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Abstract

Following hints from X-ray datdOstermeier C et al., 199Proc Natl Acad Sci USA 920547-10553; Yoshikawa S

et al., 1998Science 280723-1729 chemical evidence is presented from four distantly related cytochooomatases

for the existence of a coppgeroordinated His240-Tyr244ross-link at the @activating Heme FeaCus center in the
catalytic subunit | of the enzyme. The early evolutionary invention of this unusual structure may have prevented
demaging'OH-radical release at etransfer to dioxygen and thus have enabledr€spiration.
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Cytochromec oxidase[EC.1.9.3.1 is the main enzyme in the oxide anion radicalO;, the peroxide @ and especially the
animated world for the respiration of dioxygen. The enzyme isextremely poisonous hydroxyl radic&H from the peroxide split.
located in the inner membrane of mitochondria in eucaryotes and Structural and functional knowledge about the mitochondrial
in the plasma membrane of aerobic bacteria. It catalyzes the reand bacterial oxidases has accumulated during the last decades,

duction of dioxygen according to the equation: and was recently confirmed by two high resolution X-ray struc-
tures obtained from a mitochondri@lsukihara et al., 1995nd a
4 Cyt<™? + (4 + n)Hi + 0, = 4 CytcF" + nH + 2H,0 bacterial(lwata et al., 1995enzyme. The necessary primary struc-

tures for these X-ray models had been obtained either from the
(1) proteins, mostly by our grou(Buse et al., 1987or deduced from
the genegAnderson et al., 1982; Van der Oost et al., 19%Hs-
where H and H; represent protons at the inner and outer sides ofpecially for the large 57- to 66-kDa subunits | there exists no
the membranE(BabCOCk & W|kstr0m, 1992; RiCh, 1995The Comp|ete protein Sequen'ﬁHense| & Buse, 19%
exergonic Q-reaction thus enables a vectorial consumption and  Although both originally published X-ray structures do not show
outward pumping of H, thereby contributing to the electrochem- ynusual aspects concerning the active center, S. Yoshikawa, at the
ical potential over the membrane that is mainly consumed for ATP;997 Gordon Research Conference, presented a 2.3 A refinement
synthesis. of the bovine enzyme with the copper complexing His240 and
Subunit | of the oligomeric enzymeomplex IV of the respi-  invariant Tyr244 side chains approached to a distance of a covalent
ratory chain contains an electron transferring heme and the catapridge between the imidazoldg and the @2 of the phenol ring
lytic heme az—Cus center invariably coordinated to a set of six (Yoshikawa et al., 1998 Also, H. Michel and coworkers, on re-
histidine residues of the proteifrerguson-Miller & Babcock, 1996 fining the structure of th€aracoccuenzyme, found the observed
Part of the reaction at this center is the activation of diOXygene|ectron density to be in better agreement with a covalent cross-

according to the equation: link (Ostermeier et al., 1997Because, however, from the X-ray
data a decision of this question was not possible, both authors
4e” + 4H" 4+ O, = 2H,0 (2 demanded a protein chemical analysis of this unusual structure.

We have used the 13-subunit bovine and the 2-sulRait-
with the inherent difficulty of successively transferring electrons coccus denitrificans ag-cytochromes oxidases and theaa—
and protons to dioxygen without release of the dangerous supeandbas—cytochromee oxidases fronThermus thermophilygwo

two-subunit enzymes, where cytochromysubunit 1l and subunit

Reprint requests to: Gerhard Buse, Institut fir Biochemie, RWTH Aachen,l/III are expressed as fused proteins and hérsabstitutes heme

Pauwelsstrasse 30, 52074 Aachen, Germany: e-mail: Gerhard Buse@po8:. respectively(Buse et al., 1989; Keightley et al., 199%r this
rwth-aachen.de. analysis.
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Fig. 1. The covalent histidine—tyrosine bond brings the tyrosine—OH in proper poskma> O distance 5.6 Afor reacting with the
Fea—peroxy intermediatéP, not visible identified in the catalytic cycle of the oxidagBabcock & Wikstrom, 1992 Modeling has
been performed on the basis of the published X-ray strucflsakihara et al., 1996with the program “Ribbons{Carson, 1991

