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ABSTRACT. Oxygen reductase members of the heroepper superfamily are terminal respiratory oxidases

in mitochondria and many aerobic bacteria and archaea, coupling the reduction of molecular oxygen to
water to the translocation of protons across the plasma membrane. The protons required for catalysis and
pumping in the oxygen reductases are derived from the cytoplasmic side of the membrane, transferred
via proton-conducting channels comprised of hydrogen bond chains containing internal water molecules
along with polar amino acid side chains. Recent analyses identified eight oxygen reductase families in
the superfamily: the A-, B-, C-, D-, E-, F-, G-, and H-families of oxygen reductases. Two proton input
channels, the K-channel and the D-channel, are well established in the A-family of oxygen reductases
(exemplified by the mitochondrial cytochromexidases and by the respiratory oxidases fRnodobacter
sphaeroidesand Paracoccus denitrificar)s Each of these channels can be identified by the pattern of
conserved polar amino acid residues within the protein. The C-fawtilg Oxidases) is the second most
abundant oxygen reductase family after the A-family, making up more than 20% of the sequences of the
heme-copper superfamily. In this work, sequence analyses and structural modeling have been used to
identify likely proton channels in the C-family. The pattern of conserved polar residues supports the
presence of only one proton input channel, which is spatially analogous to the K-channel in the A-family.
There is no pattern of conserved residues that could form a D-channel analogue or an alternative proton
channel. The functional importance of the residues proposed to be part of the K-channel was tested by
site-directed mutagenesis using tttgy; oxidases fromR. sphaeroidesind Vibrio cholerae Several of

the residues proposed to be part of the putative K-channel had significantly reduced catalytic activity
upon mutation: T219V, Y227F/Y228F, N293D, and Y321F. The data strongly suggest that in the C-family
only one channel functions for the delivery of both catalytic and pumped protons. In addition, it is also
proposed that a pair of acidic residues, which are totally conserved among the C-family, may be part of
a proton-conducting exit channel for pumped protons. The residues homologous to these acidic amino
acids are highly conserved in the cNOR family of nitric oxide reductases and have previously been
implicated as part of a proton-conducting channel delivering protons from the periplasmic side of the
membrane to the enzyme active site in the cNOR family. It is possible that the C-family contains a
homologous proton-conducting channel that delivers pumped protons in the opposite direction, from the
active site to the periplasm.

The heme-copper superfamily is structurally and catalyti- mitochondria and aerobic bacteria and archaea. These
cally diverse, with members that perform either oxygen enzymes catalyze the reduction of @ H,O utilizing a
reductase or nitric oxide reductase reactions. The oxygenbimetallic active site that contains a high-spin heme and a
reductases are terminal oxidases in the respiratory chains ottopper ion. The oxygen reductases couple the chemical
reaction to an electrogenic proton pump in which one proton
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The nitric oxide reductases catalyze the reduction of NO
to NLO at an active site consisting of a high-spin heme and
an iron ion. The nitric oxide reductases are not electrogenic
and do not pump protons or generate a protonmotive force
(4). The protons used for chemistry in the nitric oxide
reductases come from the periplasm, the opposite side of
the membrane than in the oxygen reducta&gs (

2NO+ 2H" o ,;; + 26 = N, O+ H,0

The oxygen reductases are multisubunit integral membrane
complexes and have been previously classified into three
families based on structural analyses: the A-, B-, and
C-families of oxygen reductase$)( More recent work
(Hemp and Gennis, manuscript in preparation) has identified
five additional oxygen reductase families: the D-, E-, F-, FIGURE 1. Pore structure of cytochronteoxidase. Cytochrome
G-, and H-families. It appears that enzymes from each of oxidase fronR. sphaeroidesiewed perpendicular to the membrane

: e : from the periplasmic side showing the structure of the three pores.
the eight oxygen reductase families couple the reduction of Each pore is formed by four transmembrane helices (pore A, red;

oxygen to proton pumping and the_genergtion of a trans- pore B, green; pore C, blue). The D-channel (red residues) is located
membrane voltage7-13), whereas nitric oxide reductases within pore A and the K-channel (green residues) within pore B.

from either of the known families (c(NOR and gNOR ) ) )
families) do not pump protons and are not electrogesijc ( responsible for the delivery of at least one, and likely two,
14-16). of the protons used in catalysis to form,® (34). The
Subunit | is the core of the multisubunit complex and D-channel (located in pore A, Figure 1) leads from an
defines the hemecopper superfamily. It is the only subunit aSpartate on the cytoplasmic surface of subunit | to a proton-
common to all of the oxygen reductase families and contains 2ccepting residue (a glutamate in some A-type subfamilies
the ligands for three redox-active metals: a low-spin heme ©F atyrosine in o.thers) near the active site. Thls channel has
(two histidine ligands) and the bimetallic catalytic site been |mpllgated in the transfer of both catalytic protons and
composed of a high-spin heme (one histidine ligand) and a Protons which are pumped across the membrade 4 third
nearby copper ion, Gu(three histidine ligands). The low- proton-conc_iuctlng channel (H-channel) h_as been proposed
spin heme accepts electrons from the electron donor specifico? the basis of the structure of the bovine cytochrame
for the particular complex and transfers them to the catalytic ©Xidase 17, 35-37); however, strong supporting evidence
site for oxygen reduction. X-ray crystallographic structures for @ functional role is lacking, and the putative pathway is
have been reported for members of both the A-type— not found in the microbial A-type oxygen reductas8s, (
21) and B-type 22) oxygen reductase families. These 39). o
structures show that the core of subunit | is formed by 12  Both the D- and K-channels contain highly conserved polar
transmembrane helices arranged in a pseudo-3-fold rotationafnd ionizable residues that guide the formation of hydrogen-
symmetry with the symmetry axis perpendicular to the bonded water chains, assuring kinetically competent proton
membrane. The 3-fold symmetry produces three pores (A, transfer 21, 40, 41). The polar and ionizable amino acid
B, and C) which span the length of the protein (Figure 1). side chains also can electrostatically stabilize the transferred

