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ABSTRACT. Two distinct class | (monoheme)type cytochromes from the hyperthermophilic bacterium
Aquifex aeolicusvere studied by biochemical and biophysical methods (i.e., optical and EPR spectroscopy,
electrochemistry). The sequences of these two heme proteins (encodeddyyBheandcyd?2 genes)

are close to identical (85% identity in the common part of the protein) apart from the presence of an
N-terminal stretch of 62 amino acid residues present only ircsltB1 gene. A soluble cytochrome was
purified and identified by N-terminal sequencing as tigeB2 gene product. It showed anpeak at 555

nm, anEn, value of+220 mV, and electron paramagnetic resonance parametgys=a?.89,g, = 2.287,

andgx = 1.52. A firmly membrane-bound cytochrome characterized by nearly identical properties was
detected and attributed to tlogdB1 gene product. The very high degree of homology of its N-terminal
part to cytochromesss from Heliobacterium gestistrongly suggests it to be anchored to the membrane
via N-terminally attached lipid molecules. The two heme proteins were named cytocbyghfsoluble)

and cytochromesss™ (membranous). Electron paramagnetic resonance on partially ordered membrane
multilayers suggests that the solvent-exposed heme domain of cytoclggfhies flexible with respect

to the membrane plane. Possible functional roles for both cytochromes are discussed.

The hyperthermophilic chemotrophquifex aeolicugl) enzymes §) has recently shown that the enzyme from
is a member of the Aquificales, considered to represent the Aquifexis phylogenetically closely related to its homologue
earliest branching order of the phylogenetic tree of the in the e-proteobacteridHelicobacter pyloriand Campylo-
Bacteria ). A. aeolicushas been the target of a genome bacter jejunj reminiscent of reports on a number of other
sequencing project achieved in 1983 énd has then entered  proteins from this organism which were also found to be
the early proteomics era marked by an abundance of genomicclose to their proteobacterial counterparts with respect to
information confronted by a scarcity of data with respect to amino acid sequenc&); On the basis of an inspection of
metabolic mechanisms and functional/structural propertiesthe genomic environment of the genes coding for ltice
of enzymes involved. complex inAquifex it was concluded that this species most

Recently, several components of the electron transfer probably has experienced extensive donation of genes from
chain inA. aeolicushave been studied. The structure of a an e-proteobacterium@). A more detailed analysis of the
soluble ferredoxin has been solved),(the sulfide:quinone  open reading frames in thiquifexgenome indicated that
oxidoreductase (SQR) has been characterized in membranesbout 20% of identifiable genes are close-jroteobacterial
(5), the [Ni/Fe] hydrogenases have been purified and studiedhomologues, whereas the remaining 80% are strongly related
with respect to functional properties and phylogenetic to proteins fromThermotoga Deinococcus Thermus,and
positioning (Guiral et al., unpublished data), and analysis of Archaea (Brugna and Nitschke, unpublished data), i.e., in
the cytochromebc complex in membranes and partially line with the positioning of the species by 16S rRN3) (
purified isolates is underway (Sdiawet al., unpublished data). and whole genome analysi8)(

A detailed phylogenetic analysis of cytochrorbe-type In this work, we describe the biochemical and physico-
chemical properties of a soluble and a membrane-attached
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cells were harvested as described previouklyNlembranes
were prepared according to'bel et al. §). When indicated,

the membrane fraction was ultrasonicated in the presence

of 2 M sodium bromide, stirred on ice for 1 h, and
centrifuged fo 1 h at20000@ in order to eliminate weakly
membrane-attached proteins. For the purification of soluble
cytochromecsss, cells were resuspended in 50 mM Hepes/
NaOH, pH 7, 4 mM MgCJ, 0.5 mM PMSF, and 10ug/mL
DNase. The soluble fraction was loaded on a DEAE-cellulose
column equilibrated with a buffer containing 50 mM Hepes/
NaOH, pH 7, 5 mM EDTA, and 0.5 mM PMSF. The un-
retained fraction was subsequently applied onto a hydroxyl-
apatite Bio-Gel column, and cytochrormgs® was eluted at

50 mM sodium phosphate buffer, pH 7.0. All purification
steps were performed at room temperature.

