10766 Biochemistry2005,44, 10766-10775

Helix Switching of a Key Active-Site Residue in the Cytochronidy Oxidase$

James Hemp$ Caroline Christiarf, Blanca Barquerf! Robert B. Genni$f' and Todd J. Mafhez*+$

Department of Chemistry, Department of Biochemistry, and Center for Biophysics and Computational Biology,
University of Illinois, Urbana, lllinois 61801

Receied March 14, 2005; Résed Manuscript Receed June 20, 2005

ABSTRACT. In the respiratory chains of mitochondria and many aerobic prokaryotestwpper oxidases

are the terminal enzymes that couple the reduction of molecular oxygen to proton pumping, contributing
to the protonmotive force. Thebb; oxidases belong to the superfamily of enzymes that includes all of
the heme-copper oxidases. Sequence analysis indicates thabtiexidases are missing an active-site
tyrosine residue that is absolutely conserved in all other known heoper oxidases. In the other heme
copper oxidases, this tyrosine is known to be subject to an unusual post-translational modification and to
play a critical role in the catalytic mechanism. The absence of this tyrosine agbthexidases raises the
possibility that thecbb; oxidases utilize a different catalytic mechanism from that of the other members
of the superfamily. Using homology modeling, quantum chemistry, and molecular dynamics, a model of
the structure of subunit | of ebls oxidase Vibrio cholerag was constructed. The model predicts that a
tyrosine residue structurally analogous to the active-site tyrosine in other oxidases is presewbin the
oxidases but that the tyrosine originates from a different transmembrane helix within the protein. The
predicted active-site tyrosine is conserved in the sequences of all of the laidmoxidases. Mutagenesis

of the tyrosine to phenylalanine in thé choleraeoxidase resulted in a fully assembled enzyme with
nativelike structure but lacking catalytic activity. These findings strongly suggest that all of the-heme
copper oxidases utilize the same catalytic mechanism and provide an unusual example in which a critical
active-site residue originates from different places within the primary sequence for different members of
the same superfamily.

Heme-copper oxidases are the terminal enzymes in the Recent work on the evolutionary relationships of the
respiratory chains of mitochondria and many aerobic prokary- heme-copper superfamily based on sequence alignments and
otes. These enzymes catalyze the reduction of molecularstructural information has identified three very distinct
oxygen to water, coupling the redox free energy of the families €). Members of the type A oxidase family are most
reaction to proton translocation across the membranesimilar to theaas-type oxidases from mitochondria. The type
(1—3). Subunit | is the core of the enzyme complex B oxidase family members are related to li@e-type oxidase
containing all of the amino acid residues and cofactors (two from Thermus thermophilughe type C oxidases acbbs-
hemes and a copper ion) necessary for both the reduction oftype oxidases, typified by the FixN enzyme fr@radyrhizo-

O, to water and for the pumping of protons across the bium japonicum(7). The type C oxidases have been
membrane. Subunit | of the hemeopper oxidases belongs speculated to be the most phylogenetically ancient, and their
to the heme-copper oxidase superfamily of enzymes, which sequence similarities to the nitric oxide reductases (NORs)
also includes the integral membrane nitric oxide reductases.have led to the idea that the respiratory oxidases were derived
Oxidase members of the superfamily vary in the type of from enyzmes involved in denitrificatior8(9).

electron donor (cytochron® quinol, or high-potential irort X-ray crystal structures have been reported for members
sulfur protein), the types of hemes (A, B, or O), and the of both the type A and B families, providing a basis for the
number of subunits present in the enzymatic complex first theoretical studies of active-site chemistry in oxidases
(ranging from 2, in some bacteria, to as many as 13 in (10—14). Proteins with reported crystal structures include
mammalian mitochondria)( 5). the mitochondrial cytochrome oxidase fromBos taurus
(15-17) (type A), the prokaryotic cytochrome oxidases

c *S(lijtport (gésth(i)i gggﬁGWtaST%r?\xi;ieddbﬁ] thl\el {\_latiolnlal tS»tcitencef from Paracoccus denitrificang18, 19) (type A), Rhodo-
Health (to R.B.G.). T.J.M. is a Packard Fellow and a Dreyfus Teacher P2Cter sphaeroide0) (type A), andThermus thermophilus
Scholar. (21) (type B), as well as the ubiquinol oxidase from
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Ficure 1: Catalytic cycle of cytochrome oxidase, showing the
role of the active-site tyrosine.

heme-copper active site, where,®inds and is reduced to

water. The binuclear center consists of a five-coordinate high-

spin heme and a copper ion, & ligated to three histidines.

Six completely conserved histidine residues coordinate the

low-spin heme, high-spin heme, anddzand the presence
of these six histidines is diagnostic for members of the
superfamily.

The active sites of the type A and B oxidases also contain
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Distances:

Tyr O-Cug 5754 (5.9140.89)
Tyr O-Fea 5814 (622+106)
Fe,s—Cug 4854 (476 +0.36)

FIGURE 2: Active-site structure oB. taurusoxidase. The active
site of B. taurus(20CC) showing the cross-link between of the
histidine imidizole (His240) and &f the tyrosine phenol (Tyr244).
The farnesyl tail of hemesdas been removed for clarity. The table
gives the distances between the three redox active atomg; Cu
the heme Fg, and the phenolic oxygen of the active-site tyrosine.
The first number is th®. taurusdistance, and the second number
is the average distance of all known crystal structures.

does seem to have a role in maintaining the structure of the
active site 81, 32).
Sequence alignments show that all known type A and B

a tyrosine residue that has been proposed to be important iroxidases, without exception, contain the active-site tyrosine.