The low-spin heme is located in pore C, whereas the Proton along the water chain within the channé®,(43).
binuclear center is in pore B. In members of the A- and Without the electrostatic stabilization provided by the protein,
B-families X-ray crystallography 17, 18, 21) and mass  Protons could be excluded from water-containing poAe} (
spectrometry Z3, 24) have identified a novel cross-inked ~ 1he residues which form the proton channels in the
histidine—tyrosine cofactor in the active site. The cofactor A-family are not conserved in the C-family of oxygen
is formed between a conserved active site tyrosine and ong'®ductases. Since the C-type oxygen reductases have been
of the histidine ligands to Gu Recently, a similar cross- ~SNown to pump protonsd(44—47), it is certain that there
linked cofactor has been found in the C-family of oxygen Must be proton-conducting channels in this family that play
reductases2@, 25). However, in this family the tyrosine analogous roles to the D- and/or K-channels. In this work,
residue involved in the cross-link is located within a different S€quence analyses and structural modeling are used to
transmembrane helix in comparison to the A- and B-families identify residues which might form putative proton channels
(26). in the C-family of oxygen reductases. The functional
Mutagenesis studies of members of the A-family have importance of the identified residues was then examined by

identified two conserved proton input channels necessary for Site-directed mutagenesis of tibhy-type respiratory oxi-
function: the D-channel and the K-chann@l¢31). The dases fronVibrio choleraeand Rhodobacter sphaeroides
K-channel (located in pore B, Figure 1) leads from a glutamic The data support the proposal that the C-type oxygen
acid residue on the cytoplasmic side of the membrane, near'éductases have a proton-conducting channel that is spatially

the interface of subunits | and I, to the conserved His-Tyr analogous to the K-channel in the A-type oxygen reductases.
cofactor in the active site3@, 33). The K-channel is However, there are no conserved hydrophilic residues in the

C-type oxidases that could form either a channel analogous
! Abbreviations: HC, hemecopper; NO, nitric oxide; NOR, nitric to the D-channel or an alternative channel from the cyto-

oxide reductase; cNOR, cytochromanitric oxide reductase; gNOR, ~ Plasmic surface. Hence, in the C-type oxygen reductases, it
quinol nitric oxide reductase. is suggested that only one channel is used for the input of
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both catalytic and pumped protons. In addition, a possible column (Qiagen, CA) and eluted using a stepped gradient
proton exit pathway for pumped protons in the C-type oxygen of imidazole.

reductases is proposed on the basis of homology to a putative Heme Analysis of Proteingdeme staining was used to
proton input channel in the cNOR nitric oxide reductase identify subunits 1l and lll, CcoO and CcoP, containing

family (14). covalently attached hen®(57). GeneMate Express PAGE
gels from ISC BioExpress were used to separate the purified
MATERIALS AND METHODS protein complexes. The gels were then incubated in 3 parts

Sequence AnalysiBNA sequences from over 850 prokary- -3 MM 3,3,5,5-tetramethylbenzidine (TMBZ from Sigma)
ote genomes and 9 metagenomic projects were analyzed fofd 7 parts 0.25 M sodium acetate, pH 5.0, for 1 h. The
the presence of C-type oxygen reductase genes using BLASTIEIS were then stained for heneeby adding HO to
(48). Supporting Information Table S1 lists the genome and 30 mMm. ) ) ) )
metagenomic sequences analyzed along with their accession SPectroscopic AnalysiSpectra were acquired using an
information. Sequence alignments were performed using Adilent Technologies 8453 U¥visible spectrophotometer
MUSCLE 3.52 #9) and manually adjusted with Jalvie®a). running ChemsStation software. Twenty-five microliters of
Transmembrane regions of the C-type oxygen reductasethe protein sample at 130 mM was mixed with 10 of
family were predicted from multiple sequence alignments 50 MM sodium phosphate buffer and 0.05% DM at pH 6.5.
using TMAP 61). The enzymes were oxidized with of 1 mM Fe(CN}

Homology ModelingStructural models of subunit | for and reduced with dithionite, both obtained from Sigma.

various members of the C-type oxygen reductase family were SPectra were measured from 375 to 850 nm and analyzed
generated using homology modeling techniques as described!Sing Matlab.