Optical and Electron Paramagnetic Resonance Spectros-

copy Optical spectra were recorded on an Aminco DW-2
spectrophotometer (SLM Instruments Inc., Urbana, IL);

electron paramagnetic resonance (EPR) spectra were obtaine

using a Bruker ESP300e X-band spectrometer fitted with

Baymann et al.
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Ficure 1: Optical absorption difference (ascorbate reduced minus
oxidized) spectra of the two cytochromesgs from A. aeolicus
recorded on the soluble fraction (representing cytochrosmg a)
%nd on membrane fragments (representing cytochroys@, b).
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an Oxford Instrumen'g He_-cryostat and temperature con_trol borate adjusted to the required pH. The temperature depen-
system. EPR redox titrations were performed as describedyance of the redox midpoint potential was studied in the

by Dutton (0) in a buffer containing 50 mM MOPS, pH
7.0, 2 mM EDTA, and 40 mM NaCl in the presence of
the following mediators at 100M: N,N,N',N'-tetramethyl-
p-phenylenediamine (TMPD), dichlorophenolindophenol
(DCPIP), 2,5-dimethyp-benzoquinone, 2-hydroxy-1,2-naph-
thoquinone, cresyl blue, methylene blue, 2,5-dihydrpxy-
benzoquinone, indigo carmine, anthraquinone-2,4-disul-

fonate, anthraquinone-2-sulfonate, safranine T, and neutral

red. Ferricyanide was present at/ . Reductive titrations
were carried out using sodium dithionite, and oxidative
titrations were carried out using ferricyanide and potassium
hexachloroiridate(lV). Optical redox titrations of purified
soluble cytochromesss® at 20 and 60°C were performed
electrochemically without addition of mediators as described
previously (L1).

Oriented membrane multilayers were produced by partial
dehydration in a humidity-controlled atmosphef&,(13).

Electrochemical Techniqu€yclic (CV) and square-wave
(SWV) voltammetries 14) with a membrane-working elec-
trode (L5) were carried out using an EG&G 273A potentiostat
controlled by EG&G PAR M 270/250 software. The CV scan
rate generally was 20 mV-& SWV curves were obtained

nonisothermal configuration as proposed in 1&f

Electrophoretic AnalysisSDS-PAGE was carried out
according to the method of LaemmlLg). The gels were
stained either with Coomassie Blue G-250 or with' 5,5-
tetramethylbenzidine (TMBZ) as described by Thomas et al.
(19). N-Terminal protein sequencing was carried out on the
apoprotein with an Applied Biosystems gas-phase sequenator
(models 470A and 473A).

Sequence Analysis and Structural ModBlatabase searches
for amino acid sequences were performed by BLASI®) (
with the amino acid sequence database at the National Center
for Biotechnology Information, Washington, DC, or the
TIGR microbiology database. The amino acid sequences
were aligned with the help of the program CLUSTAR2LJ.
Structural models of CycB2 from. aeolicus using cyto-
chromecss, from Thermus thermophiluas template, were
obtained using Swiss-Mode2?).

All chemicals were of reagent grade and were purchased
from commercial sources.

RESULTS

using 5 Hz as the square-wave frequency, 2 mV as the scanyentification of the Cytochromesg

increment, and 25 mV as the pulse height amplitude. A

conventional three-electrode system was used in 20 mM CycB2 was purified to homogeneity from the soluble

deoxygenated phosphate buffer, pH 7. Measurements at roomiraction of disruptedh. aeolicuscells. Absorption difference
temperature (23C) were performed using a polished basal spectra of the ascorbate-reduced cytochrome are shown in
plane pyrolytic graphite electrode. Experiments at higher Figure 1, curve a. At 20C, reduced cytochrome CycB2'’s
temperatures required the use of gold electrodes pretreated-band is split, with maxima at 555 and 550 nm. At variance
for 1 min with 1 mM bis(4-pyridyl) disulfide solution (as  with these spectral data, CycB2 is annotated as cytochrome
proposed in refl6). The reference electrode was a Metrohm Css; in the Aquifexgenome. We therefore propose to rename
Ag/AgCl/saturated NacCl electrode. The auxiliary electrode CycB2 as cytochromesss® (“s” standing for “soluble”).
was a gold wire. SDS-PAGE of the purified cytochrome, after staining
The pH dependence of the redox midpoint potential was with Coomassie Blue as well as with TMBZ (data not
studied in a mixture of three buffer solutions composed of shown), shows a single band at approximately 9 kDa
revealing a cytochrome with covalently attached heme as is
typical for c-type cytochromes. The N-terminal peptide
sequence of the heme-staining band was determined (ADG-
KAIFQQK). A BLAST search of this sequence in the
aeolicus genome 8) (using the NCBI-genome server)

