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The branched respiratory chain of the archaBaliolobus acidocaldariusontains a supercomplex,
SoxM, consisting of a helike subcomplex and a terminal oxidase moiety, including a subunit Il
analogous polypeptide, SoxH. However, the latter component has never been identified in preparations
of SoxM. We demonstrate the presence of an mRNA transcript by Northern analysis. We succeeded in
cloning and expressing the respective gene with truncated N-terminus by deleting a 20 AS membrane
anchor, which resulted in a water-soluble purple copper protein, which was further characterized.
The recombinant subunit I of the SoxM complex contains a correctly inserted binuclgal@ter

as revealed by UV/vis and EPR spectroscopy. The protein is highly thermostable and displays a
redox potential 0f+237 mV. In recombinant form, the metal interacts with cytochrares an
artificial electron donor; the physiological electron donor is still unknown, sicacidocaldarius

does not contain anytype cytochromes. The purple copper center of SoxM shows an interesting pH
dependency with akfy, at 6.4, suggesting protonation of the Cu-ligating histidines. Further lowering
the pH causes a reversible transition into another cluster form with concomitant liberation of one
copper. It may thus provide a model for the study of cluster rearrangements in response to pH.

KEY WORDS: Archaea; Cu; submit Il; terminal oxidaseSulfolobus recombinant expression; hyperther-
mophiles; spectroscopy; electron transport.

INTRODUCTION subcomplex associated with a terminal oxidase moiety,
with similarities to well-characterized cytochroro@xi-
Sulfolobus acidocaldariugs an archaeon growing dases (lwatatal, 1995; Michektal, 1998). A significant
obligately aerobic at extremely low pH and temperatures similarity is the presence of a subunit Il analogous compo-
between 75-8@ (Brock et al, 1972). As recently re-  nent, which, from the deduced amino acid sequence, was
viewed, its respiratory system consists of at least two concluded to bear a Gutype binuclear center as an elec-
electron-transducing supercomplexes acting as terminaltron acceptor for reducing equivalents from cytochrome
oxidases (Sdferet al., 1999); both of these display un- c¢. However,Sulfolobus acidocaldariudoes not contain
usual structures and properties. One complex, SoxABCD, any c-type cytochromes and the function of the subunit
is a quinol oxidase, which has been shown to pump Il analog in this archaeon remains enigmatic. Moreover,
protons, eventually performing a Q-cyclelike mechanism neither spectroscopic nor protein-chemical evidence was
(Gleissneetal, 1994, 1997). Thus far, the other complex, available on whether or not the putative subunit is really
SoxM, could be isolated only in an essentially inactive expressed. As yet it has not been identified in purified
form (Castresanat al,, 1995; Libbenet al,, 1994), but SoxM preparations and one could also assume that it has
was proposed on a genetic basis to consist bf;aike been lost or degraded during the isolation procedure.
In the present study, we have cloned the respective
mistry, Medical University of Luebeck, Germany. ger_weso_xH and succeeded in expressing IEEC_he”ChIa
2To whom all correspondence should be addressed; e-mail: schaefer@COli, which allowed us (1) to demonstrate the insertion of
biochem.mu-luebeck.de Cu ions forming a typical Cucenter, (2) to characterize
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its spectroscopic and electrochemical properties, and (3)additional pSJS1244 plasmid, which codesHocolirare
to produce antibodies for further studies and investiga- codon tRNAs AUA, and AGG (Kinet al,, 1998). At this
tions of the entire oxidase compléx vivo and in its stage, cells were plated on ACCS medium agar [1 g/liter
solubilized form. (NH4)2SOy, 4.5 glliter KH,POy, 10.5 glliter KHPOy,
0.5 g/liter Na-citratex 2 H,O, 20 mM glucose, 2 mM
MgSQy, 1 ng/liter thiamin-HCI, 100wg/ml carbenicillin,

MATERIALS AND METHODS 50 ng/ml spectinomycin, and 34g/ml chloramphenicol
+ 1.5% agar) to minimize basal induction. Multiple clones
Cloning and Transcription Analysis were picked, grown in liquid medium, induced with 1 mM