in Hemp et al. 26). Swiss-Model $2) was used to generate ~ Oxidase Actiity MeasurementsA YSI model 53 oxygen
homology models based on crystal structures of membersmonitor was used to polarographically measure steady-state
of the heme—copper Superfam”y_ The h|gh-5p|n heme, low- oxidase aCt|V|ty The buffer used for oxidase aCtiVity
spin heme, and copper ion were incorporated into the measurements was 50 mM sodium phosphate and 50 mM
modeled protein structures, and water molecules wereNaCl at pH 6.5. Ten microlitersfd M ascorbate, pH 7.4,
predicted using DOWSERS8). Minimization of the models ~ and 18xL of 0.1 M TMPD were mixed with 1.8 mL of
was performed with NAMD2 %4) using a quenched MD  buffer in the sample chamber at 2&. The reaction was
simulated annealing procedure. A modified version of the initiated by adding 1QuL of 1 uM enzyme, and oxygen
CHARMM?27 Proteins and Lipids release force fielss) consumption was monitored.

that included modified parameters for heimand Cy (26)

was used in the calculations. RESULTS

Mutagenesis of the C-Type Oxygen Reductase from V. Genomic and sequence analyses, structural modeling, and
cholerae The oligonucleotides used for mutagenesis were mytagenesis were performed to investigate the properties of
SyntheSized by IDT. Site-directed mUtageneSiS was performe%roton channels in the C_type oxygen reductase fam||y
using Stratagene QuikChange kits as previously reportedgyolutionarily conserved residues were mapped onto struc-
(26). Sequence verification of the mutagenesis reactions wastyral models of the C-type family in order to identify potential
performed at the Biotechnology Center at the University of proton channels. Mutagenesis studies were then performed

llinois, Urbana-Champaign. to verify the roles of the predicted residues in channel
Mutagenesis of the C-Type Oxygen Reductase from Rformation.
sphaeroidesThe expression vector pUI2803NHISG] was Sequence and Structural Analysis of the C-Family of

used for site-directed mutageneSiS. pU|2803NH|S enCOdeSOXygen ReductasddNA sequences from over 850 prokary_
subunit vaith a C-terminal polyhistidine tag. Point mutations gtjc genomes, nine metagenomic projects, and individually
of subunit I fixN) were made by recombinant PCR and then sypmitted sequences to Genbank were analyzed for members
subcloned into pUI2803NHIS. Sequence verification of the of the C-type oxygen reductase family. BLAST analysis
mutagenesis products was performed at the Molecularjdentified 380 (275 genomic/90 metagenomic/15 individual
Genetics Core Facility, Department of Microbiology and submissions) putative members of the C-type family (Sup-
Molecular Genetics, The University of Texas Health Science porting Information Table S2). The 275 genomic members
Center at Houston. represent 23.5% of the total number of oxygen reductases

Purification of Recombinant Proteinghe mutant proteins  and 20.7% of the total number of hemeopper superfamily
with polyhistidine tags were overexpressed and purified as members identified. The C-type family has a broad phylo-
previously described2g). Briefly, V. choleraecells were genetic distribution with members from sequenced genomes
grown at 37°C in LB media (USB Corp.) with 10(g/L being unevenly distributed among 14 of the 23 officially
ampicillin (Fisher Biotech) and 10@g/L streptomycin named bacterial phyla currently recognized by the NCBI
(Sigma). Protein expression was induced with 0.2%-)- Taxonomy Database. [It should be noted that there are likely
arabinose (SigmaR. sphaeroidesvas grown semiaerobi-  to be over 100 bacterial phyla, many of which are not
cally at 30°C in Sistron media with 2 mg/L tetracycline. represented in the NCBI Taxonomy Databasé).] The

The cells were lysed and centrifuged at 40000 rpm to majority (89%) were found within the proteobacteria (Sup-
collect the membranes. The membranes were solubilized withporting Information Table S2); however, the skewed phy-
0.5% dodecyl 5-p-maltoside (Anatrace). Nonsolubilized logenetic distribution toward proteobacteria is clearly due
membranes were removed by centrifuging at 40000 rpm for to the disproportionate genomic sequencing efforts on
30 min. The protein was then purified using a nickel affinity members of this phylum. To date no members of the C-type
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oxygen reductase family have been found in archaea Ortapie 1; Conserved Residues in the C-Family of Het@epper
eukaryotes. A complete genomic and phylogenetic analysis oxygen Reductases

along with subfamily classification of the C-type oxygen
reductase family will be presented elsewhere.
Sequence alignments were used to identify conserved

structural/

residue functional role superfamily conservation

>99% Conservation

amino acid residues which may play important functional He4  high-spin heme ligand conserved in all HC's

roles in members of the C-type oxygen reductase family E126  proton exit conserved in NOR’s and C-family
(Supporting Information Figure S1). Table 1 lists the E129  proton exit conserved in NOR’s and C-family
completely conserved >99%) and partially conserved \gllgg Qi’rﬂgﬁmb'c cluster u”nr;aqu“eetgocc_}‘;ag;l':/y