Results Sequencing of the C-terminal halve fragments of the bovine,

To study the situation we have modeled the active site under thgpﬁésv%(ac?nuzlfggszzegg:ﬁ fﬁg :;lbggtlzta\c: ;;?irntlongcmosrg Zr02285
assumption of an existing covalent bridge on the basis of th y P quésems

published 2.8 A coordinaté3sukihara et al., 1996vithout chang- ‘?:.g 5 with gaps, i.e., no new phenylthiohydantdTH)-amino

ing the positions of the he iron. the co and the mem- acids emerging at cycles 13 and 17 of the sequences. Neither
9 PO e ’ PPe, histidine nor tyrosine or any other amino acid could be identified

brane helix VI. The modeling shows that the coppetust be

N&-coordinated at His240: the imidazokNhen fits to the @ of in the corresponding positions; all other residues of this segment

the Tyr244 phenol only. Another requirement for the covalent bridgeWere clearly identified as deduced from the gene sequences.

is Pro241, which introduces a slight distortion of the membrane
helix enabling the His240 and Tyr244 side chains to contact
(Fig. 1). The model displays a distance of 5.6 A between theNorm.
oxygen of the tyrosine—OH and the herag iron, suitable for 175
interacting with a peroxy intermediate at the heaaeiron. This
intermediate has been identified in the catalytic cycle of the en- 1so
zyme (Wikstrom, 1989; Babcock & Wikstrom, 1992however, it
cannot be identified from the X-ray data at the present resolution. 12s
To reach at the sequence positions His240 and TyfBédine
numbering in the middle of the 514 to 594 residues polypeptides, 1001
we used a limited acid hydrolysis of the sensitive Asp227—-Pro228
bond, which is invariably positioned 13 residues N-terminal of 7%
His240 in the four polypeptidesee also Fig. 5 belowln the case
of the bovine ParacoccusandThermus cag-enzymes, the limited
proteolytic cleavage resulted mainly in large fragments of the poly-
peptides having N-terminal proline because the subunits are
N-terminally blocked. The fragments could easily be separated and
sequenced. In th€hermus basubunit | (Keightley et al., 1995
a second site at residues Asp269—Pro270 of the chain is cleaved as 70 & %o %0 min

well, resulting in a 42-residue peptide that covers the sequence IEig. 2. Purification by rpHPLC of the 42-residue fragment obtained from

question, and could be purified in nmol amounts by reversed phasgnited proteolytic cleavage at Asp—Pro peptide bonds offthermusbag
HPLC (Fig. 2. oxidase subunit |.

42-peptide
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In the case of the 42-residiéhermus basubunit | fragments and the susceptible histidine and tyrosine side chains, because
from the reduced and the oxidized enzyme, we performed seactive preparations also contain nothing other than the cross-linked
qguence runs with up to 4 nmol of the peptide. Although the in-species.
strument is normally used with low pmol amounts, we obtained the The covalent N—C bond, as shown in Figure 1, should be more
deduced sequences, but no PTH-histidine or PTH—tyrosine at cystable against acid hydrolysis than a peptide bond. Correspond-
cles 13 and 17 emerged, respectively. The protein sequence coimgly, we have discovered a small unknown peak in the amino acid
firmed isoleucine in the bovine homologue position Glu242, aanalyses of subunits | running behind the normal histidine in the
functionally important amino acid exchange as compared to theation exchange separatiénot shown. This species copurifies
proton pumping bovine anBaracoccusoxidases Fig. 3). with amino acid analyses of the 4,814 P& residuespeptide and

The purified 42-residu@hermus bg-peptide was used for a is absent in other amino acid analyses, for example, of subunits Il
mass determination with an electrospray mass spectrometer that subunits Il of the oxidases. We have seen a mass signal at 568
can safely discriminate two mass units in a molecular mass oDa in the eluate of the 17. sequencing cycle of the 42-residue
about 5,000 D&Fig. 4). The average mass of the peptide is 4,816.76peptide that may correspond to bis-PTH-His-Tyr, and a mass signal
Da, calculated from the deduced sequence. The molecular weiglitt 334 Da in the amino acid hydrolysates of the peptide and subunit
of the peptide was determined from the masses observed for thethat would correspond to the Hi$yr product. These signals are,
peptide in the charge states 4, 5, 6, and its formyl derivatives. Alhowever, not of similar significance as those of the 42-residue
in all, 18 masses were averaged to the mass of 4,814084 Da  peptide itself, because there is a vast array of signals in thiow
as expected if a covalent bond has removed 2H. A peptide fragrange of the mass spectra.
mentation spectrum was recorded by the ion selection of the
[M+MH]*"-ion with the m/z value 1,204.8. The fragmentation iscussion
pattern verifies the sequence of the peptide and due to the double
chargedb-ion series the mass shift of 2 Da was localized in the 17To our knowledge, a covalent copper-coordinated His—Tyr cross-
N-terminal amino acid$228—244 containing His240 and Tyr244 link has so far not been described in biochemistry. However, a few
of this 42 amino acid’s long peptide. The mass spectrum shows noovalently modified tyrosine residues have been found especially
evidence for the presence of any other peptide. In agreement witim copper proteins, for instance, a Cys—Tyr linkage in the active
the data from protein sequencing, the existence of a 4,816.8 Dsite of galactose oxidaddto et al., 1994 and a 2,4,5-trihydroxy-
species, i.e., a peptide without cross-linked His240 and Tyr244henylalanine quinone in amine oxidadearsons et al., 1995
residues, is thus excluded. Nothing is known about the synthesis of the His—Tyr cross-link in

