il (Figure 2).  fractions, which differed only in the degree to which subunit
Visual inspection of the staining pattern ACoxlll on Il was processed to its shorter for27), eluted between

denaturing protein gels (such as Figure 2) suggested that200 and 300 mM KCI and contained a highly active oxidase
affinity-purified ACoxIIl contained more subunit | per composed of subunits | and Il. These complexes, termed the

subunit Il than the normal, three-subunit oxidase. This was “l —Il oxidase”, contained only as much subunit | per subunit
confirmed by gel densitometry measurements comparing thell as the normal three-subunit oxidase purified by anion-
subunit I/subunit 1l ratio forACoxlll to that of the wild- exchange chromatography (data not shown). Thus, the

type oxidase. The mean of five measurements of the subunitcytochrome termed ACoxIIlI” is actually a mixture of
I/subunit 1l ratio forACoxlll divided by the mean of seven  subunit | and the Il oxidase. These distinct oxidase forms
measurements of the same ratio for the wild-type oxidase copurify on NP*-NTA agarose due to the six histidine tag
gave a value of 1.& 0.3. ACoxlll was further purified by present in each. In agreement with the densitometry results
high-resolution anion exchange chromatography. Cytochromereported above, a stoichiometry of G:90.3 copies of subunit
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reduced spectrum of the-1l oxidase isolated fronACoxlll

was identical to that of the normal three-subunit oxidase
(Figure 3A). The +II oxidase bound normal amounts of
CO, and itsVmax Of O, reduction was essentially the same
as the normal three-subunit oxidase (Table 1). The EPR
spectrum of the +1l oxidase was the same as that of the
normal oxidase (Figure 4A). Signals arising from low-spin
hemea are seen afj = 2.83 and 2.31. A small amount of
high-spin heme gave a signal g = 6, while the signals at

g = 2.19 and 2.03 are assigned to,d6). Thus, the redox-
active metal centers of the-ll oxidase, which assembled

ACoxIII

I-1I oxidase . .
in the absence of subunit lll, appear completely normal.
Despite the high initial activity of the-tll oxidase, this
A enzyme did suicide inactivate in the same manner as the two-
. L L subunit oxidase prepared by removing subunit Il with Triton
1000 2000 3000 4000 X-100 (21).
B 2.83 Subunit |, appeared identical to subunitih terms of its

metal center content and structure. It contained only one
heme A per subunit | (Table 1), and its optical spectrum
and extinction values were the same as subuyniFigure
3A). The metal content of subunifWas identical to that of
subunit k1 equiv of iron and no detectable copper. The
EPR spectrum of subunit, (not shown) was the same as
that of subunit , and subunitj also bound undetermined,
but seemingly low, levels of CO and CN

Spectroscopic Characteristics afCoxlll. The presence
of subunit | significantly alters the spectroscopic charac-
teristics of the Il oxidase. Near stoichiometric amounts

ACoxIII of subunit |, and the +I11 oxidase in affinity-purifiedACoxlll
. . were observed by densitometry of stained gels and by
7150 2250 2350 2450 integration of chromatographic peaks (see above). The

GAUSS presence of significant amounts of subuhinl ACoxlIll was
confirmed by analyzing the metal content using ICP-AES.

FicurRe 4: EPR spectra ohCoxlll, the normal oxidase (wild type),  If ACoxlll, as isolated from the Ni-NTA column, is

the I-Il oxidase, and subunitl Panel A compares the wide-field  composed of roughly equal amounts of subukiamhd the

spectra of ACoxlll, the wild-type oxidase (WT) and the-ll _ ; ; ;

oxidase. Panel B compares ipe= 3 region ofACoxlIl and subunit =l ox_ldase, the mixture should contain one more heme A

I, whose spectrum is identical in this region toThe spectra of  than wild type for a total of three hemes A and three copper

ACoxlll (panels A and B) and the wild-type oxidase (WT; panel atoms. Consistent with this model, a Cu/Fe value~df0

A) were recorded at X-band using a Bruker ESP300E spectrometerwas measured forACoxlll, and pyridine hemochrome

at Mt'Ch'g"?‘“ State U”'Verfs}ty’ DepartTeknt Oft Ege}’g"Stfy- Eac'\WN analysis indicated the presence of three hemes A (Table 1).

spectrum is an average of four scans taken a using 2 m . I,

microwave power at 9.483 GHz. The modulation amplitude was In contrast, the normal QXIdase_ ex_hlblted a heme A content