the catalytic mechanism of the enzyme. This tyrosine
(Tyr244,Bos tauru$ is thought to donate a hydrogen atom
(an electron plus a proton) during catalysis to facilitate
cleavage of the ©0O bond, resulting in the transient

formation of a tyrosyl radical intermediate (A P, in Figure

1) (23—28). Attempts to replace this tyrosine in type A

In contrast, sequence alignmeng$ $how this residue to be
missing in all of the type Cadbhs) oxidases, raising the
important question of whether the type C oxidases might
employ a different catalytic mechanism for facilitating the
splitting of the G-O bond. The cytochromebb; oxidases
have a glycine or alanine at the equivalent position in

bacterial oxidases by site-directed mutagenesis have notsequence alignments. Conceivably, the glycine but not

succeeded to identify any substitution that will support
oxidase activity. The physical location of this tyrosine and
its total conservation in all of the type A and B oxidases
strongly suggest that it plays a critical role in the catalytic
mechanism.

One argument for the transient formation of a radical at
this position is the fact that, in the X-ray structures of Ehe
tauruscytochomeaas (15), P. denitrificanscytochromeaag
(18, 19), and T. thermophiluscytochromebas (21), this
tyrosine is cross-linked to a nearby histidine (Tyr244
His240, B. taurug which is one of the ligands to Gu
Possibly, the His-Tyr cross-link is formed as a side reaction
of the putative tyrosyl radical during the initial turnovers of
the enzyme. The cross-link (Figure 2), which has been
confirmed chemically in th@. thermophilusytochomebas
(29, 30) joins the N nitrogen of the histidine imidizole and
the G carbon of the tyrosine phendly, 19, 21). The fully
oxidized, fully reduced, CO-bound, and azide-bound forms
of bovine cytochrome oxidase all have electron densities
compatible with the His-Tyr cross-link, suggesting that it is
present throughout the catalytic cycl@5(. Whether the
cross-link is critical to enzyme function is not known, but it

alanine could act as a hydrogen atom donor, as observed in
pyruvate:formate lyasedg), but neither glycine nor alanine
could serve as a proton donor.

There is no crystal structure available for any type C
oxidase 84); therefore, the structure of the active site cannot
be examined to see what might replace the function of the
active-site tyrosine. In this work, homology modeling,
guantum chemistry, and molecular dynamics are used to
predict the structure of subunit | (CcoN) of thbh; oxidase
from V. cholerae The structural model predicts a tyrosine
at the same spatial location at the enzyme active site but
which comes from a different location in the sequence than
the tyrosine observed in the type A and B oxidases. The
active-site tyrosine in thecblb; oxidases is located in
transmembrane helix VI, whereas the active-site tyrosine
observed in the type A and B oxidases is located in
transmembrane helix VI. Furthermore, the predicted active-
site tyrosine in the type C oxidases is completely conserved
within the family of cbb; oxidases. In the type A and B
oxidases, the sequence position of the active-site tyrosine in
the type C oxidases is occupied mostly by glycine and alanine
residues.
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Table 1: Template Proteins Used in Modeling

organism PDB ID hemés family resolution (&) reference
P. denitrificans 1AR1 aag A 2.7 14,15
B. taurus 20CC aag A 2.3 11-13
E. coli 1FFT bos A 35 18
T. thermophilus 1EHK bag B 2.4 17
R. sphaeroides 1M56 aas A 35 16

@ First and second letters refer to the low-spin and high-spin heme,
respectively.

Site-directed mutagenesis experiments were performed to

substitute for the predicted active-site tyrosine (Y255) in
subunit | of thecbhb; oxidase fromV. cholerae The Y255F

mutant is assembled and has normal spectroscopic feature

but is completely inactive catalytically, consistent with a
likely role of this tyrosine in catalysis. Establishing whether
this tyrosine is post-translationally cross-linked to a histidine
at the active site will require further work.

THEORETICAL METHODS

Sequence Mining and Alignme&equences homologous
to known heme-copper oxidases were found using BLAST
searches of the SDSC nonredundant protein datal3&e (
the NCBI Microbial Genome Databas&6j, the TIGR
Comprehensive Microbial Resourc87), the DOE JGI
Microbial Database38), and independent databases found
within the GOLD Genomes Online Databa88)( Over 500
prokaryotic members of the hemeopper oxidase super-
family were found, and a complete list is provided in the
Supporting Information. All of the sequences were clustered
into the known families: type A, B, and C oxidases and the

Hemp et al.

NAMD2 (47) and the CHARMMZ27 proteins and lipids
release force field48), modified as described below. The
hemes and copper were allowed to relax via the steepest
descent minimization, keeping tlecarbon atoms fixed. All
constraints were removed, and the system was heated to 400
K using Langevin dynamics for 250 ps. The temperature was
then reduced by 10%, and dynamics was performed for
another 250 ps. This procedure was iterated until the
temperature dropped below 290 K, at which point the system
was quenched to its nearest local minimum using conjugate-
gradient minimization. The total simulation time for each
model was 1 ns.