! Abbreviations: DEAE, diethylaminoethyl; EDTA, ethylenediamine-
tetraacetic aciden, redox midpoint potentiaEn 7, Em at pH 7.0; EPR,
electron paramagnetic resonance; MOPSN3morpholino)propane-
sulfonic acid; PMSF, phenylmethanesulfonyl fluoride; SEFRAGE,
sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
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Ficure 2: Sequence alignment of cytochrorogs® (Accessmn Number: F70434; GI7430463) amel™ (B70369; G17430462) fronA\.

aeolicus cytochromeesss3 (AAC16774) fromH. gestij cytochromecss; (S32485; G1479146) frorHl. thermophiluscytochromeess, (CCPS5S;

G165547) fromPseudomonas stutze@nd cytochromesss, (AAB88580; GI1155079) fromiT. thermophilus The heme binding site, the
(putative) methionine ligand, and the histidine ligand are shown in bold. The vertical line indicates the start of the mature proteins. Residues
conserved between the heliobacterial cytochragggandcsss™ from Aquifex(Mb) and between all of the soluble proteins (Sol) are shown.

Italic letters in cytochromesss™ emphasize its high degree of identical residues with respect to cytoclgg&hading indicatea-helical

structures (dark gray) ang-sheets (light gray) in the proteins either taken from the structure [TheTh (PDB entry: 1C52), PseSt (PDB
entry: 1CCH), HydTh (PDB entry: 1AYG)] or predicted in the modeled structure of cytochmgge(AquAe).

showed that the N-terminal fragment corresponds to positionsas template, yielding a similar overall structure for the
18—-27 of thecydB2 gene (Figure 2). CycB2 consists of 104 Aguifexcytochrome. Interestingly, no significant conservation
amino acid residues with a theoretical molecular weight of is observed in the region around the two methionine residues.
11 600. The heme attachment site CXXCH, typicalddype The closest sequence neighbor to CycB2 fraquifexis
cytochromes, is located between positions 29 and 32. Twonone of the above-mentioned soluble cytochromes but rather
methionine residues, Met-78 and Met-84, are present in thea second cytochrome from the same species, i.ecyttil
sequence stretch that commonly contains the sixth Met ligandgene product. CycB2 is in fact 85% identical and 89%
for the heme iron in class | cytochromes (see below). The homologous to the last two-thirds of the carboxy-terminal
N-terminal stretch of 17 amino acid residues of tyeB2 end of CycB1 (Figure 2). Theyd1 gene predicts a protein
gene product, absent in the mature protein, displays theof 166 amino acid residues with a theoretical molecular
typical features of a signal peptide for translocation across weight of 19 135.

the cytoplasmic membrane into the periplasmic space, i.e.,

a positively charged N-terminus followed by a hydrophobic properties of Cytochromesgs

region and a signal peptidase cleavage 2.(Cleavage

of the N-terminal signal peptide in the mature protein argues PH Dependence of the Midpoint Redox Poten#atedox

for a periplasmic localization of this cytochrome. A molec- Mmidpoint potential of+220 mV was determined by electro-
ular weight of 9901 is expected for the mature protein in chemical redox titration at pH 7 and 2C (Figure 3).
agreement with the apparent molecular weight of CycB2 on  The pH dependence of the redox midpoint potential of
SDS-PAGE. Sequence comparisons to a variety of small cytochromecsss®, measured from CV and SWV data, is
periplasmic soluble cytochromes revealed significant homol- depicted in Figure 4. The amplitudes of the CV and SWV
ogy (identity>30%, homology>50%) to cytochromes from  signals decreased when the pH was increased from 8 to 11
other Aquificales (cytochromess, from Hydrogenobacter  or was decreased from 6 to 3. Signal sizes were partially
thermophilug, from theDeinococcuSrhermusgroup (cyto- restored when the pH was raised back or lowered back from
chrome cssq from T. thermophiluy and from Firmicutes 3 or 11 to neutrality, respectively (data not shown). Redox
(cytochromecsss from Heliobacillus gestii as well as from midpoint potential values remained roughly constant in the
proteobacteria (cytochronwes, from Nitrosomonas europaea  pH range of 6-8. Above pH 8 and below pH 6, the redox
and cytochromess; of variousPseudomonastrains) (Figure midpoint potential was pH dependent. The alkaline pH
2). The three-dimensional structures of these cytochromesdependence was characterized byKavplue on the oxidized
(for those known) were found to be rather similar to each form of the heme (Kox2) of 8.4 whereas the acidic region
other Q4—27). The structure of cytochronmess from Aquifex of the E, vs pH curve could be fitted assumindf walues