We understand these results @g:Evidence for the existence of cytochromee oxidase. We consider the possibility of a nonenzy-
a covalent His240-Tyr244 cross-link in the oxygen-reducing cenmatic formation by oxygen radical mechanisms in the presence of
ter of this enzyme family(2) Evidence against a formation and the electron-donating metals of the biosynthesized enzyme. The
opening of the bond in the catalytic cycle, because both the oxiimidazol and phenol rings of histidine and tyrosine are among the
dized and the reduced enzyme preparation contain the cross-linkaost susceptible side chains for radical reactions of the protein
(3) An indication that this structure is important for the catalytic amino acidg Davies et al., 1987 The enzyme thus may activate
oxygen activating mechanism itself, i.e., reaction Equation 2, beitself. Experiments are in progress to show whether in a synthetic
cause the covalently fixed tyrosine side chain may be unsuitablpeptide the cross-link can be formed under oxygen radical condi-
for gating H* -transferring conformational energy of a proton pump. tions in the presence of iron and copper ions.

(4) As evidence against an artefact resulting from the high-energy The existence of the His—Tyr cross-link in the catalytic center of
X-ray treatment of the crystals in the presence ef €pper, iron, the enzyme must be meaningful. According to sequence align-
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Fig. 3. Amino acid sequence at the covalent His—Tyr cross-link shows the gene-deduced sequencesPdud-naistidine and
tyrosine at cycles 13 and 17, respectively, of the peptide. The chromatogram of the previous cycle has been subtracted from the actual
using the Knauer “WinSeq” Program.
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Fig. 4. Mass spectrum of the 42-residue fragment from subunitlh&rmus thbag—oxidase. The molecular weight of 4,814.8 Da for
the cross-linked His240-Tyr244 peptide can be calculated from the charge states 4, 5, and 6 as well as from the formyl derivatives

(0-5.

ments, the -His-Pro-x-Val-Tyr- motif is present in all cytochrome The existence of this structure in the active site of cytochrome
and quinol oxidases of eucaryot@sitochondria, eubacteria, and oxidase gives a new basis for the interpretation and reinvestigation
archaea, respectively. It is, however, not found in the very distantlyof spectroscopic and kinetic data that may help to understand the
related so-called fixN terminal heme, copper oxidases, which arenzyme’s catalytic mechanist®roshlyakov et al., 1998

expressed during nitrogen fixation in root nodu(&seisig et al.,
1993. The catalytic subunit of NO-reductaleC.1.7.99.7is ho-
mologous to subunit | of cytochrome oxidase, and contains the
canonical histidine residues in place for coordination of two heme ! —
irons and a coppetZumft, 1993. However, nonheme iron has

227 240 244 270

been found instead Of cop@erand the PI’0241 and Tyl’244 hO- h aa: DPILYQHLFW FFGHPEVYIL ILPGFGMISH IVTYYSGKKE PFGY
mologous positions are occupied by other residues. Figure 5 shows 1
the sequences around the membrane helix VI of subunit | of they ..,  ppyvLvoHILK FFGHPEVYIT ILPGFGIISH VISTFAKKPI FGY
four distantly related cytochromeexidases in which the bridging .

structure has been found aligned to one fixN oxidase and one
NO-reductase. Irrespective of probably different mechanisms ofrt caa; DPVLFQQOFFW FYSHPTVYVM LLPYLGILAE VASTFARKPL FGY

energy conservatiotMusser & Chan, 1998; Kannt et al., 1998 . .
all members of the respiratory oxidases including those phylo-
genetically reaching back to the thermophilic é&tetter, 1996; Tt ba:  DPLVARTLFW WIGHPIVYFW LLPAYAITYT ILPKQAGGKL VSDP

Deckert et al., 1998eem to contain this structure, which first may
have enabled @depoisoning reactions and later achieved its mean-_ .
ing for energy conserving respiration.