(>95%) residues within the family. The conserved residues pz11  cy ligand conserved in most HC’s

are classified into four categories: (1) residues conserved 7219  K-channel analogue
in all members of the superfamily; (2) residues conserved Y227  K-channel analogue
within all of the oxygen reductase families but not the NO Y228 pOLeO”;'(?'tg‘ﬁdlrgge”
reductases; (3) residues conserved between the C-typep,ag

unique to C-family
conserved in B- and C-families
unique to C-family

) structural conserved in B- and C-families
oxygen reductases and at least one of the other families S240  K-channel analogue  unique to C-family
within the superfamily (either oxygen or nitric oxide reduc- entrance _ _
tases); and (4) residues conserved only within the C-type F248  hydrophobic cluster  unique to C-family

W249
Y255

hydrophobic cluster
K-channel analogue/
active site cofactor

unique to C-family

oxygen reductase family. unique to C-family

(1) There are only five residues completely conserved in

all members of the superfamily. These five residues are the G259  structural conserved in NOR's and C-family
histidines that ligate the low-spin heme (two histidines), high- Egg% gi ::ggzg 28223%23 n 2:: :gg
spin heme (on_e h_|st|d|ne), and_ active site metal ion (tWo pogs  siructural conserved in most HC’s
histidines), which is copper, Guin the oxygen reductases N293  K-channel analogue  unigue to C-family
or an iron, Fe, in the nitric oxide reductases. The active T297 K-channel analogue conserved in A- and C-families
site metal ion is usually ligated by three histidines; however, entrance _ _

Y321  K-channel analogue unique to C-family

a new heme copper family has been found in which one of /"0

s . ) 4 conserved in all HC’s
the histidines is replaced by an aspartate (to be describedyss; ed

conserved in all HC's

low-spin heme ligand
high-spin heme ligand

elsewhere). G407  structural conserved in most HC'’s

(2) There are no residues uniquely conserved in all of the R441  salt bridge with D344 conserved in NOR'’s and C-family
oxygen reductases that are not also conserved within the ©#4%  structural conserved in NOR's and C-family
nitric oxide reductases. This implies that for functions that R50 helix ca 95% Consuer:i\’fﬁg’?o Cotamil
a.re unique t.o the C.)Xygen reductases, such as proton p“’_“pngm Iow-spinpheme consqerved in NOR¥S and C-family
different amino acids may play the same structural/functional propionate
role in different oxygen reductase families. hydrogen bond

(3) There are numerous residues conserved between theR87 helix cap unique to C-family
C-type family of oxygen reductases and at least one other R1°6 poggggi'ohigrz%ge” unique to C-family
family of either oxygen reductases or nitric oxide reductases \y07  active site conserved in all HC's
within the superfamily (Table 1). Four residues are particu- N212  unknown unique to C-family
larly interesting: E126, E129, Y227, and T297. cholerae S244 K-Cht’;mnel analogue  unique to C-family

entrance

numbering). Residues homologous to E126 and E129 are ¢,o0
also conserved in the cNOR family of NO reductases, where 53,9
they have recently been shows9j to be components of a
proton input pathway from the periplasmic surface to the H341
active site §, 14, 15). Y227 is homologous to a conserved

conserved in most HC's
conserved in all HC's

hydrogen bond H261

structural, allows for
high-spin heme

cation binding site/
high-spin heme

conserved in most HC's

N } . propionate

tyrosine in the B-type oxygen red_uctase family that has begn cation binding site conserved in most HC’s

proposed to be part of the putative K-channel, and T297 is y3s7  unknown partially conserved in some HC's

homologous to a conserved S/T located within the K-channel P371  structural partially conserved in some HC’s

(6) in the A-type oxygen reductases. F389  structural partially conserved in A-family
(4) There are ten residues witf99% conservation unique W30 igﬂiiﬂg ﬁ‘:{gﬁgﬂg"é‘_ﬁga’ﬁf in some HC's

to the C family (Table 1). One of these residues is a glycine g427  unknown unique to C-family

(G199). Three of the residues (W166, F248, and W249) form G451  structural unigue to C-family

a conserved hydrophobic cluster and are likely to be ~ athe conserved residues for the C-family were determined by
important for structural reasons. The other six conserved analysis of all 275 genomic sequenc®s ¢holeraenumbering). The
residues unique to the C-family are polar amino acids that residues in bold are from published site-directed mutagenesis studies.
are located within pore B (Figure 1) and are candidates for fe gl'(deZ:tgundtlégll?;sqéoqusntfti(c)tnar‘LIm;i;Yas ssfri%nrid ttg tgﬁgs‘?gssetr"c‘fgs
. . au | uctu | u | uaies.
being part of a proton-conducting K-channel _anaIOgue: T219, The conservation of the conserved resid)L/Jes in the C-fa?nily relative to
Y228, 8240, Y255, N293, and Y321 Y255 IS the Conserved other members of the hemeopper Superfam“y is given_
cross-linked active site tyrosine, previously identifi@®)(
To identify amino acids which could form proton channels We identified nine conserved residues which could form a
analogous to those in the A- and B-type oxygen reductaseproton channel analogous to the K-channel: T219, Y227,
families, we mapped conserved residues onto structuralY228, S240, S244, Y255, N293, T297, and Y321. A model
models of members of the C-type oxygen reductase family. of theV. choleraeC-type oxygen reductase highlighting these
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A, A oo B
= . 170.8 kDa
Q. . ) 103.5 kD
= v “;f » 789 kDa
i t_/ 604 kDa
ai? A (i Fa 472 kD2
t"" ‘\_—-" | 35.1 kD& L S p— CeoP - 37 Kila
T A - ;
YzE 3 ] ¥ ::-: ::: — - - Ceol - 245 KDa