can thus be modeled using cytochromg, from Thermus of 4 (PKox1) and 5.2 (fKreq)-
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Ficure 3: Potentiometric titration of the soluble cytochromes
from A. aeolicus Electrochemical titration was performed as FIGURES: Temperature dependence of the redox midpoint potential.
described in Moss et all{) without addition of mediators in a  Redox midpoint potentials were determined, as described in
buffer containing 50 mM MOPS, pH 7.0, and 100 mM KCI. Materials and Methods, by cyclic and square-wave voltammetries.
Spectral amplitude variation was followed in the range of 400 to A straight line characterized by a temperature coefficideft/dT
+600 nm. The data were fitted by an= 1 Nernst curve with a of —0.2 mV-K~! corresponding to a standard entropy chaStje
midpoint potential of+220 mV. Reductive and oxidative titrations ~ of —19 3mol~1-K~1 was fitted to the data points. Spectra recorded
were superimposable. on cytochromessss® at 20°C (broad line) and 60C (dashed line)

as well as the difference between these two spectra (dotted line)

300 pK,,, 4+/-0.4 are shown in the inset.

PK, 5.2+/-0.2

Temperature (°C)

250 "\.\ / K., 8:4+/-0.1 dependence of the redox midpoint potential was determined
1 os- ; / for the Rhodomicrobiunmvannielii and Rhodospirillum ru-
brum cytochromesc; (28). The Koxi and [Kreq Values are
. in these cases associated to the ionization of the rear heme
" propionate. The precise values &fpand K..qare proposed
\ LN to depend on the nature of the residues interacting with the
‘ . propionate oxygens2g).
~./x1 o " Temperature Dependence of the Redox Midpoint Potential.
— Two series of measurements were performed using CV and
50 500 550 600 650 700 750 . . . . . .
Wavelength (nm) . SWV techniques, either with or without renewing the sample
— T T T T T T T at each investigated temperature. Very similar results were
3 4 5 6 7 8 9 10 11 12 . . .
H gained from both series of experiments. The temperature
P dependence d&, 7 is shown in Figure 5. The obtained curve

Ficure 4. pH dependence of the redox midpoint potential of . _ e —1
cytochromecsss® from A. aeolicus A buffer mixture of 10 mM yields a temperature coefficienEgl /dT of —0.2 mV-K™".

sodium acetate/10 mM Tris chioride/10 mM sodium borate was | h€ SPlito-band observed at 2 changed its form when
used, and the pH was adjusted to the values indicaRediox temperature was increased (inset in Figure 5), both absorption
midpoin} potentials Weée detgrrgineéi by both Icycli((::j andhscéuareh- bands shifting and overlapping.

wave voltammetries as described under Materials and Methods. The i
obtained results were fitted by the equati&T)(E, = E — 0.06 f EPRf SpeCtLOSCOPyThe EPRhspectru_m_ of ]Ehe IOXIdIZ.ed
|og[([H+]2+ KOXl[H+] + KOXlKOXZ)/([H+1\2 +Krec{H+])]y Whel‘e [H+] orm o CytOC romeC5555 was C araCteI’IStIC or a OW-SpII’]

is the proton concentration in solutios,is the midpoint potential heme with signals ag, = 2.89,g, = 2.287, andy, = 1.52

of the fully protonated form, andia,: (4 + 0.4), Kreq (5.2 £ (Figure 6, panel a).

