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ABSTRACT. Cytochromebois a four-subunit quinol oxidase in the aerobic respiratory chalbssherichia

coli and functions as a redox-coupled proton pump. Subunit | binds all the redox metal centers, low-spin
hemeb, high-spin hem®, and Cwg, whose axial ligands have been identified to be six invariant histidines.
This work explored the possible roles of the aromatic amino acid residues conserved in the putative
transmembrane helices (or at the boundary of the membrane) of subunit . Sixteen aromatic amino acid
residues were individually substituted by Leu, except fofTsnd TrF82by Phe and PH& by Trp. Leu
substitutions of Tr§% and TyP88in helix VI, Trp33Lin loop VII—VIII, and Phé*8in helix VIII reduced

the catalytic activity, whereas all other mutations did not affect the in vivo activity. Spectroscopic analyses
of the purified mutant enzymes revealed that the defects were attributable to perturbations of the binuclear
center. On the basis of these findings and recent crystallographic studies on cytocloritiases, we
discuss the possible roles of the conserved aromatic amino acid residues in subunit | of thebgpes
terminal oxidases.

Cytochromebo is a four-subunit quinol oxidase in the (loop VII-VIII) (see refs7 and 8 for reviews). Hemeo
aerobic respiratory chain dEscherichia coli(1, 2 and and Cy are antiferromagnetically coupled and form a heme
generates an electrochemical proton gradient across thecopper binuclear center where reduction of molecular oxygen
cytoplasmic membrane via not only the scalar protolytic takes placeq, 10. Recent X-ray crystallographic studies
reactions but also redox-coupled proton pumpiig 4. on cytochromec oxidases 11, 12 confirmed the axial
Molecular biological and spectroscopic studies have shown ligands of the metal centers; however, #¥iand His3**were
that it belongs to the hemeaopper respiratory oxidase found inloop VI=VIII (Trp 33-Gly3*) instead of helix VII
superfamily B, 6). Therefore, the structure of redox metal (Leuw*6—Ala®*9 in our working model for the redox metal
centers in subunit I and mechanism of proton pumping appearcenters, which consists of a bundle of transmembrane helices,
to be essentially the same in quinol oxidases and bacterialll, VI, VII, VIII, and X ( 8, 13 (Figure 1).
and mammalian cytochromeoxidases. Substrates are oxidized at the low-affinity quinol oxidation

Site-directed mutagenesis studies on subunit | ¢§eB site (Q)* in subunit Il, and then electrons are transferred to
gene product) have demonstrated that low-spin hdme the binuclear center through the high-affinity quinone binding
(cytochromebses 9 is ligated by Hid% (in transmembrane  site (Q;) and hemeb (14—18). Electron transfer in subunit
helix 11) and Hig?! (X), high-spin hemeo (cytochromeo) | seems to be mediated via a covalent bond system consisting
by His*® (X), and Cy by His?84 (VI) and His** and His3 of side chains of heme ligands and the connecting peptide
backbone Hi&-Phe&?His*® (8, 19. Side chains of the
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Ficure 1: Secondary structure model of subunit | showing locations of the conserved aromatic residues altered in this study. The previous
model (L3) was modified on the basis of the X-ray structure of cytochramgidase fromParacoccus denitrificanél1). Transmembrane

helices are indicated by rectangles. Locations of the conserved aromatic amino acid residues examined in this study and the six invariant
His residues, which function as the axial ligands of the prosthetic groups, are shown as black circles.
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MATERIALS AND METHODS Lod [ ob  looc] | oo -
Introduction of Gene-Engineered Restriction Sites in ° : 52 ’ = * o

Subunit | Gene.To facilitate mutagenesis and sequencing § ::_;ms §; S

analysis of the subunit tfoB) gene, we created five unique [ 1~ I 1 pcyom

restriction sites in the wild-type gene by site-directed —I__‘I T ”"\Bl T I]_‘;cyopg

mutagenesis using oligonucleotide primers (22 nucleotides 5 3 Y% SiE = E

on average)X3). Thus,Apd (nucleotide number 163y, = 3 <%F &5 57 E

Xhd (1927), Mlul (2046), andEcaB1l (2333) sites (Figure *

2) were sequentially introduced into theyoB gene on F— Y6IF, F112L, F113L

phagemid pCYOF41(3), which contains the gene-engineered F— W147L, F208L

Nhd site at the 3end of the subunit 1l dyoA gene. In p—y W280L, W282F,

addition, one of twdHindlll sites (1444) was eliminated from Y288L. F293L

the cyoB gene (Figure 2). Subsequently, the nucleotide H W33IL, F336L

sequence of the resultant phagemid, pCYOF9, was confirmed — S‘l‘;%&,FgfzSOLL,F391L