Force-Field ModificationsWe refined structures for active
sites in different redox states either with or without a His-
Tyr cross-link. The fully oxidized state was modeled using
hydroxide as a metal ligand for both the high-spin heme and
Cus, while the one-electron reduced state was modeled using
hydroxide as the metal ligand for the high-spin heme. Atomic
charges for the active site in different redox states are
determined from Mulliken analysisA9) of the electronic
wave function obtained by quantum mechanical modeling.
Hybrid density functional theory, DFT-B3LYP(), and the
LA3VP effective core potentiaB(l) and basis seb) were
used on a model binuclear center prepared as described
previously (4). Bond and angle equilibrium values for the
copper ligands were taken from an average of the published
X-ray crystal structures. The force constants used were set
to 65 kcal/mol & for bonds and 30 kcal/rador the angles
(13). Where the His-Tyr cross-link was included, the
equilibrium N—C, bond distance was taken to be the average
value (1.4 A) from published structures with known
His-Tyr cross-links 15—22). A bond force constant of 400

nitric oxide reductases. Sequence alignments for each familykcal/mol A2 was used.

were calculated separately using CLUSTAL WO0). Next,
alignments between the individual families were performed
to generate an alignment for the whole superfamily, which

EXPERIMENTAL PROCEDURES
Mutagenesis of chibOxidase.Site-directed mutagenesis

is needed to align the target sequence to the templatewas performed using Stratagene QuikChange kits. The
structures. Secondary structural analyses were performed tjigonucleotides used for mutagenesis, Y255F4G6C-
ensure that the sequence alignments generated were consiSSCTGATTTCTCTCTTTATTTGGGCAGGTCCGC-3and

tent with predicted transmembrane helices. TMAB) (vas

Y255F-R 5-GCGGACCTGCCCAAATAAAGAGAGAAAT-

used to predict transmembrane regions from the multiple cAGAGCC-3, were synthesized by Qiagen. The restriction

sequence alignments of the individual families.

Homology Modeling.Structural models for subunit |
(CcoN) of thecbb; oxidase fromV. choleraewvere generated
using homology modeling. Templates were found using a
PSI-BLAST @42) search of the Protein Data Bank (PDB)
(43) with the Biology Workbench interface3f). Proteins

enzymes were from New England Biolabs and Gibco-BRL.
Mutagenesis was verified by sequencing performed at the
Biotechnology Center at the University of lllinois Urbana-
Champaign.

Purification of Querexpressed Proteins. V. cholereglls
containing plasmids for the desired polyhistidine-tagged

selected for use as templates in modeling are shown in Tableprotein were grown in LB media (USB Corporation) with
1. Homology models were generated using Swiss-Model via 100 ug/L ampicillin (Fisher Biotech) and 100g/L strep-

the Swiss PDB Viewer (SPDBYV) interfacé4, 45). The low-
spin heme, high-spin heme, and gJon were placed into
the models using SPDBYV by structurally aligning the model
structures with the crystal structure of tRe denitrificans

tomycin (Sigma) at 37C. Cells were grown to 60 Klett
units, and then gene expression was induced with 0.2%
L-(+)-arabinose (Sigma). At 150 Klett units, the cells were
collected by centrifuging at 7000 rpm for 30 min. The cells

oxidase and overlaying the cofactors. The A-type hemes inwere then frozen overnight at80 °C. Thawed cells were

the P. denitrificansoxidase were then converted to B-type
hemes, which are present in thebh; oxidases. Water
molecules were added to the models using DOWSHR. (
All water molecules placed by DOWSER with stabilization
energies greater than 12 kcal/mol were included in the
models.

Simulated Annealingstructural refinement of the models

homogenized on ice with DNAase | (Sigma) and PMSF.
Cells were then lysed by five passes through a disruptor and
centrifuged at 40000 rpm overnight to collect membranes.
Membrane proteins were solubilized by adding 0.5% dodecyl
p-p-maltoside (Anatrace) and shaken at@ for 30 min.
Nonsolubilized membranes were removed by centrifuging
at 40000 rpm for 30 min. The enzyme was purified using

was carried out with a simulated annealing procedure usingNi?*-NTA agarose resin obtained from Qiagen.
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Heme Analysis of Protein®roteins were separated on Sequence alignments of tlobhb; oxidase family to the
GeneMate Express PAGE Gels from ISC BioExpress. Gels template families showed significant sequence homology in
were then soaked in 3 parts 6.3 mM '%3B-tetramethyl- all helices with the exception of helices IV and V. In both
benzidine (TMBZ from Sigma) and 7 parts 0.25 M sodium of these helices, however, the predicted transmembrane
acetate at pH 5.0 for 1 h. Gels were stained for heme by regions from thecbb; oxidase family aligned well with the
adding HO, to 30 mM. This procedure revealed the subunits transmembrane regions of the template families. To improve
containing covalent heme c. alignments in theses helices, thbh; oxidase family was

Ratios of heme c/heme b were calculated from the aligned to the cytochrome nitric oxide reducatse (CNOR)
reduced-minus-oxidized difference spectra using Matlab. For family, which is also part of the superfamily that is
heme c, the wavelength pair 550/540 nm was used with anparalogous with the oxidases and have been proposed to be
extinction coefficient of 20 mM! cm-L. For heme b, 560/  structurally similar to the oxidaseS3). Alignments between
580 nm with an extinction coefficient of 25 miMcm~! was thecbh; oxidase and the cNOR families show that the cNORs
used. have very short interhelical turns, which makes them useful
in defining the helical boundaries. When the alignments
between thebb; oxidase family and the cNOR family are
compared to the predicted transmembrane helices, alignments
for helices IV and V were generated. The alignment for these
two helices generated in this way agrees well with the
alignment between thebh; oxidase family and the template
dithionite, both obtained from Sigma. Spectra were measured'@milies generated by profile alignment, adding confidence

to the alignment of the whole superfamily. The target

from 375 to 850 nm and analyzed using Matlab. ‘ late all din h : deli
Oxicase Ackty Measuremertzh S mocel 53 oxygen [T slgnment ueed i homoloay mocelng wes ex
monitor was used to polarographically measure steady-state_. P P yalg '

oxidase activity. The buffer used for oxidase activity igure 3.

