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Thermus thermophilus is a strictly aerobic eubacterium which grows optimally near 70° C,
Tts respiratory systein is very similar to that of eukaryotic mitochondria, and the organism has
nroven to be a particularly good source of stable, comparatively simple respiratory enzymes [cf
Refs. 1 and 2). There are at least two terminal oxidases: The recently discovered cytochrome ba,?
and cytochrome ¢ a2;2. Cytochrome bas is an analog of gay in which the heme A of cytochrome a
is repiaced with protoporphyrin IX (heme B) while its other redox components ar pear to be largely
identical to those of the now classical mammalian cytochrome ga, [¢f Rer. 3];  ithas only a single
35 kD protein subunit. Cytochrome ¢1aa consists of two polypeptides. The ~33 kDD C-prote’n

covalently binds one heme C, while the ~55 kD protein is thought 10 bind the four canonical redox

centers of aa3, two heme A, and two Cu [¢f Refs. 1 and 2]. Toward our goal of unequivocally
establishing the distribution of the metal centers in cytochrome ¢aa3. we have isolated the
structural gene of the A-protein.
METHODS

Cytochrome ¢jaa, was prepared by the method of Yoshida et al2 and shipped on dry ice to
the RWTH Aachen for amino acid sequence analysis. The protein was denatured by S % SDS,
freed from SDS4, and the large polypeptide subjected to cyanogen bromide cleavage. The peptides
wete separited on HPLC (Nucleosil 7C4, 4 x 250 mm) in 60 & formic acid (A) with 20 %
acetomtnle, 15 % 1 propanol (B) gradient. Four peptides were selecied for anmuno acid sequencing
accordig to Buse e al?d,

DNA clomng and other molecular biology procedures were as described by Maniaos eval®
DNA hvdndizaton m dned aparose gels was camed out as desenbed by Mather®. “The
olipideoxynucleonde probwe was synthesized by Synthetic Genetics, San Diepo DNA wequenee
wit obtuned by the dideoxy chan tetmination method of Sanger? under the conditions descnted
by 1 Johnston Dow e al® - Ambipunes resulting from secondany structure the DNA we.e
tesolved by the use of analops of dGEP_ by cattving out the sequencmy ieacnons at eles ated

temperature,simd by ane lusion of single st binding protem in the sequencing reactiene



RESULTS

_ The availability of fragmentary amino acid sequence information can make possible the
deteciion of specific DNA sequence and thereby aid in the identification of structural genes. Our
approach 1o isolating the A-protein gene involves the use of most probable codons, as discusszd by
Lathe9, to construct a single 38 base oligodeoxynucleotide probe as shown in FIGURE 1. When
the probe was labeled at its §' terminus with 32P-phosphate and hybridized 1o restricted
chromosomal DNA in dried agarose gels, specific binding to ~2.7 kbp (Hind I1I) and ~2.8 kbp
(Pst 1) DNA fragments was observed (photos not shown). These fragments were parified from the
gel, ligated into plasmid pUCS, and the recombinant plasmids were transformed into E.coli ;
colonies bearing the HindlIIl and Pstl resriction fragments were identified using colony
hybridization. When the probe was hybridized to plasmid DNA from these strains, which had
been cut with both Hindl11 and Pstl, it associated, in both cases, with a common fragment of
approximately 600 bp. This along with other HindHI/Pst] fragments, as showr in FIGURE 2, were
cloned into bacteriophage M 13 vectors for sequencing. The results of our sequencing effort up to
the time of this writing are shown in FIGURE 3. Preliminary amino acid sequence information
available for Thernues is compared in FIGURE 4 with relevant sequence information from bovine
and y:-ast suburats [ and the large subunits of Paracoccus denitrificans and Bacillus PS8 3; the
homology among these proteins 1s extenave  Regions of paruculirly: pronounced homology are
evident near positions 95, 240, 290, 170, and 435 (bovine numberning). These regions include the
conserved hisudines which have been predicted o form hgands 1o the two hemwes and Cag of
cytlochrome o 1®

DISCUSSION
An outstanding question in bioenetpencs s the distnibunon of the cannomcal redox metals

among the vanous subunits of ¢ viechiome ¢ ondase Wikstrom et alt™ have concluded from a
study of the extant Ierature that only Submies Tand Hare reasonable candidates for
wetalloproteins, and Holm eval ™ devised a stoctumal meodel snalnch ¢vtochonee pand the

oviochrome 3 yCug pait are boend o Subuni T whinle Ca s bound o Subumitc 10 Punihcanon of o



two subunit oxidase from Paracoccus denitrificans having functional and spectral identity as well
as one-dimensional structures homologous to Subunits 1 and 11 of eukaryotic enzyme29, further
supports the view that the metals are Jocalized in the two large subunits.