IPTG, andthen screened for the presence of overexpressed
An N-terminally truncated coding region aoxH protein with varying induction periods, temperature, and
was amplified frons. acidocaldariuggenomic DNA us- media. The screening was accomplished by SDS gel elec-
ing PCR. Two sets of primers (MWG Biotech) were trophoresis.
designed, introducing appropriate restriction sites for Large-scale expression of the non His-tagged SoxH
the subsequent ligation with the pET15b plasmid vec- fragment was carried out in 2.4-liter culture medium. A
tor (Novagen) resulting in a His-tagged and a non-His- single colony of BL21pET15H was used to inoculate 5 ml
tagged coding region (see Fig. 1). The PCRs were car- ACCS medium. The culture was grown overnight &tG0
ried out in 1xTagpolymerase buffer (MBI Fermentas), At ODggo = 1.5, 4 ml of this culture were used to inoc-
1 mM MgCl,, 200 uM dNTP, and 1uM primer using ulate 4 x 100 ml ACCS medium in 1-liter flasks. The
Tagpolymerase (MBI-Fermentas) and 100 ng of genomic flasks were vigorously shaken overnight at@antil the
DNA. The program consisted of a4-min 30-sec denaturing cultures reached stationary phase after about 16 h. ACCS
step at 95C, 35 cycles of 30-sec at 95, 20-sec at 5%, medium (500 ml) were added to each flask and the cultures
40-sec at 72C, and a 5-min final elongation step at@2 shaken for 2 more h at 3€ prior to addition of 60 1 M
A probe for Northern hybridization was similarly IPTG. Inductionwas continued at3Zfor5handthe cells
generated, but with 200M digoxigenin-labeled dNTP  harvested by centrifugation for 20 min at 5.00@Q, 4°C.
(DIG DNA labeling mix, Boehringer Mannheim) and a The sediment was suspended in 40 ml 50 mM
sense primer-to-antisense primer ratio of 0.9 in ordertoin- Tris-HCI (pH 8.0 at 25C), 2 mM EDTA, and 1 mg/ml
crease antisense strand production. The subsequent Northlysozyme, followed by sonification after which the lysed
ern analysis was performed as described (van Miltenburg cell suspension was centrifuged 30 min at 5.608, 4°C.
et al, 1995). The labeled DNA was eventually detected The sediment was resuspended in 40 ml 50 mM Tris-HCI
by chemiluminiscence. (pH 8.0 at 25C), 2 mM EDTA, and centrifuged as above.
In order to generate the expression vectorg,gb This second pellet contained mainly the overexpressed in-
of PCR product, or 1Qug pET15b, respectively, were clusion bodies. The pellet was suspended in 10 mI 50 mM
digested with the appropriate restriction enzymes (MBI citrate (pH 5.5)8 M urea, and 20@M CuCl,. This sus-
Fermentas). The digested DNA was cleaned with a prepar-pension was heated in a water bath &@®€r 30 min and
ative agarose gel containing 1@g/ml crystal violet then cooled to room temperature overnight followed by a
(Sigma-Aldrich), and finally solubilized in 1x TE buffer.  centrifugation for 20 min at 20,000 g, 20°C. The super-
The digested PCR fragment (150 ng) and 250 ng natantwas added to 48 mI 50 mM Tris-Cl (pH 8.0 &i@}p
of the corresponding vector fragment were then ligated 4 mM MgSQ, under rapid stirring, and the solution then
overnight at 14C with T4 DNA ligase (MBI Fermentas)  concentrated to 5 ml by ultrafiltration using 10-kDa cut-
in 50 mM Tris-HCI (pH 7.5), 10 mM MgGJ, 10 mM DTT, off membranes (Millipore). Benzonase (250 units; Merck)
1 mM ATP, and 25:g/ml BSA. The ligated constructwas  was added to the concentrated solution, which was left at
transformed intd. coli XL2Blue (Stratagene) for screen-  room temperature overnight.
ing purposes. Screening for the correct construct was ac- Of the SoxH-containing solution 2.5 ml were ap-
complished by restriction analysis, followed by sequence plied to a POROS HQ/M column with 1.8 ml bed vol-
analysis on an ABI Prism 377 DNA Sequencer. ume (PE Biosystems), equilibrated with 50 mM Tris-Cl
(pH 8.0 at 25C) and 200uM CuCl,. A linear gradient
from 0 to 2 M NaCl was applied. Fractions containing the
Expression and Purification Cua-binding domain eluted at 300 to 500 mM NaCl and
were pooled, concentrated as above to approximately 2 ml,
Both resulting vector constructs were transformed and loaded onto a Superdex 75 HiLoad gel filtration col-
into E. coli BL21 (DE3) pLysS (Novagen) bearing the umn (120 ml, Amersham Pharmacia Biotech). The column