We suggest that the electron-donating properties of the con-
nected conjugated ring systeffig. 6) depend on the oxidation Ps No-red NLSRDKFYWW FVVHLWVEGYV WELIMGAMLA FVLIKVIGVD REVI
state of the imidazol Btcoordinated coppgr The tyrosine—OH y x wr %t e
then may transfer a hydrogen atom to the terminal oxygen of the

: .- ; ; Fig. 5. Comparison of membrane helix VI amino acid sequences with
peroxy compoundP) (Wikstrom, 1989 in the catalytic cycle, His240 and Tyr244 cross-link of subunits | from four cytochromexi-

indgce its clegvage by formation of a Gkbn, .preventin.g'OH dases with one FixN oxidase and nitric oxide reductase. Bovine heart
radical formation. The electron gap at the conjugated ring systema,—oxidase(Bh aas) (AO0464): P. denitrificans ag—oxidase(Pd aag)
can be filled from the coppgr and a proton can be accepted to (C35123; T. thermophilus cag-oxidas€ Tt caas) (A46616; T. thermoph-

complete the phenol. The immediate advantage of this mechanisfi\)’(fd::se(—ggif?fs)e((&;fgg.(éggjfgr;oar:ggziéggg’?e éifé?;‘é‘;‘gg ’\fliéN

N : - )
would be that a separate”, H™ transfer does not OC(_:ur at a red) (S41117. | Asp—Pro cleavage site. Accession numb&psotein
released but at a bound oxygen atom, and thus cannot lis@&te  |gentification Resource databarik parentheses. *Conservedgonserved
radicals. in respiratory cytochrome and quinol oxidases.

fixN GGIQDAMFQW WYGHNAVGFF LTAGFLAIMY YFIPKRAERP IYSY
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His 376 at 30C, flow rate 0.70 ml/min in B (20% formic acid, 78%
‘ acetonitril, 2% waterwith a gradient of 0, 40, and 100% B at 0,
\Fes* 60, and 90 min, respectively.
= ‘ =
o~ OH™ Amino acid analysis and sequencing
N e — . . . .
. \0> Quantitative amino acid analyses of the subunits and peptides were
His 291 A\/ H /’ H performed on a Biotronik amino acid analyzer LC 5001 equipped
His 290 \ . \o with a fluorescence detection ofphtalaldehyde derivatives. The

protein sample was hydrolyzed in 5.7 N HCI containing 0.2%
thioglycolic acid for 90 min at 15€C. Less reliable and non-
determined amino acids, such as cysteine and tryptophan, were not
considered in case of calculation of the protein concentration.

Automated N-terminal sequencing was carried out in a Knauer
910 gagliquid-phase protein sequencer on polyvinylidenfluorid
membranes with autoconversion and on-line HPLC identification
of the phenylthiohydantoin amino acids.

Mass spectrometry

Electrospray mass spectromet¥SI-MS) was performed on a
Glu triple-stage quadrupole mass spectroméfénnigan MAT TSQ
7000, Bremepequipped with an in-house build nanospray source.

Fig. 6. Proposed reaction mechanism for the peroxy-split at the hemel_he spectrum(Fig. 4) was averaged for 4 min. The collision-

Fea—Cu; center of cytochrome oxidase. The H-atom at Tyr244 is trans-

ferred to the heme Fegabound peroxy species to release an G&hion. induced dissociation experiment was done by selecting the
The electron gap is filled from the Gtiand H' is added to restore the [M+4H]**-ion in the first mass analyzém/z 1,204.8 and pass-
tyrosine—OH. ing the ion into a collision cell filled with argof3 mTorn. The

third quadrupole was scanned from/z 40 to 2,500 Da at 10
s/scan. The spectrum was averaged for 15 min.

Materials and methods
Modeling

Enzyme preparation Modeling of the structures of the f£activating center of

The bovine andParacoccus denitrificans aacytochromee oxi- cytochromee oxidase has been done on the basis of the published
dases were isolated as descritf8teffens et al., 1993; Soulimane structural data of the bovine oxida6&sukihara et al., 1996with

& Buse, 1995. The bas- and caas-type cytochromes oxidases the program “Ribbons{Carson, 1991

from T. thermophilusvere prepared according to previously pub-

lished procedure¢Buse et al., 1989; Soulimane et al., 19%5

normal oxidized and as dithionite reduced enzymes. Supplementary material in Electronic Appendix

Contains data on mass calculation and MS fragmentation.
Subunit separation
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