1.7 kDa

b T LNl
e & > \r <l -
ik .ﬁlul" Yzzﬁg FiGURE 3: (A) Reduced spectra of mutant proteins. (B) Heme-

stained PAGE gel of selected mutantd/ottholeraeC-type oxygen
FIGURE 2: K-channel analogue in the C-family of hermeopper reductase. Heme analyses of all other mutants were identical. Lane

oxygen reductases. (A) A-family K-channel. Residues forming the assignments: M, marker; 1, wild type; 2, T219V; 3, S240A; 4,
K-channel in the A-type cytochronoxidase fronRR. sphaeroides N293D; 5, T297V; 6, Y321F.

are shown in red (Y288, T359, K362, and E1IThe Cy ion is
in yellow, and the helices forming pore B are in green (see Table 2: Relative Oxygen Reductase Activity of Mutant C-Type
Figure 1). (B) C-family K-channel analogue. K-channel analogue Oxygen Reductasgs

in the C-typecbb; oxidase fromV. cholerae Amino acids in red

are conserved residues identified by mutagenesis as playing a role V. cholerae R. sphaeroides
in channel formation (Y255, Y321, T219, Y227, and N293). (C) mutant activity (%) mutant activity (%) location
C-family K-channel analogue rotated by*9@mino acids in blue WT 100 WT 100
are conserved residues which individually had no effect on oxidase E126Q <1 E180G <1 exit channel
activity; however, they may collectively form an entrance to the gqo9 47 E183G 11 exit channel
channel (§240, S244, and T297). Amino acids in yellow are residues 1219y 48 T275G <1 K-channel
which are not conserved in the C-family (H247 and S287); however, yoo7r/y228F 57 K-channel
they may play a role in channel formation in the individual g240aA 100
sequences which contain them. S244A 100

. . - . H303G 4 K-channel
residues is shown in Figure 2. Sequence alignments of the y2s5F <1 Y311G <1 K-channel
whole family show that there are no conserved or partially T297V 110
conserved residues that could form a channel analogous to%gfg <215 \'/“337479@6 ji Ecﬂan“e:
the D-channel (Supporting Information Figure S1). Since the g>774 293D > -channe

heme-copper superfamily is ancient, it is possible that
residues forming a second proton channel might only be
conserved within individual subfamilies of the C-type oxygen
reductases and that different subfamilies may have channels ) o
composed of different conserved residues. Sequence, struc- Mutations were also made at four sites in the C-type
tural, and phylogenetic analyses have identified at least 130xidase fronR. sphaeroidesT275G, Y311G, N349G, and
subfamilies of C-family oxygen reductases. Sequence analy-Y377G. Y311 is the active site tyrosine, equivalento
ses of these subfamilies revealed no conserved residues evegholerae Y255, and as expected, the Y311G mutant is
within subfamilies which could form a channel analogous Virtually inactive (Table 2). This has been shown previously
to the D-channel. (47). The T275G, N349G, and Y377G mutants also have
Site-Directed Mutagenesis of Consed Residues Pro- low catalytic activity, qualitatively consistent with the results
posed To Form a Proton |nput Chann@equence ana'ysis from the mutations in the eqUiValent sites (T219V, N293D,
and structural modeling (described above) identified the and Y321F) in theV. choleraeenzyme. The influence of
following nine conserved polar residues as likely forming a these three mutations in tife sphaeroidesxidase is much
proton-conducting channel analogous to the K-channel in the more dramatic than the mutations in the equivalent positions
A-family of oxygen reductases: T219, Y227, Y228, S240, in theV. choleraeoxidase (Table 2). This may be due to the
S244, Y255, N293, T297, and Y321. Previously, Y255 was fact that glycine was placed in each position in tRe
demonstrated to be essential for catalytic function, and this SPhaeroidexidase, which may cause structural perturba-
residue was shown to be part of the cross-linked cofactor in tions. Heme analysis of the mutants from Riesphaeroides
the enzyme active site28, 25). The remaining eight oxidase is consistent with structural perturbations resulting
conserved residues in subunit | (CcoN) of ¥echolerae  from the glycine substitutions. Whereas the wild-tyRe
C-type oxygen reductase were each replaced by site-directecsPhaeroidesxidase has a measured heateemeb ratio of
mutagenesis to assess their functional importance: T219v,3:2, this ratio is altered in the mutants: T275G (2:1), Y311G
Y227F/Y228F (double mutant), N293D, Y321F, S240A, (3:1), N349G (4:1), and Y377G (4:1). This is not observed
S244A, and T297V. All of the mutants were expressed and With the mutants of th¥'. choleraeoxidase (T219V, N293D,
assembled correctly, as determined by-UXs spectroscopy ~ Y311F, and Y321F).
and heme analysis (Figure 3). Oxygen reductase activity Previously, H303 was proposed to be part of the K channel
assays were performed to assess the effect of each mutatioin the cbhs-type oxidases47). However, the larger data set
on catalysis (Table 2). Four of the mutants [T219V, Y227F/ used in the current work shows that H303 is not conserved
Y228F (double mutant), N293D, and Y321F] had signifi- either within the family of C-type oxygen reductases or
cantly reduced catalytic activity or were completely inactive, within any of the subfamilies. The H303G mutant in the
whereas three of the mutations (S240A, S244A, and T297V) current work (Table 2) has very low catalytic activity (4%),
had no effect on oxidase activity. The locations of some of and the heme&:hemeb ratio is the same as the wild type,
the residues are shown in Figure 2. suggesting no major problem of assembly. However, it has