by direct plasmid sequencindd). Finally, theAflll -Spl

fragment of pPCYOF9 was subcloned into the corresponding Eggﬁ]zz;e;gxz'%%' t?ggoog;m‘zysogrpeersohnownp'giggg'gcﬁ’a%;%zg'

site of a single-copy expression vector, pMFQ8)( which The gene-engineeradhd, Apa, Xhd, Mlul, Eca1l, andHindlll
carries the entire wild-typecyo operon. The resultant  sites were introduced by site-directed mutagenesis without any
plasmid, pMFQ9, contains six gene-engineered unique amino acid change in subunits | and Il and are marked by asterisks.

restriction sitesNhd, Apd, Xhd, Mlul, EcaB1l, andHindlll The unique restriction sites present in the native gene are shown
in the cyo operon ' ' ' ' ' ' above the rectangles, and the gene-engineered restriction sites in

. . . . pCYOF9 are shown below the rectangles. Restriction fragments
Construction of Subunit | Mutants Sixteen aromatic  ysed for sequencing analysis and subcloning are shown by
amino acid residues conserved in transmembrane helices oforizontallines

subunit | (Figure 1) were individually replaced with Leu,
except for Tyf* and TrF®2 with Phe and PH&° with Trp, for Trp) was confirmed by direct plasmid sequencing. Then
by site-directed mutagenesis using mutagenic primers (21these fragments were replaced with their counterparts in the
nucleotides on average). pCYOF9 DNA was isolated from wild-type pCYOF9 and the nucleotide sequences corre-
each candidate mutant clone and the nucleotide sequence o$ponding to these fragments in the recombinant plasmids
the small restriction fragments (Figure 2) containing the were again confirmed by DNA sequencing. For expression
desired codon change (TTG for Leu, TTT for Phe, and TGG of the mutanyo operon, theNhd —EcdRI fragment of the
mutant pCYOF9 DNAs (Figure 2) was replaced with the
2 Nucleotide number is based on a mRNA start point of the counterpartof the wild-type pMFOA4 to produce the pMFO9
cyoABCDEoperon 23). derivatives.
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Determination of Doubling Time of Mutantdoubling and other enzymes for DNA manipulation were purchased
time of the mutants was determined in liquid culture as from Takara Shuzo Co. (Kyoto) or New England Biolabs.
follows. A terminal oxidase-deficient strain ST259%cfyo Other chemicals are commercial products of analytical grade.