Cua Center of the Archaeal Respiratory Supercomplex SoxM 29

was equilibrated with 50 mM Tris-Cl (pH 8.0 at 25), f CCAGTIGTTTIRCNC

200 mM NacCl, and 5QuM CuCl,. The copper binding ATGGAAAGAGGTAGA ATATTAGAATTAACA ACTATAGTTCTTGCA GCAGTTGTTTTAATC

domain eluted at 75 to 100 ml. ERG R TmELE oL Y oL A B VUL
The His-tagged form of SoxH could easily be purified '

by Ni-chelating chromatography, but only under denatur- sasrmace < — - A":’;‘:;L/ orimer I

ing conditions. Complete removal of urea caused AgJre- GTATTAGGTGTTATA TCGGATGGATATTTA GCTCTTATAAACAGT GGTAATTATTTGTCA

gation and precipitation of the protein. Both formscould Y * ¢ Vv * s ¢ ¥ & 2 L I N S G N ¥ L S

be complemented with copper as described in the section ceecarcacanacan GATGCGATACCTATT AAGGTCATAGCTTTT CAATACGCTTGGGAG
on Results AQQoQKQ DAIPI KV IAF QYAUWE

putative membrane anchor

TTTGTATATCCTAAC GGAACTACCACTATA GACAAGCTAGTGCTT AAGGCTAATCAGACC
F vy PN GG TTTTI DKIUILV L KANZQT

Spectroscopy TATTTGCTGGAAATA CAGTCAAAGGATGTC ATTCATGCGTTCTAT ATACCGCAGTTAGGG
Yy L L EI Q S K DV I HAUVF Y I P QL G

s TTTAAGTTTGAGGCT ATCCCTGGATATGTG TACGACTTCTATATA GTGGTGAAGACGCCA
UV/visible spectra were recorded at room temper- . F 2 2 1 » 6 v v Y b F Y I Vv v KT B

ature with a Hewlett Packard 8453A spectrophotometer
. . . . GGCACATATGATATA TGGTGTGCTGAATTC TGCGGTCCTGGTCAT TACACCATGAAAGGA
equipped with a stirrer. EPR spectrawere recordedwitha ¢ ¢ vy o 1 w ¢ a 8 F €6 » 6 # ¥ T M Kk G

Bruker ER 200D-SRC X-band spectrometer. ACTCTCATAGTGGTG AGTTGA antsense primer
Copper concentrations were determined by atomic L g g The TOARCICTTACCTAG GATTA <
absorption on a Hitachi Zeeman atomic absorption spec-

trophotometer, model 180-80. Fig. 1. DNA and protein sequence of SoxH froB acidocaldarius
The reaction between reduced cytochraraad the _(Castresanat a}l._, 1995_). Putative ligands for the Quter'\t.ere.lre shadgd

copper-binding domain for the determinationief was [ 517 410 prner seuences fr PR pifcaton e gren

carried out in degased Ix PBS buffer under argon. For

this purpose, horse heart cytochroo&igma) dissolved

in 1x PBS buffer was slowly reduced with dissolved the Cui binuclear metal cluster. This set of essentially C-

NaBH; just prior to use. The reduction was controlled terminallocated positions is almost invariantly conserved