0.2), and Kqx2 (8.4 £ 0.1) are three I§ values of oxidized and
reduced forms. The inset represents optical spectra recorded o
cytochromecsss® at pH 7 (straight line) and at pH 10 (dashed line).
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rIDroperties of Membrane-Bound Cytochromgsc

Optical and EPR spectra recorded on membranes &om

pKox Values above 8 in class | cytochromes are frequently aeolicusdemonstrated the presence of a cytochrome with
associated to loss of methionine coordination of the heme optical (spectrum b in Figure 1) and EPR (panel b in Figure
iron (28). Optical spectra recorded on oxidized cytochrome 6) parameters similar to those of cytochrooag®. Both the
Css2° at pH 7 and 10 indeed demonstrated a loss of the 695optical and EPR spectra of this cytochrome persisted even
nm absorption band, commonly attributed to a sulfur iron in membranes treated with chaotropic agent. This suggested
charge transfer band, i.e., indicative of methionine ligation that the respective cytochrome was indeed tightly attached
(inset in Figure 4). This suggests that, like many other classto the membrane and was distinct from cytochrocag®.
| cytochromes, cytochromesss® undergoes ligand changes We therefore refer to this heme protein in the following
at high pH values. as cytochromesss™. Redox titration of they, = 2.88 EPR

The Ko and Krq vValues (4 and 5.2, respectively), signal of cytochromessd™ in membrane fragments yielded
characterizing the pH dependence beyond neutrality, area midpoint redox potential oft210 + 20 mV (n = 1)
separated by approximately one pH unit. A similar pH (Figure 7).
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FIGURE 6: EPR spectra of the soluble (panel a) and the membrane-
attached (panel blsss cytochromes. Spectra were recorded on
samples without addition (straight line) or treated with 5 mM
ascorbate (dashed lin&),, g,, andg, values for cytochromesss®
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were determined at 1.52, 2.287, and 2.89, respectively, whereas

they were found at 1.53, 2.296, and 2.88, respectively, for the
membrane-attached cytochromge™.
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Ficure 7: EPR titration of the membrane-attached cytochrome
Cssg". Titrations were performed in a buffer containing 50 mM
MOPS, pH 7.0, 2 mM EDTA, and 40 mM NaCl in the presence of
redox mediators as indicated in Materials and Methods. The titration
curve represents the dependence ofdhe= 2.88 signal size on
ambient redox potential. The data points were fitted bynan 1
Nernst curve assuming a redox midpoint potentiab@10 mV.

EPR Experiments on Partially Ordered Membrane Frag-

mentsEPR spectra were recorded on oriented, untreated (i.e.,

largely oxidized) membranes &. aeolicusin a range of
angles betweer-80° to +90° (magnetic field with respect
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Ficure 8: EPR study of two-dimensionally ordered membrane
fragments. Panel a: EPR spectra recorded on oriented membrane
multilayers prepared according to Rutherford antif $&3) without
adding exogenous oxidant or reductant and exposed to air. Under
these conditions, redox centers wiiy, values below+300 mV
were found to be largely oxidized. The magnetic field was oriented
90 (straight line) or O (dashed line) with respect to the plane of
the membrane. The peak@t= 2.88 corresponds to thg line of
cytochromecssd™ and that ag = 3.03 is attributed to cytochrome
oxidase. Panel b: Polar plot evaluation of the signal amplitudes of
the g, peaks arising from cytochrome oxidase (open circles) and
from cytochromecsss™ (closed circles) as well as thg and gy

lines of cytochromecsgg™.

contrast to this signal (and several others that are not shown),
the orientation dependence of tge= 2.88 line intensity
(attributed to cytochromessg™) showed multiple maxima.

A polar plot evaluation of the, = 2.88 signal amplitude
(closed circles in Figure 8b) indicates three weak maxima
at 3¢, 50°, and 80 with respect to the membrane. The polar
plot evaluation of the intensity of thgy = 1.53 trough,
although less accurate due to lower signal-to-noise ratio, also
indicated several maxima.