The enzymes from Thermus and Bacillus PS3 seem to have stood outside this derivation.
They are isolated as non-covalent complexes of a large subunit and a smaller subunit which binds
the heme C. Based on the inability to resolve cytochrome ¢jaa3 into more than two subunits and
laboratory "incidents™ in which either the cytochrome ¢) or gay was obtained separatcly in pure
form (unpublished results), it has been argued that the redox me1als of 233 are associated
exclusively with the single large subunit!2, In these accidental situations, the cytochrome ¢) has
native opical properties and lacks the typical Cua EPR spectrum while the cytochrome gas has
native optical properties and possesses cytochrome ¢ oxidase activity; unfortunately, it has not been
possible to reproducibly separate the two proteins of ¢jaay withoui denaturation, and their
individual characteristics have not been fully explored. Nevertheless, the above observations lend
merit to the argument that Subunit 1 of the Thermiw enzyme binds the cannonical metals.

The data presented in IGURE 4 show that Subunits | from the represented phyla are
probably the same protein and thus bring the Thermies and PS3 enzymes into the fold of ali other
ai type oxidases. Indeed, we will hereafter refer to the A protein as Subunit 1 of Thermus. In
these enzymes then, either all metals are in Subunit 1 or the ¢ protens contain sequences that altow
formaton of the Cup binding site Complete sequence information on the C protein of Thermio s
not yet available, however, a few pepude sequences from this protein (G. Ruse eval. In
preparation) and unpubiished work from Sone’s (N Sone, Personal commumcation) laboratorn
supgest that the C protein may be a pene fusion of a oviedhmine ¢ad a portion of Subunt 11
which contains the presumed Cua binding region with tw o listidine and tw o cystemne ieadues A
crucial issue then s whether Cap reguires these cvstenes toaccount for ns unesaal eleciong
properties The secent finding that cytochromie i troe Fherees contams a Cua binding sie b
appears 1o e only one cystemne resudue casts doubt on the two cysteine hypothess (of Ret 3

and ceterences therem), almost herenn ally, one canash of the Cua site contams any sultue hypand:



While the problem of metal distribution remains unresolved, it is clear from the sequence data that

if Cuy is in Subuait 1 it cannot be coordinated to cysieine as there are no invariant cysteine residues

in this subunit.

(4]
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FIGURE LEGENDS

FIGURE 1. Oligodeoxynucleotide probe construction using most probable codons. Peptide
sequence from cyanogen bromide peptide 4 (sce Fig. 3) was back translated to nucleoude
sequence using only the most probable codon for each amino acid  Codon frequencies for
Thermus proteins were determined by combining the codon usage daw from References 10 - 12.
The estimated frequencies of the most probable codons used in the probe are shown in the last line
of the figure.

FIGURE 2. Schemaue of the chromosomal region contimming the A peptide gene of 7 herman
thermophilins cytochrome oxadise  The position of the gene as fived by partial DNA sequence, and
the positions of the ends of the genes were esunuited uang the known size of the mature
polypepude and ity homolopy to other subunits Isee Fip ), Handicates a FhindH restnetion sie
and Pandicates a Pstl site: ‘The posinons of the cyanopen bronnde peptide fragments for whicn
amno acid sequence wis obruned are indicated below the hine tor the pene

FIGURF 3 DNA scquence of a porton of the evtochrome oxadia subumit I gene of Thermus
thermophilien “The repion sequenced o the Cenmmatl halt of the pene The conresponding
amino acd segeence is shown below the DNA sequence Cvanopen moonmde frapments 2.3, and

4 are encompassed by the DNA seqeence amd are shownm atahic sand undedimed The posanion of



hybridization to the DNA probe is indicated by underlining the DNA sequence. Comparison with
FIGURE 1 will show that there is only one mismatch between the probe and the actual sequence.
FIGURE 4. Alignment of Subunit I sequences from several difTerent species. Amino acid
sequences for bovine!3, yeast14. Paracoccus denirrificans (Pd)13, Bucillus PS3 (PS3)16, and
partial sequences for Thermus thermophilus (T) are shown. Amino acid residues conserved in all
subunit I sequences reported to date are indicated by an astensk above the sequence. Positions at
which the Thermus thermophilus subunit matches all four other subunits presented here are
indicated by an asterisk below the sequence. The sequences were aligned pairwise using the
program GAP from the University of Wisconsin Genetics Computer Group!?. The alignments
were then assembled into the composite figure, with minor discrepancies resolved in favor of

preserving the alignment of residues conserved throughout all the above sequences.