2 The residues in each row are structurally equivalent. The numbering
is for the respective sequences.
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A I~ demonstrated experimentally that the required protons are
. “55;,&{‘ taken from the inside (bacterial cytoplasm or mitochondrial
4&-{_; : J'% matrix) for the oxygen reductases and from the outside
y (bacterial periplasm) for the nitric oxide reductases. In this
Fr-‘;"“-ﬁo- work sequence analyses, structural modeling, and site-
& \,} 4 directed mutagenesis were used to identify proton-conducting
€ - &2 channels in the C-family of hemeopper oxygen reductases
. ‘ ) 3 (cbhs-type respiratory oxidases).

N A

) Previous studies have identified three distinct families of

FiGURe4: Potential exit pathway. The residues identified as forming ©*Y9€N reductases) (the A-, B-, and C-families) and two

a possible exit pathway analogous to that in the cNOR family are families of nitric oxide reductases (cCNOR and qNOR) (
shown in green (E126 and E129). These residues are located in60). More recently, new sequences have been made available

the loop between helices Ill and IV at the top of pore A. Modeling  from microbial genome and metagenomic sequencing efforts.
of this region is very difficult due to the lack of homology with  This has resulted in a much larger data set for the analysis

known structures. This figure shows one possibility of the location fthe h familv. th its of which will
of these important residues. A crystal structure of a member of the 01 1€ NeMe-Copper superiamily, the results or which wi

C-family will be necessary to determine their actual location. be published separately. There are enough sequences avail-
able to clearly define a number of subfamilies within the
recently been showrs6) that the H303A mutant in the same  A-, B-, and C-families of oxygen reductases and also to
R. sphaeroide®xidase is fully active, indicating that the ~define five additional families (D-, E-, F-, G-, and H-
histidine at this location is not critical for activity. families). Similarly with the nitric oxide reductases, several
Site-Directed Mutagenesis of Consed Residues Pro-  additional families have been identified in addition to the
posed To Form a Proton Exit Chann@wo acidic residues, =~ CNOR and gNOR families (manuscript in preparation).
E126 and E129\(. cholerag, are totally conserved in the The A-family of oxygen reductases is by far the largest
C-family oxygen reductases and in the cNOR family of nitric (72% of the 1170 sequences of henm®pper oxygen
oxide reductases (Supporting Information Figure S2). Muta- reductases included in the current analysis) and most studied
tions were made of both glutamates in tkfe cholerae group of enzymes in the hemeopper superfamily. Several
(E126Q and E129Q) and in th® sphaeroide¢E180G and X-ray structures have been determined and site-directed
E183G) C-type oxygen reductases to determine their func- mutagenesis, along with biophysical methods, has been
tional importance. The E126Q¥( cholera¢ and E180GR. extensively used to elucidate the structural and mechanistic
sphaeroidesmutants are virtually inactive. Thé. cholerae properties of this family. Two proton-conducting input
E129Q mutant has about 47% of the wild-type oxidase channels, the D- and K-channels, are well defined by both
activity, whereas the equivalerR. sphaeroidesE183G X-ray crystallography and site-directed mutagenesis of
mutant is virtually inactive (Table 2). The mutants in Me prokaryotic members of the family2{—31). These two
choleraeoxidase have no effect on the heme content orUV  channels are used to provide protons from the bacterial
vis spectrum of the enzyme. However, the glycine substitu- cytoplasm (or mitochondrial matrix) to the active site for
tions in the R. sphaeroidesoxidase may have caused chemistry (4 H) and for proton pumping (4 H. The
structural effects, altering the heme ratio for E180G (2:1) D-channel has been a focus of attention because it is clearly
and E183G (4:1). involved in the proton pump of the A-family of oxygen
The loss of function obtained with thé choleraeoxidase reductases. Some mutations within the D-channel can
mutants (Table 2) is very similar to that previously published eliminate proton pumping 30, 61, 62) whereas other
on the effects of the equivalent mutations (E122Q and mutations completely block all catalytic functiodd). It has
E125Q) in the NO reductase activity of a member of the been noted previously that the oxygen reductases in the
cNOR family §9). In the cNORs, the conserved glutamates C-family do not appear to have residues equivalent to those
are proposed to be part of a proton input pathwid; 69), corresponding to the D-channel of the A-family of oxygen
so it is reasonable to suggest that in the C-type oxygenreductasess 12, 47). The current work examines this using
reductases the two glutamates may form an exit pathwaythe large data set now available.
for pumped protons delivered to the periplasm. The location 1,4 premise of the approach is that the proton-conducting