Spectrophotometrica”y and excess NapBihs Carefu”y in typ|CaI Cu, centers, whereas the N-terminal half of

removed by addition of hydrochloric acid. The final cy- the sequence shows only scarce similarities to other sub-

tochromec concentration was determined spectrophoto- Units Il of terminal oxidases. It should be emphasized that

metrically using an absorption coefficieftonm-ssonm= the sequence indicates the presence of only one putative
19.5 (mM-Ycm1). transmembrane helix and, moreover, that this helix might

not even span the membrane completely with only 17 hy-
drophobic residues. As described in the section on Meth-
Miscellaneous ods, adigoxigenin labeled probe for Northern Blotting was
derived with the same primers as used for construction of
An antiserum against the truncated recombinant expression clones.
SoxH form with the His-tag was produced from rabbit As a first reference point for the presenceSafxH
whole blood using standard procedures (Harlowe and in S. acidocaldarius Northern analysis was conducted
Lane, 1988) with incomplete Freud’s adjuvant. with genomic DNA. With the probe againsbxH two
Protein concentrations were measured with the transcripts of 3.3 and 0.8 kb, respectively, were identified
Biorad D¢ protein assay. (Fig. 2). Of these, the smaller one corresponds to a mono-
cystronic message, whereas the gene also appears to be
cotranscribed with adjacent genes from the same cluster

RESULTS (Castresanat al., 1995).

Cloning of soxH and Transcription Analysis
Expression of the Cy, Binding Domain

Figure 1 illustrates the structure of tlsexH gene
together with the cloning scheme. The short membrane Two N-terminally truncated constructs were gener-
anchor (AS 6-20; shaded N-terminal sequence stretch)ated in order to expres®xH(subunit Il) fromS. acidocal-
has been truncated in order to obtain a water-soluble genedariusin E. coli(Fig. 1). One of them added an N-terminal
product, as indicated by the primer positions. Also in- His-tag to the gene, which allowed detection by Western
dicated as shaded symbols are the amino acids ligatingBlot with an anti-His-tag antibody and purification by
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after incubation at 8@ for 30 min followed by slow cool-
ing to room temperature, prior to the removal of urea,
could the non-His-tagged protein be obtained in a soluble
form; however, the procedure failed with the His-tagged
protein.
The renatured Ci+binding domain was further pu-
3300 bp —> W= rified by anion-exchange chromatography on a POROS
” HQ column followed by gel filtration on a Superdex
75 column (Fig. 3). The anion-exchange chromatography
1000 bp —> =& separated the Gubinding domain from major contami-
” nants, including lysozyme, which had been added during
cell lysis. At this stage, the protein was pure enough for
most spectroscopic experiments. As a final purification
step and for the determination of the apparent molecular
mass, a second gel filtration step was added. Two fractions
containing the purple copper protein eluted from the gel
filtration column. A high-molecular weight fraction within
Fig. 2. Northern analysis d5. acidocaldariusvhole RNA with a probe the exclusion volume exhibited a highydg/Ezgo ratio
againstsoxH Eight micrograms were analyzed electrophoretically ona due to bound nucleotides. The other fraction eluted af-
dgnaturing_agarose gel and compared with a standard contaiDiNg ter 75 ml, proving the recombinant gtbinding domain
digested witBy on the same gel. to be a monomer with an apparent molecular mass of 14
kDa. This agrees with the calculated molecular mass and
affinity chromatography. The constructs were successfully the apparent molecular mass determined from gel elec-
introduced into T7 system expression vectors and then trophoresis (cf., Figs. 1 and 3). The copper content de-
transferred intd. coli BL21 (DE3) pLysS. First expres-  termined by atomic absorption spectroscopy of dialyzed
sion experiments with the selected clones failed in spite samples was typically about 1.3 Cu atoms/SoxH molecule

Of a Iarge Variety Of media and induction COI’IditiOI‘]S. Only Corresponding to 65% Occupancy of the refolded recom-
by cotransfection of a second plasmid, which encodes for pinant protein.

the rareE. colitRNAs, tRNA'® (codon AUA) and tRNA™

(codon AGA) and by change to a yeast-free medium, could

expression of the Gubinding domain of SoxH be at-  Spectroscopic Properties of the Cy Domain

tained. Both forms were expressed mainly as inclusion

bodies, which could be easily separated from cytosolic The pure Cy-binding domain has a characteristic
and membrane proteins by differential centrifugation. At purple color indicating its oxidized state. At pH 5.8, it ex-
this stage, purple copper could neither be detected by EPRhibits two strong absorbance maxima at 538 and 478 nm,
nor by UV/visible spectroscopy indicating an incorrectly

folded or modified Cn-binding domain.