measurements was 50 mM sodium phosphate and 50 mM Th? pgrcv?nttiscnaql#fnn%e |fdernt|ty 2”“?{:%??021 rcl)ott-mean-d .
NaCl at pH 8.0. A total of 1L of 1 M ascorbate and 18 square deviation (rmsd) for each pair of templates used in

uL of 0.1 M TMPD were mixed with 1.8 mL of buffer in modeling are shown in Table 2. Because each protein varies

the sample chamber at 2&. The reaction was initiated by in the number of residues located in each interhelical loop,

adding 10uL of 1 «M enzyme, and oxygen consumption it is not possible to obtain rmsd values for the whole protein.
was monitored. Instead, we report rmsd values for the core of the protein

and the maximum structural overlap. The core of the protein
RESULTS is defined to be all 12 transmembrane helices and contains
all of the residues necessary for the formation of both the
Structural Modeling. As detailed in the Theoretical active site and the proton channels. The maximum structural
Methods, all currently sequenced henwmpper oxidases overlap is defined to be all of the residues in the core and
from annotated databases and genome-sequencing projectdiose loop regions that overlap structurally. As expected,
were used to generate a multiple sequence alignment. Ovelpairs of templates with high sequence identity are also
500 prokaryotic members of the hemeopper oxidase  structurally very similar. There are four pairs of templates
superfamily were found (a complete listing is given in the with sequence identities less than 20%; however, their
Supporting Information.) All of the sequences were clustered averageo-carbon rmsd is only 1.87 A for the core region
into the known families: type A oxidases, type B oxidases, and 2.21 A for the maximum structural overlap. Even
type C oxidases, and the nitric oxide reductases. The type Ctemplates with low sequence identity are similar structurally,
oxidases consisted of a total of 18k, oxidase homologues.  highlighting the high degree of structural conservation of
Sequence alignments for each of the heroepper oxidase  the heme-copper superfamily.
families were calculated separately. Sequences within each The structures resulting from homology modeling were
family are similar, and within-family alignments are easily refined in different redox states with and without an active-
calculated. Next, alignments between the individual families site His-Tyr cross-link, using ligands appropriate for each
were performed to generate an alignment for the whole redox state as described in the Experimental Procedures. As
superfamily. Secondary structural analyses were performeda further test, the same procedure was applied to generate
to ensure that the sequence alignments generated werstructural models for oxidases of known crystal structure,
consistent with predicted transmembrane helices. To assessising only the information from other crystal structures in
the expected accuracy of this procedure, it was also appliedhomology modeling. Table 3 shows the results of all of these
to oxidases of known crystal structure. The results are showncontrol models. The model foF. thermophiluswhich is a
in Figure 3. The transmembrane helix prediction worked well member of the type B family, has a rmsd of 1.89 A using
for members of both type A and B families. This figure also only type A oxidases as templates. It is seen that our
shows the predicted location of the transmembrane helicesprocedure generates accurate models for the hreogper
in theV. cholerae cbhpoxidase, for which there is no crystal oxidase superfamily even when the sequence to be modeled
structure. It should be noted that, in the region surrounding is not a member of families to which the templates belong.
the active site, the sequence alignment is anchored by Homology modeling is usually only performed if the
absolutely conserved metal-ligating histidine residues. Thus, sequence of interest has at least 25% sequence identity to
it is highly unlikely that the sequences are misaligned within the structures used in the modeling. This is because the
the core of the protein. structures tend to rapidly diverge at low sequence identities.