of the two glutamates in a model of thé cholerae cbb - annels will involve functionally important polar and/or
oxidase 'S.ShOW” in Figure 4. The loop region bet_we_en_ helix ionizable residues. In principle, this need not necessarily be
lIl and helix IV in the C-type oxygen reducta_ses 'S.d'ff'CL_"t the case, as exemplified by the gramicidin channel, in which
to model due to the lack of homology of this region with 1,y one carbonyls are utilized to form a hydrogen bond
known _crystal structures. Th|s should be kept_ in mind when network with water §4). However, the gramicidin channel
proposing structural/functional features of this loop. is different from the channels being considered in the current
DISCUSSION work because gramicidin _conduct_s cations other thgn protons
whereas the channels of interest in cytochrome oxidase only

Members of the hemecopper superfamily are divided into  conduct protons. In channels that only conduct protons
two classes: the oxygen reductases and the nitric oxidethrough membrane proteins, the participation of polar/
reductases. The active sites for enzymes from both of theseionizable side chains appears to be univerda) ¢5). This
classes are buried within the proteins; therefore, the protonsis clearly observed in the A-family of oxygen reductases,
required for their chemistries must be provided via proton- where the pattern of conserved polar amino acids defines
conducting channels from the aqueous phase. It has beerboth the K- and D-channel$
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In the A-type oxygen reductases, the K-channel leads from It is noted that the K-channel analogue in the C-type
a surface-exposed glutamate at the cytoplasmic surface taoxygen reductases contains no protonatable residues, in
the active site tyrosine, which is cross-linked to a histidine contrast to both the D- and K-channels in the A-type oxygen
(28, 66). Besides the active site tyrosine, there are three otherreductases. It has been suggested previously that a histidine
conserved residues in the A-family of enzymes which line residue (H303 in th&k. sphaeroide€-type oxygen reduc-
the K-channel: T/S359, K362, and E20Zsubunit II) tase) near N293 might be an important component of the
(numbering of theR. sphaeroides agype oxidase) (Figure  K-channel in the C-type oxygen reductasé4g)( Mutation
2A). Similarly, there is a pattern of highly conserved residues of this histidine to valine resulted in reduced oxidase activity
in the D-channel in the A-family of oxygen reductases: (79, 80). However, this residue is not conserved in the
D132, N121, N139, N207, Y33, and E286. C-family (Supporting Information Figure S1), and mutation

Other examples of proteins in which ionizable or polar tg zlanine (H303A) in th&. sphaeroides chHype oxidase
amino acids are critical components of proton-conducting has peen reported to have no effect on enzyme actis8y (
pathways are the bacterial photosynthetic reaction cedifer (  The current work (Table 2) shows that a glycine is not

68), the RF,-ATP synthaseq9, 70), thebc, complex 71— tolerated at this location, which does not imply that H303 is
74). bacteriorhodopsin7), succinate dehydrogenas#s), a required for proton translocation.

and the recently discovered E-channel in the fumarate The three conserved residues for which mutation had no
reductase fronWolinella succinogene§’7).

Of particular interest is the ctNOR family of nitric oxide effect on activity (5240, 5244, and T297) (see Figure 2B)
reductases. Sequence analysis shows no pattern of conserved€ all located just below N293 near the entrance to the
polar residues that could define a proton input channel from channel. The N293 residue is esplmated in structural models
the bacterial cytoplasm (Hemp and Gennis, in preparation) {0 be 710 A from the cytoplasmic surface and unlikely to
but does reveal the presence of two conserved glutamated@ve direct contact with protons from the cytoplasm. A
that could be involved in forming a proton input channel Proton-conducting pathway should be required for the
from the periplasmic side of the membrane. Experimental fransfer of protons from the cytoplasm to the level of N293.
data confirm that protons are, indeed, taken from the The.5240, S244, and T297 reS|du_es could participate in this,
periplasm and that the two glutamates do appear to bebut it may be that there are multiple pathways possible so
important for this function4, 59). Hence, within the heme that no su_wgle residue is essent_|al for the function. A similar
copper superfamily, sequence alignments predicting thesnuatlc_)n is proposed for the highly conser\_/ed serines and
presence or absence of proton-conducting channels have beefiireonines (S142, S200, and S2&L;sphaeroides agype
validated experimentally for the D- and K-channels of the numbering) within the D-channel of the A-family of oxygen
A-family of oxygen reductases and the cNOR family of nitric  "eductasesd(l). Multiple mutations might resolve this matter.
oxide reductases. Absence of a Second Proton Input Channel in the