Acyd recA was anaerobically transformed with the mutant
pPMFQO9. A single colony on a Luria brotil5 ug/mL RESULTS
ampicillin—0.5% glucose plate was inoculated in 5 mL of Effect of Mutations on the Catalytic Agiy of Mutant
minimal medium A 24) containing 15:g/mL ampicillin and Enzymes In cytochromebo, a total of 19 aromatic amino
0.5% glucose and was allowed to grow anaerobically at 37 acid residues are conserved in putative transmembrane
°C overnight. Cells were precipitated at 5¢0@r 10 min helices or at the boundary of the membrane of subunit |
and washed with minimal medium A. The washed cells were (Figure 3). To examine their structural and functional roles,
diluted 100-fold with 5 mL of minimal medium containing  we individually substituted PB® and Phé&'= (helix II), Trp'47
15ug/mL ampicillin and 0.5% glucose or 0.5% glycerol and (ll1), Phe?®® (IV), Trp22°, Tyr?®8 and Phé&s (VI), Trp®3t and
then grown aerobically at 37C in a test tube. The aerobic  Phé&3 (loop VII-VIII), Phe3*” and Phé&® (helix VIII), Phe®!
growth was monitored by the absorbance change at 650 nm(1X), Phe*?° (X) by Leu, Ty®f* (1) and Tr@®? (VI) by Phe,
with a Coleman Junior lIA spectrophotometer for about 10 and Phé'®(X) by Trp (Figure 1). Phagemid pCYOF9, where
h, and the doubling time was calculated graphically from a six unique restriction sites have been introduced in the
curve corresponding to the logarithmic phase of the growth. present study, facilitated site-directed mutagenesis of the
Purification of Cytochrome bo.The wild-type enzyme  subunit | gene (Figure 2). The largest restriction fragment
was purified from strain GO103/pMFOZ2zyc" Acydcyot whose nucleotide sequence should be confirmed by DNA
Ap" (10), and the mutant enzymes were from strain ST4533 sequencing is now only 0.29 kb (thMiul—Ecd1l fragment),
(Acyo cyd) harboring the pMFQO9 derivatives as described instead of 1.2 kb (th&flll —Spl fragment) in pCYOF413).
previously @5). The purified enzymes in 50 mM Tris-HCI ~ Mutations in the pCYOF9 derivatives were confirmed by
(pH 7.4) containing 0.1% sucrose monolaurate SM-1200 direct plasmid sequencing and were introduced into the
(Mitsubishi-Kagaku Foods Corp., Tokyo) were concentrated single-copy vector pMFOA4 by subcloning of tNaéd —EcaRl
to about 0.2 mM by ultrafiltration with a Centriprep 100 fragment to produce the pMFO9 derivatives.
(Amicon). The catalytic activity of the mutant enzymes was estimated
Model Building of Subunit I.Using 40% identity of the in vivo by measuring the aerobic growth rates of the terminal
amino acid sequence of subunit | aligned with that of oxidase-deficient strain ST2592 harboring the mutant pMFO9.
cytochromec oxidase fronmParacoccus denitrificanavhose Defective mutants cannot grow aerobically on nonferment-

crystal structure has been determingt) (homology model- able carbon sources but can grow on glucose via glycolysis.
ing of subunit | from residue 44 to 563 was made following All the mutants except Y288E W331L, and F348L grew
the conventional method described previoug§)( There in both media via oxidative phosphorylation, indicating that

are four deletions, between residues 94 and 95, between 120hese mutations did not affect the in vivo activity (Table 1).
and 121, between 160 and 161, and between 165 and 1660n the other hand, the Y288L, W331L, and F348L mutants
and one insertion, between 533 and 535. Backbone struc-and the vector control strain, ST2592, harboring pHNE4 (
tures for these residues were constructed by the loop-searchailed to grow in minimal-glycerol medium. Notably,
method, using the backbone structures of other proté)s (  doubling time of W280L in the same medium was 2-fold
Assuming that the conserved amino acid residues have theslower than the wild-type control (Table 1). Subsequently,
same side-chain conformations as those in the crystalthe defective mutant enzymes, W280L, Y288L, W331L, and
structure, the side-chain rotamer conformations of all the F348L, were isolated from cytoplasmic membranes of
other residues were modeled as those in the energy-minimumST4533 Acyo cyd) harboring the mutant pMFO9. &,
conformation of the whole molecule after calculation of the oxidase activity of W280L and W331L was reduced to two-
dead-end elimination method27). Finally, the entire thirds and one-fifth of the wild-type level, respectively (Table
structure was optimized without bad contacts and with the 2). In Y288L and F348L, the oxidase activity was negligibly
position restraints of the atoms in conserved residuegs, Cu low (<1%).
and the two hemes, using a molecular mechanics program Effects of Mutations on Redox Difference Spectpéthion-
PRESTO 28) with an AMBER all-atom force field Z9). ite-reduced minus air-oxidized difference spectra of the
Miscellaneous.DNA manipulations and all other analyti- mutant enzymes were recorded at 77 K and showed a minor
cal procedures are as describ#@,(13, 14. Measurements  perturbation in the amplitudes of the spht peak of
of UV—visible (13), EPR, FTIR (0), and resonance Raman cytochromebses sin the W331L and F348L mutants (Figure
(25) spectra and ¢H, oxidase activity {4) were carried out ~ 4). In the second-order finite difference spectra, the 555.5-
as described previously. Cytochromevas determined from  nm peak further splits into 554.2 and 557.1 nm in the wild
CO binding diffrence spectra using a molar extinction type and 554.8 and 556.6 nm in W280L (data not shown).
coefficient of 206 000 (T. Mogi, unpublished results). Heme In W331L and F348L, the 555.5-nm peak was shifted to
content was determined by pyridine hemochromogen method555.2 and 554.9 nm, respectively (data not shown).
and calculated as a sum of hentesind o using a molar Effects of Mutations on CO Binding to the Binuclear
extinction coefficient for heméb (10). Composition of  Center. CO binding UV-visible difference spectra of the
hemes bound to the enzyme (helméo hemeo ratio) was
analyzed by reverse-phase HPLID)Y. Copper content was % The designations for mutants make use of the standard one-letter
determined by inductively coupled plasma atomic emission @Pbreviations for amino acids. Thus, Y288L signifies the mutant in
. which tyrosine at position 288 in subunit | has been substituted by
spectrophotometry with a SPS 1200VR plasma spectrometefieycine.E. coli numbering of amino acid residues is used throughout
(Seiko Instrument Inc., Tokyo). Restriction endonucleases this work.
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Ficure 3: Sequence alignment of the conserved aromatic amino acid residues in subunit | of thechppes respiratory oxidase superfamily.
Amino acid sequences aligned are quinol oxidases [cytochbmnfi®mm E. coli, cytochromebas from P. denitrificansandBacillus subtilis
(QoxB)] and cytochrome oxidases [cytochromeag; from B. subtilis (CtaD) and thermophili®acillus PS3 and cytochromaas from
Halobacterium salinariumBradyrhizobium japonicumnP. denitrificans yeast,Neurospora crassaChlamydomonas reinhardtimaize,
soybean;Trypanosoma bruceParamecium aureliaDrosophila melanogaste(fruit fly), Paracentrotus lidus Xenopus lagis, bovine,