Spectroscopic Analysi§pectra were acquired using an
Agilent Technologies 8453 UVvis spectrophotometer with
ChemStation software. A total of 28_ of the protein sample
was mixed with 10Q:L of 50 mM sodium phosphate buffer,
0.05% DM, and 5% glycerol at pH 8.0. The enzymes were
oxidized with 2 uL of 1 mM FeCN; and reduced with
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R. sphaercides STNHEDIGVL YLFTGGLVGL ISVAFTVYMR MELMAPGVQF MCAEHLESGL R. sphaercides YAMVAIGVLG FVVWAHHMYT AGL-SLTQQS YFMMATMVIA VPTGIKIFSW
F. denitrificans STNHEDIGIL YLFTAGIVGL ISVCFTVYMR MELQHPGVOY MCLEGAR--- P. denitrificans LAMAATGILG FUVVHWAHHMYT AGM-SLTQQA YFMLATMTIA VETGIKVFSEW
E. coli -VDHKRLGIM YIIVAIVMLL RGFADAIMMRE SQQALASAGE AG-------- E. coli WATVCITVLE FIVWLHHFFT MGA-GANVNA FFGITTMIIA IPTGVEIFNW
B. taurus AELGQPGTLL G--------- B. taurus MFT VGM-DVDTRA YFTSATMIIA IF 5
T. thermophilus LNYGNVDAYP ---------- T. thermophilus QFA DPGIDFTWEM IHSVLTLFVA
V. cholerae AQLVWPQLNF DT-------- V. cholerae TaarPHHLH‘[ TAL-FOWTQS L
Helix I Helix VII Helix VIII
R. sphaercides VEGFFQSLWF SAVENCTPNG HLWNVMITGH GILMMFFVVI PALFGGFGNY R. sphaeroides IATMWG---- ---------- -GEIELKTFM LWALGFLFLF TVGGVTGIVL
P. denitrificana @~ @ ------- LIA DASAECTENG HLWNVMITYH GVLMMFFVVI PALFGGFGNY P. denitrificans IATMWG---- ----- - -GSIEFKTPM LWAFGFLFLF TVGGVTGVVL
E. coli  eeeeeeeeen —oeoe- FLPP HHYDQIFTAH G\rrNIFva PFVIG-LMNL E. coli LFTMY(Q---- --- -GRIVFHSAM LWTIGFIVIF SVGGMTGVLL
B. taurus - g E. taurus LATLHG---- ----- -GNIKWSPAM %
T. thermophilus Y VI T. thermophilus AMELEFAGRL
V. cholerae -PW LTYS L.PI-'LH V. cholerae IMTLSGAWHE
Helix II Helix IX
R. sphaercides FMPLHIGAPD MAFPRMNNLS YWLYVAGTSL AVASLFAPGG NGQLGSGIGW E. sphasroides SQASVDRYYH DTYYVVAHFH YVMSLGAVFG IFAGIVFNIG KMSGRQYP--
P. denitrificana FMPLHIGAPD MAFPRLNNLE YWMYVCGVAL GVASLLAPGG NDOMGSGVGW P. denitrificans ESQAPLDRVYH DTYYVVAHFH YVMSLGAVFG IFAGVYYWIG EMSGROYP—
E. coli VVPLQIGARD VAFFFLNNLS FWFTVVGVIL wvsLGvG EFAQTGW E. coli AVPGADFVLH NSLFLIAHFH NVIIGGVVFG CFAGMTYWWE KAFGFKLN--
B. taurus LV PLM ‘GAPD MAFF! FWLLPPSFLL - B. taurus ANSSLDIVLH VAN ka‘\GA VER 3 'HWFP LFSGYTLH--
T. thermophilus F T. thermophilus ASPFTLDYVVH NTAWV y WLLE WLTGKPISDA
V. cholerae V. cholerae SIKTVNALSH : v VYHLIF RLFGQERM-Y
Helix III
R. sphaercides VLYPPLS--T SESGYSTDLA IFAVHLSGAS SILGAINMIT TFLMNMRAPGM R. sphaercides -EWAGKLHFW MMFVGANLTF FPQHFLGRQG -MPRRYIDYF E-AFA-----
P. denitrificana VLYPPLS--T TEAGYSMDLA IFAVHVSGAS SILGAINIIT TFLMNMRAPGM P. denitrificans -EWAGQLHFW MMPIGSNLIF FPQHFLGROG -MPRRYIDYP V-EFRA-----
E. coli LAYPPLSGIE YSPGVGVDYW IWSLOLSGIG TTLTGINFFV TILFKMRAPGM E. coli —ETHGKRAFW FWIIGFFVAF MPLYALGFMG -MTRRLSQQI DPQFH----
B. taurus TVYPPLAGNL AHAGRSVDLT IFSLHLAG = NFIT TIINMEFPFAM E. taurus IMF' V] " FPQE ~MPRRYSDYP D=AYT-====
T. thermophilus TFYPPLKG-- ------HWAF YLGAS T ) LWRRWHKAANF T. thermophilus ‘1 -VPRRAYIAQ VFDAYPHAR-
V. cholerae = --------o- ¥ TSGKEYAELE WPIDIATARY WVA LVKRKTSHI V. cholerae LATIGTVLYI VAMKI GLMWRAVNSD GTLTYSFVES
Helix IV Helix XI
R. sphaercides TMHEVELFAW SIFVTAWLIL LALPVLAGAI TMLLTDRNFG TTFFQPSCGGG R. sphaeroides SELGAFLSFA SFLFFLGVIF YTLTRGAR
P. denitrificana TLFKVPLFAW SVFITAWLIL LELPVLAGAT TMLLMORNFG TQFFDPAGGE P. denitrificans SSIGAYISFA SFLFFIGIVF YTLFAGKR
E. coli TMFFMEVFTW ASLCANVLII ASFPILTVIV ALLTLDRYLG THFFTHDMGG E. coli AASGAVLIAL CILCLVIQMY VSIRDREDD
B. taurus SQYQTELEVH .'J\l"I TMLLTDRNLN TTFFDPAGGE B. taurus I SSMGSFISLT AVMLMVFIIW EAFASKRE
T. thermophilus GEV-TPLVTY MAVVFWLMWF LASLGLVLEA VLFLLPWSFG ----- LVEGV T. thermophilus * M GLF SVLLSRLA
V. cholerae b CEEET VANW FPGAFIITVA VLHIVNSMAL DPVSMG----- ---- KSYSIY V. cholerae VQASYPFYTV RFIGGFIFLS GMFLMAYNAY KTISA---
Helix V Helix XIT
E. sphasroides DEVLYQHILW FFGHPEVYII VLPAFGIVSH VIATFA--K KPIFGYLDMV
P. denitrificans DEVLYQHILW FFGHPEVYII ILPGFGIISH VISTFA--K KPIFGYLFPMV
E. coli HMMMYINLIW AWGHPEVYIL ILEVFGVFSE IAATFS--R KRLFGYTSLV
B. taurus DPILYQHLFW FFG Ev&l]_ I.LII"'FfIVIS-l IVTYYSG@-K K
T. thermophilus DPLVAR FW IIYT IL-PEQAGG |
V. cholerae AGAVDAMVOW h‘[GHNE‘GFL LTAGFLG’W" YFVPEQAE- RPVYSYRLEI

Helix VI

Ficure 3: Sequence alignment and transmembrane helix prediction results. The transmembrane regions for all oftbegpEmexidase

families were predicted from multiple sequence alignments using TMAP. Below is the sequence alignierthoferaeversus the

template proteins used in modeling (listed in Table 1). TMAP predictions for a member of each family are shown. The predicted transmembrane
regions are colored according to the family type, while the approximate transmembrane helices determined from the crystal structure are
shown in dashes below the alignment. The type A family is represent&l taurus(red), the type B family byl. thermophiluggreen),

and the type C family by/. cholerage(blue).