12.5 G (peak-to-peak), the sweep time was 335 s, and the time@nd a Cu/Fe value consistent \_N|th its known structure (Table

constant was 163 ms. The spectrum of thdl loxidase (panel A) 1). The presence of subunif in ACoxlll led to a lower

was recorded at X-band using a Varian Century Series spectrometeiSoretfy. ratio, blue-shifted peak maxima, and a broader

at the National Biomedical ESR Center, Milwaukee, WI. This phand in its optical spectrum, as compared to either ¢ |

spectrum is an average of four scans, taken at 8.5 K using 2 mW __. . . . -
pgwer at 9.2348 GH?_ The modulation amplitude was ng, the oxidase or the wild-type oxidase (Figure 3). The contribution

sweep time was 240 s, and the time constant was 128 ms. TheOf subunit kto the EPR spectrum afCoxlIl is most clearly
spectrum of they = 3 region of subunitJ (panel B; dotted line), seen in the broad low-spin heme sigraf = 3 (Figure 4).
obtained with the same instrument, is an average of 50 scans, taken
at 12 K using 2 mW power at 9.239 GHz. The modulation DISCUSSION
amplitude was 10 G, the sweep time was 60 s and the time constant - .
was 250 ms. The actual concentrations of the oxidase forms during e have produced, purified, and characterlzed three
data collection were 22M for the |—1I oxidase, 5uM for subunit partially assembled forms of the three-subuaé-type
la, 33 uM for ACoxlll, and 50uM for the normal oxidase. The  cytochromec oxidase ofRb. sphaeroidedJpon expression
amplitudes have been adjusted for comparison. Relayaatues of the gene for subunit I, in the absence of the genes for
are indicated. subunits Il and Il the cells accumulate a free form of subunit
| (subunit L) that contains a single heme A and lacks an
I3 per copy of the +1lI oxidase was obtained for three intact hemeas—Cug active site. Coexpression of the genes
different preparations oACoxlll by integrating the peaks for subunits | and Il, but not subunit Ill, yields a more
of the anion-exchange chromatograms. complicated oxidase form, termédCoxlll, that was isolated
Characterization of the-+1l Oxidase and Subunitl The via histidine-affinity chromatography. Anion-exchange chro-
I—II oxidase contained two hemes A (Table 1). Consistent matography resolvedCoxlll into two components: a free
with the presence of both hemasand as, the absolute  form of subunit | (subunity) and a highly active two-subunit
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oxidase (+11 oxidase). While the anion-exchange separation intermediate in the assembly of mitochondrial cytochrome
clearly shows that subunif Bnd the Il oxidase exist as  oxidase 15). If subunit L is an intermediate, it should be
separate entities in detergent solution, their near 1:1 stoi-driven to accumulate by blocking later assembly steps (e.g.,
chiometry in the ACoxIIl mixture initially purified by by preventing its association with subunit Il) or by shifting
histidine-affinity chromatography suggests that these two the equilibrium of early assembly steps to favor its ac-
forms are loosely associated in the intact cell membrane. cumulation (e.g., by weakening the association of subunits
Association of Subunit I with Subunit | Allows Stable |and Il). Several observations are consistent with this. First,
Formation of the Hemesa-Cug Active Site.In contrast to subunit |, accumulates in the bacterial cell to high levels in
subunit | and k, the =1l oxidase purified fromACoxlll the absence of subunits Il and IIl. Second, two mutants of
contained normal structures and normal amounts of all of the Rb. sphaeroidesxidase that eliminate magnesium
the oxidase metal centers, and it was highly active. Since binding at the interface of subunits | and Il and likely weaken
the only difference in the bacterial strain producing subunit the binding interaction between these subunits, appear to
la and the strain producing the-1l oxidase is the presence accumulate subunif long with a Il oxidase as evidenced
of the gene for subunit II, it is concluded that the association by their EPR spectra and Cu/Fe valued)( Last, an
of subunit Il with subunit I, presumably subunit is required examination of a disease-causing mutant in humans that
for stable assembly of the henag—Cug active site. The disrupts the binding of subunit Il to subunit | showed that
mechanism of this stabilizing function is undetermined; hemeas was not present in the subunit | that accumulated
however, residues in the extramembrane domain of subunitto near normal levels in the affected mitochond2@)( Thus,
Il interact closely with subunit 14, 8, 10, 11, 44). One it seems likely that the subunit | identified as the earliest
principal interaction is mediated by the simultaneous binding intermediate in human mitochondria lacks the hegeCus
of a magnesium atom by residues in subunit Il and subunit active site, as doeRb. sphaeroidesubunit .
| (7, 44, 45). In the normal oxidase, the magnesium ligand  The isolation of bacterial terminal oxidases using affinity
histidine 411 (subunit 1) forms at least one hydrogen bond tags is now common, since it is much faster than multistep
with the A-ring propionate of hemas (46). However, the chromatography procedure8 52, 53). It should be
production of site-directed mutants of cytochrome oxidase recognized, however, that significant amounts of free subunit