and human13, 30—33)]. The numbering refers to the. coli sequence. The aromatic amino acid residues altered in this study are marked
by asterisks. The invariant histidines are marked by diamonds. Highly conserved residues are indicated by boldface type.

Table 1: Aerobic Growth Rates of the Mutant Stréins

location of doubling time (h)
mutant mutations glucose glycerol

wild type 1.6 25
control 21 b
Y61F helix | 19 2.6
F112L helix Il 1.7 24
F113L helix 11 1.8 2.6
W147L helix Il 1.8 2.8
F208L helix IV 2.0 2.3
W280L helix VI 1.9 5.8
W282F helix VI 18 2.6
Y288L helix VI 1.7 b
F295L helix VI 1.7 2.8
W331L loop VII=VIII 1.9 b
F336L loop VII-VIII 1.8 2.9
F347L helix VIl 1.7 2.8
F348L helix VIII 1.8 b
F391L helix IX 1.9 2.7
F415W helix X 1.7 2.8
F420L helix X 18 2.9

aThe terminal oxidase-deficient mutant ST2592 harboring wild-
type pMFO9 (wild-type), a vector pHNF2 (control), or the mutant
pMFQO9 was grown aerobically in minimal-ampicillin medium contain-
ing either 0.5% glucose or 0.5% glycerol as sole carbon source.
Doubling time was determined as described in Materials and Methods.
®No growth.

mutant enzymes showed typical features for cytochrome
(Figure 5). However, we noticed that a peak and a trough
in Y288L were both 3 nm red-shifted as compared to the
wild type, as found in hem® synthase mutants which
produced the hemieb-type enzyme 35—38). Cytochrome
bb-type enzymes completely lost quinol oxidase activity
(<0.1%) and reduced CO binding activity to a fourth of the
wild-type level 36). Reverse-phase HPLC analysis of the
bound hemes revealed that the Y288L mutation specifically

substituted hemb for hemeo at the high-spin heme binding
site (Table 2). Y288L and F348L almost completely lost
their oxidase activities although they retained 14% and 7.5%,
respectively, of the CO binding activity (Figure 5, Table 2).
Metal analysis demonstrated that these mutations reduced
the amounts of bound copper ions to 17% and 9%,
respectively (Table 2). The W280L mutation reduced the
CO binding activity to 41% of the wild-type level (Figure
5), which was comparable to,8, oxidase activity (67%)
(Table 2). W33L1L retained Gu(14%) and CO binding
activity (12%) (Table 2, Figure 5). Resonance Raman
spectra of the CO-bound enzymes revealed that theCk2
stretching mode at 523 crhof the wild-type enzyme was
shifted to 494 cm! in Y288L, W331L, and F348L (Figure
6), which was similar to that found in the @gxdeficient
mutant H333A 25). FTIR spectra of the CO-bound enzymes
showed that the €0 stretching mode at 1959.5 cinof