In light of these Corr_elations, it_i.s meaningful that f[he C-Family of Oxygen Reductasesnalysis of the C-family
pattern of conserved residues identified only one proton input gho\ys that no residues are conserved that could reasonably
channel for the C-family of oxygen reductases, spatially pe postulated to be components of a proton input channel
equivalent to the K-channel in the A-family of oxygen apart from the K-channel. Earlier work noted that there is a
reductases, fthough largely comprised of different res'_dues-conserved tyrosine in the C-family that is structurally
The only residue in common between the K-channels in the 4n310g0us to the tyrosine at the top of the D-channel in some
A- and C-fgmlhes of enzymes corresponds tq T359 in the subfamilies of the A-type oxygen reductasés47). It was
R. sphaeroides agype oxidase. The expectation tested in yreviously reported that mutation of this residue to pheny-
this work is that mutations lof conserved, polar re3|due_s iN |alanine in theR. sphaeroidesC-type oxygen reductase
the putative K-channel_ will block proton tra_nslocatlon (Y265F) resulted in an enzyme with low activity; however,
requwe_zd for both chemistry and proton pumping by the iere was no effect on pumping ). Sequence analysis
C_jl'ahrglE—gﬁggnillﬁsgcéﬁﬁes nine residues (apart from the shows that this residue is not conserved and is a phenyla-
active site tyrosine) that were proposed to be part of the Ia_nlne in many C-type sequences (Suppo_rtmg In_formatlon
K-channel in the C-family of oxygen reductases were Figure S1). Therefpre, it is unlikely that this tyrosine plays

the same role as in the A-type oxygen reductases. If the

implicated as being functionally important for catalytic ) s
function by site-directed mutagenesis of ¥echoleraeand C-family has a channel analogous to the D-channel, it is not

R. sphaeroides chltype oxidases: T219, Y227 and/or Y228, formed by conserved residues.

N293, and Y321V. choleraenumbers). The location of these An alternative proton input channel has been suggested
residues in a model of the CcoN subunit of Mecholerae between D364R. sphaeroides chloxidase numbering) on
enzyme is shown in Figure 2B. In addition, it was previously the cytoplasmic side and E38R.(sphaeroidgsnear the
shown that the active site tyrosine (Y255), located at the high-spin heme47). In support of this, E383 was mutated
terminus of the K-channel is essential for functi@®) In to glutamine, resulting in complete loss of activit§7].

the A-family of oxygen reductases, there is a conserved However, sequence analysis shows that neither D364 nor
glutamic acid in subunit Il which is located at the entrance E383 are conserved within the C-family of oxygen reductases
of the K-channel, E101in the R. sphaeroides asype or within any subfamily (Supporting Information Figure S1).
oxidase 78). In the C-family of enzymes, a homologue of In many sequences the residue equivalent to E383 is a
subunit Il is not present, and there are no conserved residueglutamine. Structural modeling (not shown) predicts that
in any of the accessory subunits of the C-family of oxygen E383 could be as close ast A from the histidine ligand to
reductases (CcoO, CcoP, or CcoQ) that could be identified the high-spin heme in the active site. Hence, mutation of
as equivalent to the glutamate in the A-family of enzymes. this residue might modify the midpoint potential of the high-
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spin heme and could explain the experimental resdlf. ( active site. These results strongly suggest that the C-type
There are no other conserved residues between D364 anaxygen reductases have only one proton input channel and
E383 which could form the rest of a channel. There are also that the K-channel is responsible for the uptake of all protons,
no conserved residues anywhere else in the protein whichboth for catalysis and pumping. Although the principles
could form a potential alternative proton channel in any of behind the mechanism of proton pumping are very likely to
the subfamilies comprising the C-family of oxygen reduc- be the same, it is evident that the functions of residues in
tases. the D-channel shown to be critical in the A-family of oxygen

If a second proton input channel is present in the C-family reductases must be performed differently in the C-family of
of oxygen reductases, it does not contain conserved polaroXygen reductases. The invariant structural features shared
residues. by all of the heme-copper oxygen reductases are the metal

A Possible Proton Exit ChannelThe C-type oxygen ligands and the heme propionates. These may play specific
reductase family is closely related to the cNOR and qNOR Foles in the proton pump mechanism, as has been proposed
nitric oxide reductase familie$,(82) and shares a number N NuMerous models83-86).

of conserved sequence features with them that are not found (3) Two totally conserved glutamates in the C-family of
in the other oxygen reductase families (Table 1). One feature0Xygen reductases may be part of a proton exit pathway.
is the presence of the two conserved g|utamate residues Further experiments, including the structural determination

(E126 and E129y. choleraenumbering) located in the loop

of a C-type oxygen reductase, will be necessary to clarify

region between helix 1ll and helix IV on the periplasmic how these enzymes function.

side of the protein (Supporting Information Figure S2).

Modeling (Figure 4) shows that the conserved glutamates SUPPORTING INFORMATION AVAILABLE

in the IlI—=1V loop region of the C-family of oxygen

Two figures and two tables as described in the text. This

reductases could be in a similar location as the glutamatesmaterial is available free of charge via the Internet at http:/

in models of the cNOR nitric oxide reductasés 14). It is
therefore reasonable to propose that this pair of glutamates

pubs.acs.org.

may share a common role in both the cNOR'’s and the C-type REFERENCES

oxygen reductases. Mutations were made to test the func-
tional importance of these glutamates in the C-family.
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demonstrate that these two glutamates are functionally 2.
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Possibly, the equivalent glutamates in the C-type oxygen 4.

reductases form an exit pathway for protons to the periplasm.
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