that fail to bind magnesium, but retain activit¢7( 48), | are likely to co-purify with terminal oxidases that are
indicates that formation of the magnesium center is not purified by an affinity tag attached to subunit |. Subunit |
required for formation of a functional henag—Cus active (or 13) is present, in variable amounts, in cells expressing
site. the wild-type oxidase oRb. sphaeroidetsee above) as well

Free Subunit | Can Accumulate in the Membrane in the as in cells expressing every mutant oxidase that we have
Absence of Subunits Il and lISubunit |, contains a single  examined. The presence of subupitdn affect spectroscopic
heme A and no copper; the herag-Cug active site does  analyses as well as the determination of oxidase concentration
not assemble. The accumulation of subugpivhs achieved by a-band absorbance. For example, the “heme-containing
by the overexpression of the genes for subunit | and the impurity” that contributes to the resonance Raman spectrum
assembly factor Cox10p, a farnesyl transferase required forof an affinity-purified mutant of arginine 52 of subunit4X)
heme A synthesis4Q, 50). Significant accumulation of a s likely to be subunit 4.
pool of free subunit | in the cell membrane may require the  Role of Subunit Il At least two of the possible roles for
insertion of heme A, perhaps for the formation of the low- subunit Il in cytochrome oxidase assembly can be elimi-
spin hemea center that connects transmembrane helix 2 to nated. Spectroscopic examination of thélloxidase purified
helix 10 (7, 8, 10, 35, 44). The optical and EPR signals from ACoxlll shows that subunit Ill is not necessary for the
exhibited by subunit (and k), however, are considerably formation or alignment of any of the metal centers of
altered from those of normal heraeThe optical transitions ~ cytochrome oxidase. In addition, subunit lll is not necessary
are blue-shifted and the extinction coefficients are lower than for the initiation of normal electron transfer within subunit

the published values for either hera@r hemeas (36, 38). |, as previously proposed®4), since theVmay values of the
The single heme appears primarily low-spin, with EPR |—Il oxidase and the wild-type oxidase are nearly identical
signals consistent with bis-histidine ligatiobj, but struc- (Table 1). The lack of subunit Idoescause the+Il oxidase

tural heterogeneity in the heme-binding site is evidenced by to suicide inactivate during Qeduction 21), regardless of
the broad nature of the EPR signals and the presence ofits high initial activity.
variable amounts of high-spin heme. Despite the ambiguity = The presence of normally assembled metal centers in the

in the identification of the heme-binding site in subunjt |  |—Il oxidase does not exclude other roles for subunit 11l in
it is clear that stabilization of subunit | in the membrane cytochrome oxidase assembly. Thes-type oxidase ac-
does not require complete formation of the heage Cug cumulates to a lesser extent in cells that lack subunit IlI
center. In addition, our results show that Cox11p, which is (Figure 1). It is possible that subunit Il enhances the rate of
required for the insertion of Guin the normal oxidase3(l), oxidase assembly by stabilizing the structure of a labile
does not insert Guin the absence of subunit II. assembly intermediate.

Subunit | may be an early intermediate in the normal In conclusion, we find that the association of subunits |

assembly of cytochrome oxidase in both bacteria and and Il is required for the formation of the active site of
mitochondria. Subunit,lis present in appreciable amounts cytochromec oxidase, even though the active site is entirely
in Rb. sphaeroidesells (YZ300) synthesizing the wild-type  within subunit I. The absence of subunit Il reveals a free
oxidase (one copy of subunitfor every four to five copies  form of subunit | that has incorporated one molecule of heme
of the normal oxidase; data not shown). In addition, recent A in a distorted binding site; this cytochrome is likely to be
work in human cells identified free subunit | as the earliest an early assembly intermediate. The stable addition of a
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second heme A and the geenter forms an oxidase with
maximal activity; this process requires subunit I, with,Cu
but not subunit III.
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