the wild type was shifted to higher wavenumbers, 1972, 1969
and 1958, and 1969 crhin Y288L, W331L, and F348L,
respectively (Figure 7), as found in the g&deficient mutant
(25). Upon normalization of the amplitude of EPR spectra
of the air-oxidized enzymes based on the= 3 low-spin
signal, we found that thg = 6.0 signal of high-spin heme
increased 3-, 2-, and 36-fold in Y288L, W331L, and F348L
and theg = 3.7 signal attributable to spirspin exchange
coupling was lost in these mutant oxidases (Figure 8),
suggesting the perturbation at the binuclear center. Since
the F348L mutation completely eliminated bound copper -
ions in the cytoplasmic membranes (data not shown)?®he
seems to interact with one of the €ligands in loop VIF

VIIIL.

Effects of Mutations on CN Binding to the Binuclear
Center. CN-binding spectra of the air-oxidized enzymes
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Table 2: Properties of the Purified Mutant Oxid&ses

content (nmol/mg of protein)

mutant QH: oxidase (€/s) cyto Cu heme hemb:hemeo
wild type 853 (100) 6.00 (100) 6.78 (100) 11.9 (100) 1.05:0.95
W280L 573 (67) 2.44 (41) 5.45 (80) 9.4 (79) 0.99:1.01
Y288L 2.3(0.3) 0.81 (14) 1.18(17) 7.4 (62) 1.87:0.13
W331L 158 (19) 0.70 (12) 0.93 (14) 2.1(18) 1.26:0.74
F348L 4.8 (0.6) 0.45 (7.5) 0.58 (9) 2.5(21) 1.26:0.74

aQH, oxidase activity was determined at 26 at a substrate concentration of 0.45 mM. Contents of cytochmmepper, and heme were
determined as described in Materials and Methods. Hemes extracted from the enzyme were analyzed by reverse-phase HPL®G tameimeme
o ratios were normalized to a total heme value of 2.Bercent control values are indicated in parentheses.
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Ficure 4: Dithionite-reduced minus air-oxidized difference spectra
of the wild-type, W280L, Y288L, W331lL, and F348L mutant
oxidases at 77 K. UV visible spectra of 5«M enzyme solution
were recorded with a Shimadzu UV-3000 spectrophotometer at 77
K, with a spectral bandwidth of 1 nm and a light path of 2 mm.
The scanning rate was 50 nm/min.
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Ficure 5: CO binding difference spectra of mutant cytoplasmic
membranes. Spectra of 28/ enzyme solution were recorded at
room temperature with a light path of 1 cm. Other details are
described in the legend to Figure 4.

showed that the Soret peak was shifted from the 419 nm
wild-type value to 425 and 423 nm in Y288L and W331L,
respectively (data not shown). Theregion of W331L and
F348L showed minor perturbations. FTIR difference spectra
of the air-oxidized CN-bound enzymes showed that thé\C
stretching mode of the Fe—CN—Cug structure at 2146
cm™! (10) shifted to 2154 and 2127 crhin W331L and
F348L, respectively, and was absent in Y288L (data not
shown). The bridge structure was perturbed in W331L, and
the cyanide complex of F348L is likely to have an*fe

CN structure 10).

550 450

Wavenumber/cm®
FIGURE 6: Resonance Raman spectra of ferrous CO complexes of
the wild-type, W280L, Y288L, W331L, and F348L mutant oxi-
dases. Raman scattering was obtained by excitation with the 406.7
nm line of a Kr" laser (Spectra Physics Model 164-01) with a laser
power of 5 mW at the sample point. Spectra were recorded with a
Jasco R-800UV Raman spectrometer using a spinning cell. The
data acquisition time was 300 s.