Complementation and Purification of the Cu, ey

Binding SoxH Domain <— 97.2kDa

<— 66.2kDa
<— 45.0kDa

= <«—— 31.0kDa

The inclusion body fractions were denatured in 8 M
urea and different refolding procedures were tested. Both
the His-tagged and the non-His-tagged protein could be
complemented with copper by addition of micromolecular
concentrations of Cugto the unfolded proteins at pH 5.5.
At this stage, EPR and UV/visible spectroscopy showed
the presence of a native purple copper center. However,
b.Oth protein ].com.]s preC|p|tatt_ad Whe.n urea V.Vas I.‘emoved clusion body fraction (10Q.g); lane B, inclusion body fraction after
elthe_r by_ rapid dIIUt.Ion Comb_"?ed Wlth ultrafiltration, or heat precipitation (37.g); lane C, refolded SoxH after anion-exchange
by dialysis, respectively. Addition of different detergents chromatography (18g); lane D, refolded SoxH after final gel filtration
during the refolding could not prevent precipitation. Only (4.4 .g); lane E, BioRad long-range marker gd/protein).

- €— 21.5kDa
“ — <— 14.4 kDa

Fig. 3. Laemmli PAGE from purification steps. Lane A, Purified in-
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Fig. 4. Optical absorption spectra of (A) the purified recombinant SoxH
at pH 5.8; (B) the soluble Gutbinding domain ofl. thermophilusat pH

8.0 (Williamset al., 1999); and (C) the soluble Gtbinding domain of

P. denitrificansat pH 7.0 (Lappalaineet al., 1993). The positions of
absorption maxima are given.
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Fig. 5. pH titration of the absorption maxima of the £uenter. Param-
eters: 52uM Cua (by EPR and AAS quantification) after renaturation
in 50 mM citrate ad 8 M urea. pH was adjusted with small aliquots of
HCI or NaOH, respectively.

et al, 1996), but the absorption ratios at peak maxima are
different. Remarkably, the absorption spectrum remains
unchanged, even at temperatures of@@not shown).
The identical spectrum can already be obtained after the
addition of copper to the urea-solubilized inclusion bodies
(8 M urea). The presence of urea seems to have no effect
on these properties, but can prevent precipitation at low
pH (<6).

Moreover, the spectrum shows an interesting, fully
reversible pH dependence. At the above mentioned max-
ima, the absorption intensities (oxidizatinusreduced

respectively. Two additional maxima are present at 361 differences) were titrated over a wide pH range, as il-
and 789 nm (Fig. 4). Extinction coefficients at the max- lustrated in Fig. 5. This titration unanimously indicates
ima are given in Table I. The spectrum is closely similar @ pKa between 6.4-7, suggesting the protonation of the

to those found for the Gudomains fronP. denitrificans
(Lappalaineret al,, 1993) andT. thermophilug(Slutter

Table I. Extinction Coefficients for Maxima of the
Cua Center of Subunit Il of the SoxM Complex at
pH 5.8 Derived from the Spectrum in Fig. 3

A(nm) e(mM~1/cm1)
361 2.3
478 3.2
538 3.7
789 2.4

cluster-ligating histidines to be responsible for the spec-
tral change. At low pH, the titration displays a maximum,
with a dramatic loss of spectral absorption between pH
5 to 3. While at pH> 10 the spectral changes become
irreversible by denaturation, this is not the case at low pH.
The bell-shaped curve may even suggest an additiéhal p
at pH values below the experimentally tested range.
Extreme spectral states from the titration of Fig. 5 are
shown in Fig. 6. Whereas the typical signature of the pur-
ple copper center deteriorates completely at pH 10, under
acidic conditions a shift of the 538 nm peak to 560 nm
occurs concommitantly with intensification of the near IR
absorption and a peak shift to 784 nm. In this state, the
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Fig. 6. UV/vis difference spectra of the Gucenter at different pH val- pHO.8
ues. Parameters: 52M Cua (by EPR and AAS quantification) after

renaturation in 50 mM citrate @8 M urea. pH was adjusted with small | |
li fHCl or NaOH, r ively. The | ions of ral maxim
aliquots of HCl or NaOH, respectively. The locations of spectral maxima 250 200 350 400

are given.
B [mT]

color turns bluish, reminiscent much more of a blue than Fig- EZETARCSPE(CSMEO;&E ?J::gter at t_i]jfferent)pl:tvalueS- Parame-