DISCUSSION

Phylogenetic AnalysisBLAST searches in sequence
databases for homologous proteins yielded predominantly
class | c-type cytochromes, such as the small soluble
cytochromes from several proteobacteria, from the Aqui-
ficalis H. thermophilusor from T. thermophilusas well as
the membrane-attached cytochrome; from H. gestii

A multiple alignment of the retrieved sequences was
performed with the help of CLUSTAL X, and phylogenetic

to the plane of the membrane) (Figure 8a). The sample wastrees were calculated using the Neighbor-Joining method. It

well ordered as judged from the strong anisotropy ofghe
peak atg = 3.03, attributed to hema of the cytochrome
aagz oxidase (to be published) (Figure 8b, open circles). In

is noteworthy that the N-terminal extension of the membrane-
attached heme proteins cytochromes” from A. aeolicus
and cytochromess; from H. gestiiwas not taken into account
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in this analysis. The obtained trees varied slightly in cytochromes on one side and tAdermusand Aquifex
topological details, presumably due to the restricted number cytochromes on the other side may therefore provide more
of sites in these very small proteins. A few aspects, however, profound insight into the parameters distinguishing between
were common to all calculated trees and are therefore worthmeso- €45 °C), thermo- (45-80 °C), and hyperthermostable
mentioning. (i) Both Aquifex cytochromes form a clade (>80 °C) proteins. Overproduction of thé. aeolicus
(bootstrap of 100) showing that the presence of two cyto- cytochromes inE. coli has therefore been initiated [see
chromescsss is due to gene duplication in the Aquificales. accompanying article58)] as a crucial prerequisite to
(i) The A. aeolicus cytochromescsss cluster with the ultimately determine the structure.
heliobacterial cytochromesss (it is noteworthy that this does In the native soluble cytochromess® from A. aeolicus
not result from a bias conferred by the N-terminal extension the dependence of the redox midpoint potential on temper-
which was omitted from the analysis). The substantial ature was examined. TH&, was found to be only weakly
sequence homology of the N-terminal extension (Figure 2) dependent off, amounting to a total change of 12 mV in
together with this phylogenetic proximity of the C-terminal the range from 20 to 88C. The deduced entropy contribution
heme domains indicates that the parent gen&. iaeolicus turned out to be relatively low as compared to that of meso-
was probably that of the membrane-attached cytochromeand thermophilic proteinsl{, 30, 31). The constant slope
Css3". Gene duplication and N-terminal truncation may then of the E, vs T curve in the region explored furthermore
have resulted in the soluble cytochrormogs’. (iii) Cyto- showed that no major conformational changes occur in
chromecsss from A. aeolicus cytochromecss; from H. gestii, this temperature range. Thermostability parameters of the
and cytochromess, from T. thermophilugorm a clade which heterologously expressed protein and mutants thereof are
is well separated from that containing the proteobacterial described in the accompanying articks),
cytochromes and cytochromgs, from H. thermophilus Two Possible Candidates for the Sixth Ligand Methionine.
There are several reports in the literature showing #at  The positioning of the-heme attachment motif (CXXCH)
aeolicuscontains a substantial number of genes related toin the N-terminal region of the sequence and of the
proteobacterial ones’), and it was proposed th&tquifex methionine residues putatively serving as the sixth heme
has experienced extensive lateral gene transfer from aligand approximately 40 residues further toward the C-
proteobacterial donor6f. A recent analysis suggests that terminal end suggested that both cytochrorogs belong
about 20% of thé\. aeolicusgenome represents genes related to the class lc-type cytochromes. Following Ambler's
to proteobacteria (Brugna and Nitschke, unpublished). Sinceclassification schemesp), the presence of a M...LS...I motif
the Aquifex cytochromes do not cluster together with the downstream of the methionine ligand as well as of a split
proteobacterial counterparts, these two heme proteins maya-band defines the cytochromesss as representatives of
in fact be part of the genuine heritage of the Aquificales the subclass Ic.
lineage. (iv) TheHydrogenobactecytochrome, by contrast, Unlike most class | cytochromes, two different methionine
was found to cluster with the proteobacterial proteins in all residues (five and six residues apart in the cytochrogg#®
trees obtained. This would indicate that the Aquificadis and cytochromesss® sequences, respectively) are present in
thermophilususes a proteobacterial gene to code for its the sequence stretch typically harboring the sixth ligand
soluble cytochrome whereds aeolicusemploys a lineage-  methionine. In proteobacterial class | cytochromes, the
related protein. In the model of lateral gene transfer into the second residue after the ligating methionine frequently is a
Aquificales mentioned above, this would mean that either proline. On the basis of the presence of such a proline
H. thermophilushas acquired its cytochronues, gene after  following the first of the two methionines in bothquifex
the branching off ofA. aeolicusor that the common ancestor cytochromes, this first methionine was aligned with the sixth
of H. thermophilusandA. aeolicuscontained both lines of  ligand of the proteobacterial proteins. Interestingly, however,
cytochromes, one or the other of which was lost in the two methionines, six residues apart, are also present in
descendent species. cytochromecss, from T. thermophilus The crystal structure
Adaptation to Hyperthermophilic Conditionshe deter- of the Thermuscytochrome has been solve@i7}, showing
mination of the factors leading to thermostability represents that the second of the two Met residues is the axial ligand.
a major goal in the study of thermo- and hyperthermophilic This second methionine was consequently aligned with the
organisms. For the particular case of a mesophilic represen-igating Met of the class | proteobacterial cytochromes in
tative of the small soluble classcitype cytochromes, site-  Figure 2. Since homology in this sequence region between
directed mutagenesis guided by sequence and structurghe proteins fromAquifex Thermusand the proteobacteria
comparisons with its thermophilic homologue in the Aquifi- is low, an alignment of the two respective Met residues of
calis H. thermophilushas recently succeeded in confering AquifexandThermusds equally possible. Such an alignment
thermostability to this cytochrome, thereby showing that the would suggest the second Met residue inAlggiifexproteins
modification of only a few selected residues can result in as the heme ligand. Sequence comparisons alone therefore
thermostability 29). As mentioned above, thdydrogeno- did not allow us to unequivocally identify the methionine
bacter cytochrome appears to be phylogenetically closely serving as the sixth ligand in th& aeolicuscytochromes.
related to its proteobacterial counterparts. A straightforward This question was therefore addressed by site-directed
comparison between these proteins was therefore possiblemutagenesis, and the respective results are presented in the
The equivalent approach is not possible for the case of bothaccompanying article5g).
Aquifex cytochromescsss. The determination of the 3D Cellular Localization of Both Cytochromes and Mode of
structure of at least one of these two cytochromes and aMembrane Attachment of Cytochromgs®. The N-terminal
subsequent comparison of sequence and structural characsequence of the mature form of cytochrorngs was
teristics between the proteobacterial andHllydrogenobacter ~ determined, demonstrating that the first 17 amino acid
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residues of the gene product represent a cleaved-off leaderepresent a mere “dangling” of the extrinsic domain from
peptide. The characteristics of this leader peptide suggestedhe membrane surface. At the present time, however, this