DISCUSSION

TheE. colicytochromebois the best system for molecular
biological studies on the heme&opper respiratory oxidases.
Previous studies on subunit | have succeeded in identifying
the axial ligands for the redox metal centers and key residues
in proton translocation7, 8, 3§. Side chains of the aromatic
amino acid residues may participate in long-range electron
transfer between the metal cente20,(21) or provide a
binding pocket for the prosthetic group®2j. In bacterial
photosynthetic reaction centers, the primary electron transfer
from the special pair of (bacterio)chlorophylls to (bacterio)-
pheophytin is mediated by a Tyr residiB9( 40Q. Alterna-
tively, aromatic amino acid residues may provide a tightly
packed hydrophobic environment for the buried portion of
hemes or ar—x interaction to stabilize a chromophore. In
yeast iso-1-cytochromg aromatic residues stabilize a bound
hemec molecule via H-bonds4(l) and the conformation of
the active protein structure by providing a large hydrophobic
group at the proper locatiod?). Residues 8490, including
Phé7, are essential for maintenance of the heme environment,
provision of an optimal polypeptide medium along the path
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Ficure 7: FTIR spectra of ferrous CO complexes of the wild-
type, W280L, Y288L, W331L, and F348L mutant oxidases.

Reduced CO-bound minus air-oxidized difference spectra were

taken at 10C with a Perkin-Elmer Model 1850 FTIR spectropho-
tometer using Cafcells with a light path of 5um. The nominal
spectral resolution was 4 crh
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Ficure 8: EPR spectra of the wild-type (WT), W280L, Y288L,
W331L, and F348L mutant oxidases under air-oxidized conditions.
Spectra of 0.1 mM oxidase solution were recorded & with a
home-built EPR spectrometer equipped with an Oxford flow
cryostat (ESR-900). Experimental conditions were as follows:
microwave frequency, 9.23 GHz; modulation frequency, 100 kHz;
microwave power, 5 mW; modulation amplitude, 0.5 mT; accuracy
of the g-values,£ 0.01.

of electron transfer, and formation of interactions at the
contact interface in complexes with redox partnet3).(

To explore functional roles of the conserved aromatic
amino acid residues in cytochron® subunit I, we have

o —
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Ficure 9: A projection model of subunit | of cytochromao
showing interactions of the conserved aromatic amino acid residues
with the redox metal centers.

(or at the boundary of the membrane) with Leu, Phe, or Trp
(Figures 1 and 3). We found that the Leu substitutions of
Phe?2 (helix 11), Phét3 (II), Trp#7 (1), Phe?®® (1V), Phe?%
(VI), Phe36 (VII), Phe®” (VII1), Phe3! (IX) and Phé? (X),

the Phe substitutions of T84 (l) and TrE®2 (VI), and the
Trp substitution of PH85 (X) did not affect the catalytic
activity. In contrast, the Leu substitutions of ¥ (VI),
Tyr?88 (VI), Trp33t (VII), and Phé*8 (VIII), which are all
present near the hemeopper binuclear cente7( 8, 11,
44) (Figure 9), resulted in reduction or loss of the catalytic
activity that was associated with perturbation of the binuclear
center (Table 2). Our findings support the functional or
structural importance of subunit I.

Crystallographic studies of cytochroro®xidases suggest
that TyF! can H-bond with Séf* (l1l) and the fixed water
molecules at Ast? and GIy% (Ser inP. denitrificansand
bovine) and is part of a proton channll( 49. The Y61F
mutant was still functional and Ser at position 200 is not
conserved in th&. coli enzyme, suggesting that Pyidoes
not have an obligatory role in proton translocation. #he
and ll€?4 (Met in P. denitrificansand Leu in bovine) could
mediate heme-to-heme electron transfer with their side
chains, which are in contact with both hem#4,(12. The
F420L mutation did not affect the catalytic activity and
position 424 is not conserved in the herwopper terminal
oxidases; therefore, long-range electron transfer through side
chains at positions 420 and 424 is less likely. Tyrosines or
tryptophan expected to be near propionate groups of the
hemes 44, 45 are substituted in cytochromeo (Leu*',
Phe'5 and Led®) except TyPS, and the F415W mutation
did not affect the in vivo activity. Therefore, except for ¥r
(Trp in P. denitrificang, those other residues are less likely
to stabilize the heme propionates in cytochrobme Aro-
matic side chains of Phe and Trp may provide a hydrophobic
channel for dioxygen transfer to the binuclear cente),(
and Phé? Trp?®, Trpt’® and Tr@® are conserved in
cytochromebo (Figure 3). However, Phe at position 279 is
substituted by lle in cytochrombo and the F112L and
W282F mutations did not affect the in vivo catalytic activity.
Thus, this proposal remains to be proven.