Table 2: Pairwise Comparison of All Template Proteins=BB. Table 3: Control Models Were Generated for Each Template
Taurus P = P. denitirificans R = R. sphaeroidestE = E. coli, T Protein as Described in the Téxt
= T. thermophilup Used in the Modeling Process model (family) corea-carbon rmsd templates
o a-carbon rmsd (A) P. denitirificans(A) 0.47 B.E,R,T
templates % sequence identity (core/maximum overlap) B. taurus(A) 0.61 EPRT
P—-R 81 0.96/0.42 E. coli (A) 0.95 B,P,R, T
B—P 53 1.07/0.65 R. sphaeroideéA) 0.40 B,E,P, T
B—R 52 0.59/0.62 T. thermophilugB) 1.89 B,E,P,R
E:E 3386 103%//11%2 @The rmsd values between the models and the crystal structure are
' ) shown in the table. Templates used in generating the control model
E-R 34 0.97/1.01 . . - :
T-p 18 193/215 structure are shown using the abbreviations Ils_ted in Table 2. Note that
-~ all templates used to construct tfie thermophilusmodel (a type B
T-B 18 1.87/2.26 id " A oxid
T-R 17 177/2.16 oxidase) are type A oxidases.
T-E 13 1.90/2.28

aThe first column is the pair of proteins compared; the second 3- 1he T. thermophiluscytochromebas has an average
column is the percent sequence identity between the pair of proteins; sequence identity of only 16% with the templates used in
and the third column is the calculated rmsd as described in the text. the control models, but homology modeling predicts an
Even protein pairs with a low sequence identity have very similar acceptable structure. This gives us confidence in the model-
structures. ing procedure focbh; oxidases.

Active-Site TyrosineéThe models generated fot cholerae

However, the results in Table 2 show that, for the heme cbhb; oxidase show the presence of an active-site tyrosine
copper oxidases, as little as 13% sequence identity resultsanalogous to Tyr244 from tHg. taurusoxidase. The tyrosine
in significant structural overlap. The hemeopper oxidases  (Tyr255,V. choleraenumbering) is located in transmembrane
constitute a remarkably structurally conserved protein family. helix VII and occupies the same spatial position in the protein
Hence, homology modeling can be successful even whenas does the bovine active-site tyrosine (Figure 4a). Sequence
the sequence identity is low. This is shown explicitly in Table alignments show that this tyrosine is absolutely conserved
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a ) Helix VI

Type & R sphaercides VLYQHILWFFGHPEVY ITVLPAFGIVS

F. denifrific ans VLYQHILWFFGHFEVYIIILFGFGIIS

E. tairus ILYQHLFWFFGHPEVY ILILPGFGHIS

E coli MNYINLIWAWGHFEVYILILPVFGVFS
Type B T. thermophilus LVARTLFWWTGHP IVYFWLLPAYATIY
Type C V. cholerae AVDAMVONTYGHNAVGFLLTAGFLGHMHM

Helix VII

Type A R sphaercides GYLPMVYAMVAIGVLGFVVWAHHNYT

P. denitrific ans GYLPMVLAMAAIGILGFVVWAHHMYT

B Tawrus GYNGHMVITAMMS IGFLGF IVWAHHNF T

E. coli GYTSLVWATVCITVLSF IVWLHHFFT
TypeB T. hermophilus SDPMARLAFLLFLLLSTPVGFHHQFA
Type C V. cholerae SYRLSIVHFWALISLY IWAGFHHLHY
Ficure 5: Helix switching of the active-site tyrosine. The sequence
location of the active-site tyrosine has switched between helix VI
and VII. Residues conserved in all hemmpper oxidases are

shown in blue. The conserved active-site tyrosine from type A and
Distances . B heme-copper oxidases is located in helix VI, while the predicted
TyrO-Cup 63620694 active-site tyrosine from the type C hemeopper oxidases is found

Ty OFas 61340494 in helix VII. The active-site tyrosine is shown in red.
Fey—Cug 376+023 4

Table 4: Comparison of Different Type C Oxidase Models=W.
cholerag R = R. sphaeroidesS = S. azorenseGenerated Using
the Procedures Detailed in the Text

models % sequence identity caxecarbon rmsd (A)
V-R 62 151

V-S 29 1.59

R-S 26 1.55

copper oxidases, the active-site tyrosine migrated from one
helix to another with the concomitant exchange of a small
residue to conserve the active-site volume. This is an example
of “residue hopping,” where residues that have the same
catalytic role are not located in the same position in the
structure-based sequence alignmebd—56). Figure 4b
compares the two helices in tii& taurusandV. cholerae
structures, highlighting this “residue hopping”. It is currently
not known how the observed structural change would affect
enzymatic properties such as oxygen affinity and catalytic
rate.