H ters: u an uantification) after renaturation in
a pul?gi;gi?)eezg’gtglrgperties which reveal a reversible 50 mM gitrate gd E_in urea. pH Was?idjusted with small aliquots of HCI

! or NaOH, respectively. EPR parameters: 9.644 GHz, 2 mW, 17 K.

pH-dependent madification of the ligand field in the bin-
uclear cluster, are reflected also by the EPR spectra. The
X-band EPR spectrum of the pure Gbinding domain ~ Redox Properties of the Cu Domain
is similar to the spectrum of the native Luaite in cy-
tochromec oxidase (Fig. 7). At pH 8.0 the values are The Cux-binding domain can be reversibly reduced
g = 2.20 andg = 2.01. As above, an identical spectrum with dithionite, ascorbate, and reduced cytochrame-
could be found at high urea concentrations. Importantly, Sulting in the loss of its purple color. At stoichiometric
the metal quantification revealed a ratio of 0.52 for EPR, concentrations of the reductants and in the presence of
detectable over chemically determined copper. This is di- 9Xygen, the protein shows very fast auto-oxidation rates.
rect evidence for the presence of a trug\Cte, amixed ~ The redox activity with cytochrome was used to de-

valence binuclear metal cluster with formally one EPR- termine the midpoint potential of the pure Gbinding
silent Cu ion. domain. For this purpose, the oxidized &shinding do-

Actually, at pH 9.8, all spectral signatures of a,Cu  Main was added stepwise to reduced cytochromeder
center are lost, because of irreversible denaturation. In&rgon gas to avoid auto-oxidation. The protein shows a
contrast, at pH 3.0, a completely new spectrum emerges,'Nernstian behavior, assuming a one-electron transition.
which clearly contains signatures of the fre€Ctype (4- The equilibrium constant, under these circumstances, was
line hyperfine splig value), whereas the Getype signals determined to be 0.8, resulting in a midpoint potential of
are replaced by novel resonances. The latter may, in part,+237 mV and a respectivaGo value of 23 kJ/mol.
result from superimposed residual £gignals as to be

expected in a reversible equilibrium system. Immunological Interactions
Therefore, an unequivocal deconvolution of the low-
pH spectra could not be achieved. However, taking Though transcription of theoxH gene is evident,

the occurence of free copper into account, a reversible demonstration of the presence of the translation prod-
transformation between a z8ite and a blue copper-type uct is an important issue from two aspects: one is the
metal center appears possible, as discussed further belowillustration of all putative components suggested from the
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respective gene cluster to exist in the integrated SoxM ligand field. However, no significant differences to the lat-
oxidase complex; the other is the aim to set up an affin- ter can be seen from the EPR spectra. In fact, when copper
ity method for copurification of the integrated complex ions are added to the apoprotein, the formation of thg Cu
without loss of constituents and for interaction studies cluster by appropriate organization of the peptide chain
with soluble components as, for example, SoxE. How- obviously proceeds spontaneously, since the correct EPR
ever, the antiserum raised against the recombinant SoxHand UV/visible spectra already occur 8 M urea under
was not able to detect native SoxH eithelSnacidocal- conditions where at least partial unfolding of the protein
dariusmembranes or in detergent solubilized membrane has to be assumed. In contrast, completion of the folding
protein fractions, although Western analysis of the recom- process during removal of urea appears to be slow and

binant protein showed a strong signal (not shown). needs pre-incubation at high temperature, a typical condi-
tion for hyperthermophilic proteins. The high thermosta-
DISCUSSION bility of the soluble form of SoxH is also documented by

the persistence of the unaltered UV/vis spectrum even at
The binuclear Cp center in subunit Il of cytochrome  8C°C.