Trp?8% In the crystal structures of cytochrorn@exidases
(11, 12, the indole ring of Tr§Cis in van der Waals distance

individually replaced 16 residues in transmembrane helicesparallel to the imidazole ring of Hi& (Figure 9); such a
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m—s interaction may stabilize Gu which is ligated by
His?®4, His®3 and His3* (7, 8, 11, 25, 4% Trp?®0is also
suggested as part of a channel for pumped protbhsand
dioxygen transfer44). The W280L mutation incresed the
generation time for aerobic growth on a nonfermentable
carbon source 2-fold and also reducegHgloxidase activity

to 67% of the wild-type level (Tables 1 and 2). BVisible

Mogi et al.

The W331L mutant enzyme cannot support aerobic growth
and had reduced 8, oxidase (19%) and CO binding (67%)
activities. Spectroscopic characterizations of the air-oxidized,
ferrous CO-bound and ferric CN-bound enzymes indicated
that the binuclear center was severely perturbed even though
it can retain Cyg. Our data indicate that the side chain of
Trp* is part of a binding pocket for the binuclear metal

and resonance Raman spectra of the CO-bound formcenter (Figure 9).

indicated that the binuclear center was slightly perturbed in

Phe®*8. Phé*8 in helix VIII is highly conserved in the

the W280L mutant (Figures 5 and 6). Svensson et al. (1996) heme-copper respiratory oxidase superfamily (Figure 3) and

purified the W280F mutant enzyme in Triton X-100 and

has been proposed to face the binuclear cer8er The

N-lauroyl sarcosinate and found that the mutation reduced functional or structural importance of Pawas not realized

Q:H, oxidase activity to 6% of the wild-type level and
impaired proton uptake without affecting electron transfer
(46). The difference in phenotypes of these two mutations
could be attributable to differences in substituting amino acid
residues or detergents used for purification. Triton X-100
is known to remove noncatalytic subunit/) and a tightly
bound Q (48, 49 from cytochromebo.

in crystallographic studies on cytochromeoxidases 11,

44). We found that the F348L mutation severely reduced
Q:H, oxidase (0.6%) and CO binding (36%) activities and
the enzyme copper content (46%) and greatly enhanced the
g = 6 high-spin signal of the air-oxidized enzyme (Table 2,
Figures 5 and 8), as found in the g&deficient mutant§4,

55). Resonance Raman and FTIR studies support the

Tyr?8  Previous spectroscopic studies on mutants suggestperturbation at the binuclear center. The side chain o#¥he

that TyP® is a possible ligand of Gu(7, 8, 5. On the
basis of resonance Raman studies,”®®was proposed to
be involved in proximal ligand exchange between?#8and
His*'® at high-spin heme4f). However, crystallographic
studies on cytochrome oxidases 11, 12 disproved these
possibilities. Ty can form an H-bond with H#&* and
the hydroxyethylfarnesyl group of high-spin heme; therefore,

is in van der Waals distance to P& Lew*®?, and Al&4°

(loop VII=VIII), and Phé*" and Th#5! (VIII) in bacterial
cytochromec oxidase {1). Among them, the aromatic
amino acid residues are highly conserved at positions 331
and 347. These observations suggest that the aromatic side
chains at positions 331, 347, and 348 are essential for
forming an active form of the binuclear center (Figure 9).

it may mediate electron transfer between high-spin heme and  |n conclusion, the present studies demonstrated th&&Trp

Cus (12). In addition, Ty?® may deliver a proton from the
channel to dioxygen at the binuclear centkt,(5J).

The Y288L (Table 2) and Y288FR8) mutations replaced
hemeo at the high-spin heme binding site with helmand
reduced @H, oxidase activity (0.3% of the control level),
CO binding activity (22%), and the level of bound copper
ions (32%). U\~visible, resonance Raman, and FTIR
spectra of the ferrous CO-bound and ferric CN-bound forms

Tyr?88, Trp®3L, and Phé&*in subunit | are indispensable for
the catalytic function(s) of cytochronim and suggested that
they are involved in assembly and/or function of the heme
copper binuclear center. Spectroscopic studies on intramo-
lecular electron transfer and on the protonation state gFTyr
during the catalytic cycle should further provide a clue for
their functional role(s).

showed that the binuclear center was severely perturbed byACKNOWLEDGMENT

the Leu substitution (Figures-%). EPR spectra of the air-
oxidized enzyme also indicated a perturbation at high-spin
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