that it serves in translocation of cytochrorogs® into the

interpretation should be taken with caution. Whereas for

periplasmic space. The sequence of the 17-residue leadeparamagnetic centers with a fixed conformation the observed

peptide of cytochromesss® is strongly conserved in the gene
sequence of cytochronggss™, suggesting that also this latter

g directions always form an orthonormal sé60), this rule
does not seem to hold for the case of “mobile-domain”

heme protein is addressed to the periplasmic space. Incenters 86, 38). A possible explanation for this phenomenon

contrast to its soluble counterpart, cytochroreg™ fraction-

consists of assuming variable population densities along the

ated with the membrane and even treatment of membranedifferentg axes. For instance, a given conformational substate

with chaotropic salts did not liberate any soluble form of
cytochromecsss™, indicating a strong association of this heme
protein to the lipid bilayer. This raised the question of the
mode of anchoring of cytochromgss" to the membrane.

The astonishingly high homology of the C-terminal part of
cytochromecsss™s amino acid sequence to that of its soluble

may be well-ordered along omgdirection, correspondingly
leading to an intense EPR signal, but relatively disordered
along one or both of the remaining directions, resulting in
weak signals possibly difficult to distinguish in a polar plot.
A quantitative evaluation of the polar plot dependences in
these wobbling centers is therefore not possible at this time.

counterpart suggests that membrane attachment is mediate@€omputational simulations of the experimental polar plots

by the N-terminal extension of cytochroragg". Apart from

might help to remediate this problem, and we are therefore

the supposed leader peptide, no hydrophobic stretch couldpresently initiating efforts in this direction.

be identified in this N-terminal extension. A clue to the

The possibility of domain movement in membrane-

probable mode of membrane attachment came from theattached cytochromes was evoked as early as 1979 for the

significant sequence homology of cytochronsgsd™ to
cytochromecss; from H. gestii Heliobacterial cytochrome

case of liver microsomal cytochronhe (41). More recently,
sequence and kinetic data on cytochroopérom Rhodo-