To explore the generality of this residue hopping, we have
carried out the same homology modeling and structure
FiIGURE 4: Predicted active-site structure . cholerae The refinement procedure for two other type C oxidases from
structures shown are from models of the fully oxidized state with Sulfurihydrogenibium azorensedR. sphaeroidesNote that
no cross-link enforced. (a) Active-site model \éf cholerae cb theR. sphaeroidegenome has both type A and C oxidases,

oxidase. The table gives the distances between the three redox activ P
atoms: Cu, the heme Fe, and the phenolic oxygen of the active- @nd these should not be confused. The sequence similarity

site tyrosine. The distances are the average of all replicates of the@Nd resulting rmsd among the three type C oxidases that we
simulations. (b) Cartoon of the active-site tyrosine demonstrating have modeled are presented in Table 4. In Figure 6, we show
the helix switching between helix VI and VIB. taurusis shown a superposition of the structural models, highlighting the
in pink, andV. choleraeis shown in cyan. active-site tyrosine, which has migrated to a different helix
compared to type A and B oxidases.
among thecblb; oxidases. This is an unexpected structural ~ To determine whether a cross-link between Tyr255 and
feature that is unique to thebb; oxidases. His262 {V. cholerae cbpoxidase) is possible in thebb
Figure 5 shows the sequence alignment of helices VI and oxidases, the protein was simulated in four different states
VIl of the cbb; oxidase fromV. choleraewith the oxidases  of the active site. In the simulations, the active site had a
whose crystal structures are known, indicating the sequencenet charge oft2 and+1, to mimic the fully oxidized (O)
position of the active-site tyrosine. In type A and B oxidases, and one-electron reduced (E) states, respectively. A cross-
the sequence position that is occupied by the proposed activelink was also imposed between the @ Tyr255 and the N
site tyrosine in thebh; oxidases is always a small residue of His262 in both the fully oxidized and one-electron reduced
(glycine, alanine, or serine). In theblk; oxidases, the  states. The resulting structures were refined as described in
sequence position occupied by the active-site tyrosine in thethe Experimental Procedures. The active-site region was
type A and B families is also always a small residue (glycine compared to known hemeopper oxidase structures as
or alanine). Apparently, during the evolution of the heme  shown in Table 5 (residues used in defining the active site
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FiIGure 7: V. cholerae cbpoxidase fully oxidized (O) active site
with and without the modeled cross-link. The active-site tyrosine
and histidine from simulations without a cross-link are shown in
black. The distance from Mitrogen of the histidine imidizole to
i &N . - the G carbon of the tyrosine phenol is 3.30 A without the cross-
7 ' ') YA link and 1.12 A with the cross-link enforced.

. . / correct location for a cross-link to be easily formed. The
- c/ cross-link in the type A and B oxidases is formed between
\\ residues on the same helix (VI) separated by one helical turn.
Ficure 6: Comparison of structure prediction results for three In the cbly Ox'daSES’ an interhelical c;rqss-lmk .WOUId be
different type C oxidasesY. cholerag(blue),S. azorenséyellow), formed between helices VI and VII. This interhelical cross-
andR. sphaeroide&ed). The active-site tyrosine is shown in each link could modify the dynamics of the protein because two
case. The close agreement concerning the position of the active-of its helices would be coupled together. In particular, it
site tyrosine supports the generality of the results presented heremight be expected to lead to increased structural rigidity.
In the one-electron reduced state with a cross-link en-
forced, the tyrosine was in the same conformation as it was

Table 5: Active-Site Comparisohs

conserved active-site rmsd (A) in the oxidized state. However, in the one-electron reduced
histidines all side TyrOH state without the cross-link, the tyrosine was facing down
only chains distance toward the cytoplasmic side of the protein in half of the
B. taurus 0.00/1.29 0.00/1.30 0.00 simulations. This suggests that either the cross-link is
R. sphaeroides 0.00/1.29 0.46/1.43 0.13 necessary for the correct formation of the active site, or if
E- Sgl?ntmfcans 8-;‘8;1-2(2) (l)-;iﬁ-gg g-g? the cross-link is not necessary, the tyrosine may be involved
T. thermophilus 0.48/1.32 0.61/1.30 055 in a proton-shuttling mec_hanlsm. Slmulat_|ons of the one-
V. cholerag(E) 2.95/1.79 2.87/1.66 1.84 electron reduced state without the cross-link show that the
V. choleragO) 2.95/1.73 3.60/2.48 0.91 active-site tyrosine forms a hydrogen-bonding network with
V. choleragE) cross 2.92/1.71  2.53/1.47 2.36 a water molecule and a completely conserved tyrosine
Z\'/ggggrae(o) cross 21'.%2/ .74 f'gi’/ 175 11_'39; (Tyr321) that is located in the putative proton-conducting

a1n the first two columns, the first number is the rmsd compared to “K-channel” (57) for Fhe Cbt-h oxidases (Figure 8). In the
theB. taurusactive site, while the second number is the rmsd compared abs.ence of a Cross_lm.k’ this could a.Ct as a gqte for Pr.°t°”
to the average structure of all of the active sites listed. The third column delivery to the active site after reduction. Chemical verifica-
is a measure of the distance between the tyrosine O oBttiaurus tion of the cross-link is necessary to determine which of these
active site and the tyrosine O of the listed active site. The residues mechanisms are functioning in tlobh; oxidases.
used in the comparison are listed in Table 6. MutagenesisTo verify the predictions made from model-

ing, site-directed mutagenesis studies were performed on the

are listed in Table 6). Agreement with known structures is cbh; oxidase fromV. cholerae The active-site tyrosine was
best when the cross-link is enforced, but the results cannotmutated to phenylalanine (Y255F), and its properties were
unambiguously resolve the question as to whether this cross-compared to the wild-type (wt) enzyme. The Y255F mutant
link is present inV. cholerae Distances between the tyrosine had been assembled correctly as evidenced by heme staining,
oxygen atom and the active-site metal ions are given in Tableheme composition, and optical spectroscopy. A heme-
7, compared to the same distances in oxidases with knownstaining gel of the Y255F and wt enzymes (Figure 9) shows
crystal structures. identical staining for both of the heme c containing subunits