coxidases serves as the entrance site for electrons from cy- The reversible dependence of visible and EPR spec-
tochromec and is missing in otherwise structurally analo- tra on pH is remarkable, because it suggests a reversible
gous quinol oxidases (Trumpower and Gennis, 1994). This transition between two different forms of copper centers, a
study is the first report on a purple copper center from a binuclear Cy-type center and a mononuclear copper cen-
terminal oxidase of an archaeal hyperthermophilic organ- ter, respectively. The reversible occurrence of free copper
ism, S. acidocaldariusBy expression of a truncated form detectable by EPR (cf. Fig. 7) particularly argues in favor
of the soxHgene, devoid of the hydrophobic N-terminal of the liberation of one Cu ion from the binuclear cluster
membrane anchor, a soluble form was obtained, which al- upon acidification. Lowering the pH first causes a pro-
lowed investigations of its properties. Despite deletion of tonation of the histidines ligating the Cu ions (Fig. 5).
the first 22 amino acid residues, the engineered subunit Il Further acidification obviously results in a more drastic

has a great tendency to aggregate at low pH. conformational change, presumably due to alterations of
The UV/visible and EPR-spectral features largely re- salt bridges or hydrogen-bond networks. From modeling
semble those of the soluble £domain fromP. denitrifi- studies, it emerges that it needs only a movement by about

cansexpressed ii. coli(Lappalaineret al., 1993) and the 1.5-1.8A of a B-strand to bring a carboxyl (E129) into
engineered Cusites of CyoA (Wilmanngt al., 1995) or position to generate an alternate structure, which has sim-
from Th. thermophilugSlutteret al., 1996). Notably, the ilarities to the metal coordination in blue copper proteins,
guantification of copper by EPR versus chemical determi- provided that one bridging thiol ligand [C131] and one Cu
nation yields a ratio of 0.52, indicating that the equivalent ion move out. This may be facilitated by protonation of the
of 1 Cu atom in the cluster is EPR silent. From that we His ligands. Although this hypothesis appears attractive,
conclude that the mixed-valence structure of this binu- it requires further study and preferentially crystallization
clear metal ion cluster is preserved in the archaeal domainfor final proof. As an additional perspective, site-directed
as well, representing an ancient evolutionary catalytic el- mutagenesis might be suitable to test the hypothesis with
ement also present in nitrous oxide reductases (Farrarthe above protein.
et al, 1996; Van der Oostt al., 1994), which are evolu- Whereas the measured redox potential of the SoxH
tionary related to heme copper oxidases (Hendeikal., domain of+237 mV is in excellent agreement with other
1998). Actually, modeling of the soluble SoxH domain soluble Cy domains (Lappalaineet al., 1993; Slutter
from Sulfolobuson the basis of coordinates of subunit Il etal.,, 1996) its rapid interaction with cytochrorodiffers
of bovine cytochrome oxidase (Tsukiharat al., 1995) from expectations, based onits physiological function. Be-
supports this conclusion, suggesting H92, C127, E129, causeSulfolobusioes not synthesizetype cytochromes,
C131, H135, and M138 (cf. Fig. 1) as ligands to the binu- the latter can not be its natural reductamvivo. It is very
clear Cuy site. likely that in the recombinant SoxH, the g@omain is

For the first time, the UV/visible spectra reveal the much more exposed than in the intact oxidase complex,
typical long-wavelength absorption at 789 nm not seen as thus allowing nonspecific interaction with cytochrome
yet with preparations of the detergent-solubilized archaeal On the other hand, the question of the natural reductant is
SoxM oxidase complex. Interestingly, the absorption ratio still open; it has been proposed that a putative blue copper
at the maxima between 480-540 nm is reversed as com-protein, the product of theoxEgene, might assume this
pared to the Cuy spectra ofP. denitrificansand Th. ther- role in vivo (Scléferet al, 1999); however, this remains
mophilus suggesting a slightly different geometry of the to be demonstrated.
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The transcription of SoxH has been shown by North- 125/17-3) and from the Fonds der Chemischen Industrie
ern blotting. Nevertheless, the translation product could is gratefully acknowledged.
not be detected in SoxM complex preparations by West-
ern blotting with an antlser_um which perfectly a_md specif- REFERENCES
ically detects the recombinant SoxH. A possible reason
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; e i 202-210.
surface has to be expected, glycosylation is, indeed, anFarrar, J. A., Neese, F., Lappalainen, P., Kroneck, P. M. H., Saraste, M.,

interesting aspect. In the intact terminal oxidase, the bin- Zumft, W. G., and Thomson, A. J. (1996). Amer. Chem. Sot18
uclear copper center may be shielded by glycosylation as ~ 11501-11514.
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