Peptide
Sequence

Codons
possible

Codon
chosen

% use

Met

AUG

AUG

100

Pro
CCA
CCU

CCC
CCG

CCC

63

Arg

CGA
CGU
CGC
CGG
AGA
AGG

CGG

51

Arg

CGA
CGU
CGC
CGG
AGA
AGG

CGG

51

Tyr

UAU
UAC

UAC

95

UAC

95

Thr

ACA

ACU
ACC
ACG

ACC

63

UAU
UAC

UAC

95

Asn

AUU
AAC

AAC

99

Ala

GCA GAU
GCU GAC

GCC
GCG

GCC GAC

74

Asp

98

Ile Ala

AUA GC-

AUU
AUC

AUC GC

89 (100)
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2I33ASTATSSTATSS5SS R SCACATSTTCACZCSSTGGGCGAGTCCACCCTCTTCCAGATCGCCTTCGCCTTCTTCACCGCCCTCATCGEC

SlyThcMezvalTrpAlaHisHisMetFPheThrvalGlyGluSerThrLeuPheGlnlleAlaPheAlaFhePheThrAlaleulleAla

STGCCCACEGEEEG TCAAGCTCTTCAACATCATCGGCACCCTCTGGGGCGGGAAGC TGCAGATGAAGACCCCCCTCTACTGGG I TTTGGGC

S e T e NI AARS SV - . ~i
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valfrcThrslylallysleuPreAsniielieSiyThrleuTrpGlyGlyLlysleuGlnMetLysThrProLleuTyrTrpValleuGly

T A T AR T T T T T T T oG GEGGGATCACCGGEGTCATGC TCTCCATGACCCCCCTGGACTACCAGTTCCACGACTCCTACTTCGTG

aawflaewvaa e aww e vwa TS

————————————————————————————— -—————————0—--———————0———————-—+-———-—--——+—————— +——— 4‘
crellerneasnrrnelelecZlyolyIleThrGlyvalMerLeuSerMet ThrProleuAspTyrGlnPiheHisAspSerTyrPheVal
ST EFICIAZT I CACAACCT T AT EECGEECTCTGELTTCSG CTTCGCCGGCCTTTACTACTGGTGGCCCAAGATGACGGGCIGG
----------------------------- e e e e e e e e e e o e i o e e o e e e e e e
v3.ALaRlsPrnesisAsnValleMeTAlaG.SerSly yAilaPheAlaGlyLeulyrTyrTrpTrpProLysMetThrGlyArg
A TR A ZACGAGEI T E R T T T TACTT TG T T CC T T T GGG TACCTCCTCACCTTCCTGCCCCAGTACGCCCTGGGCTAC
e e e e e e e e e o e e e e e e o tm————————— o ——— B - +

T EEGAT I T I R G T AT TACATITACAACTSCCGATATCGCCGGCTGGCCCGAGCTCAACCTCC TCTCCACCATCGGCGCCTACATC
_______________________________________ e e e —— b e e e — b = b - ——————
A _GyMeTFroArsAr Ty rThrTyrAsnhlahsplleAlaGlyTrpProGluleuAsnleuleuSerThrIleGiyAlaTyrIle

""""""""""" T EE T T TGGAT CTACAT AT TGGAAAAGCTTCCGCTCCGGCCCCAAGGCCCCCGACAACCCTTGGGGCGGTTAC

- T L . NS ..\:‘k.‘.- AN o
_________________________________________________ et b b e — e ——— b e —————

LeusliviecEiyGlylecvallrplleTyrTnrMetTrplysSerle ArgSerGlyProLysAlaProAspAsnProTrpGlyGlyTyr

AT T GGACS TGS T AT I O CTCGCCTCCCAAGGCCTACAAC TTTGACGTGAAGCTY
______________________________ e e e i o e e e b e e 687

TnrleuzloTrzleuThrAlaSerProfrclyshalakisAasnPheAspVailysleu -
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180

270
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