In the fully oxidized state, the tyrosine was found to be at of the cbls; oxidase complex. Including the hemes, CcoP has
the same location regardless of whether the cross-link wasa predicted mass of 37.1 kD and CcoO has a predicted mass
enforced (Figure 7). This implies that the tyrosine is in the of 24.2 kD. Heme staining identifies two bands, one-&87
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Table 6: Conserved Residues in Hentgopper Oxidase Active Site

R. sphaeroides P. denitrificans E. coli T. thermophilus B. taurus V. cholerae
His284 His276 His284 His233 His240 His211
His333 His325 His333 His282 His290 His261
His334 His326 His334 His283 His291 His262
His419 His411 His419 His384 His376 His349
Tyr288 Tyr280 Tyr288 Tyr237 Tyr244 Tyr255
Val287 Val279 Val287 Val236 Val243 Val214
heme g heme @ heme @ heme a heme a heme
Cus Cus Cus Cus Cus Cus

aListed are the residues used in the active-site comparisons along with their respective numbering.

Table 7: Comparison of the Distances (in Angstroms) from the
Active-Site Tyrosine Oxygen to the Active-Site Metals

TyrOH (active-site Cu)  TyrOH (high-spin Fe)

B. taurus 5.75 5.81
R. sphaeroides 5.78 5.82
P. denitrificans 5.02 5.52
E. coli 7.32 8.43 — — — -— _- FixP ~37 kDa
T. thermophilus 5.51 5.82 o T—
average 5.88 0.86 6.28+ 1.20 ——— |eeeagy &Sk
V. cholerag(O) 5.44+ 0.51 5.79+ 0.34
V. cholerag(E) 5.46+ 0.51 5.44+ 0.84 _ T ™

@Values given forV. choleraare for models with the cross-link wt cbb, Y255F cbb,
enforced.

Ficure 9: Heme staining of wild type (wt) and mutant (Y255F)

cbb; oxidase. TMBZ was used to stain for the presence of hemes.
Both CcoO and CcoP contain covalently attached heme c. CcoP
has a predicted mass of 37.1 kDa and migrates3at kDa, while
CcoO has a predicted mass of 24.2 kDa and migrates24t5
kDa. The heme staining at the dye front is probably due to the
noncovalently attached heme b from CcoN. Lane8 tontain 1,

2.5, and 5uL of wt cbh;, Lane 4 is the BenchMark prestained
protein ladder. Lanes-57 contain 1, 2.5, and L of Y255F cbbs.

¢bb3 reduced-oxidized spectra

a) oo

=)

5
?

Absorbance
=3
8

%0 00
Wavelength (nm)

b) . cbb3 reduced spectra

Ficure 8: Potential K-channel proton gate. In simulations of the
V. choleraeone-electron reduced state without a His-Tyr cross-
link, the active-site tyrosine is sometimes found facing away from
the active site, forming a hydrogen-bond network with a water
molecule and a completely conserved tyrosine (Y321) residue. This
could potentially act as a redox-state-dependent proton gate. The
active-site tyrosine in the oxidized state is shown in black, while
the same residue in the one-electron reduced state is shown in gray.

600

500
. Wavelength (nm)
kD and the other at-24.5 kD. Heme. GMemebIatos were Ficure 10: UV—vis spectra of wild type (wt) and mutant (Y255F)
calculated from reduced minus oxidized spectra. A value of cbly oxidase. The reduced minus oxidized (a) and the reduced
2.19 was obtained for the wt and 2.18 for the Y255F enzyme. spectra (b) are shown for both wt and Y255F. The wt is the solid
Optical spectra of the reduced minus oxidized state and line, and the Y255F mutant is the dashed line. The mutation caused

virtually no difference in the spectra, which implies that the active-

the fully reduced state for both enzymes are shown in Figure V! rereTies .
site structure is minimally perturbed by the mutation.

10. The fully reduced spectra are virtually identical (Figure
10b), while the reduced minus oxidized spectra show only active site of the Y255F mutant is correctly assembled with

minor differences (Figure 10a). This demonstrates that the minimal structural perturbation.
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Ficure 11: Oxygen consumption measurements. The solid line is

the oxygen consumption measured for the wild-tgpb; oxidase

as described in the text. The dotted line is the oxygen consumption
of the Y255F mutant. The dashed line is the control sample with

no oxidase added. The Y255F mutant has no catalytic activity.

To test the activity of the Y255F and wt enzymes, oxygen
consumption rates were measured. Figure 11 shows the
oxygen consumption of both enzymes. The Y255F mutant
is completely inactive. This verifies the prediction that the
active-site tyrosine plays a role in the catalytic cycle of the
type C oxidases.

CONCLUSIONS

The present work reports the first structural models of a
cbh; (type C) oxidase. These models predict the presence of
a previously unknown active-site tyrosine, with the possibility
of a His-Tyr cross-link post-translational modification analo-
gous to those found in the type A and B oxidases.
Mutagenesis studies show that the active-site tyrosine is
crucial for catalytic activity in the type C oxidases. This work
suggests that all heme&opper oxidases utilize the same
catalytic mechanism for the reduction of, @o water.
However, there remains the possibility of differences in the
proton-pumping pathways, and we identified a possible
shuttling mechanism involving the active-site tyrosine in
V. cholerae cbpoxidase. This shuttling mechanism is only
feasible if the His-Tyr cross-link is not present. These results
provide considerable impetus to determine if the His-Tyr
cross-link is present in type C oxidases, and such work is
currently in progress.
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