Css3has been shown to be a lipoprotein with the lipid residues bacter capsulatuindicated a respective flexibility for this
presumably attached to an N-terminal Cys residue in the heme protein42—44). Close relatives of cytochronw have
mature protein (33). Intriguingly, a Cys residue is present subsequently been identified in several proteobacterial species

in cytochromecssa™ from A. aeolicusmmediately following

(45—47). Kinetic arguments in favor of the possibility of

the first 17 amino acid residues supposed to be a leaderdomain movements have also been reported for cytochrome
peptide. These residues including the Cys aligned very well ¢, in green sulfur bacteria4g). A comparable domain

with the residues id. gestiicytochromecsss. We therefore
propose that cytochromesss™ from Aquifex also is a
lipoprotein. Confirmation of this hypothesis and a more
detailed characterization of the lipid molecules require
purification of sufficient quantities of cytochronegss" from

flexibility was proposed for membrane-attached cytochromes
in Bradyrizobia 45) and Gram-positive bacterid9).

In the case of the, cytochromes, the extrinsic heme
binding domain is linked to the membrane anchor via a
stretch of 43-61 amino acid residuest$—47, 50). In A.

the membrane fraction, which has not been achieved so far.aeolicuscytochromecssd™, 62 residues connect the domain

If this model is correct,A. aeolicus cytochrome cssd"
represents one more exception (see also38fand34) to

homologous to cytochromesss® to the presumable N-
terminal lipid anchor. Current prediction algorithms did not

the previously stipulated rule of lipoproteins being character- yield an evident secondary structure for this sequence stretch,
ized by a LAGC/LAAC signal peptide sequence necessary and it can therefore not be decided at present whether this

for binding of the signal peptidas@J).
Cytochrome gg" Belongs to the Family of Poting
CytochromesThe described EPR results obtained on par-

tially ordered membrane multilayers showed that the cyto-

stretch merely acts as a leash or whether it is folded into a
specific structure.

Several of the mentioned cytochromes are parts of larger
enzyme supercomplexes. The cytochrormgsfrom Para-

chromecsss” heme can adopt several (or possibly even a coccus denitrificangndcss; from BacillusPS3, for example,

continuum of) orientations with respect to the membrane.

This indicated that the membrane extrinsic domain of
cytochrome cssg" performs pivoting movements on the

are integrated into a supercomplex additionally containing
the cytochromebc complex and cytochrome oxidaséd(
51). At present, we do not know whether cytochromg™

membrane surface. The obtained results are reminiscent ofrepresents an isolated membrane-attached heme protein or
those obtained by EPR on the Rieske protein in cytochromewhether it is part of a larger entity. Purification attempts are

bc complexes 35—38) and in particular of those described

in progress to address this question.

for another membrane-attached cytochrome, i.e., cytochrome Functional Role of the Two CytochromegscNo direct

bsseis66 from the ArchaeorSulfolobus acidocaldariug39).
Whereas for the case of tt&ulfolobuscytochromebssgses
only theg, value was detected, the orientations of all three
principal g-tensor directions could be observed for cyto-
chromecsss". Multiple maxima were seen fog, whereas
theg, direction displayed a single and well-defined maximum
parallel to the membrane plane. In the limit of the poor
signal-to-noise ratio, thgy signal also appeared to show more
than one maximum. A straightforward rationalization of these
observations consists of assuming thatdhaxis is close to
the rotation axis of the protein and that the conformational

evidence concerning the functional roles of cytochramé

and cytochromesssd™ in A. aeolicushas been obtained so
far. Their redox midpoint potentials suggest that one or both
might be involved in electron transfer from the cytochrome
bc complex toward terminal oxidases similar to the task
fulfilled by cytochromec, in proteobacteria. In such a
scenario, the two different cytochromes may either be
specific to different electron transfer pathways or act as
competing or successive carriers in the same chain. In the
case ofR. capsulatugor example, the soluble and membrane-
bound counterparts have both competing functions in the

motion would therefore be restricted and guided rather than cytochromebci/aa; oxidase chain 44, 52) but different
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specific functions in the nitrous and nitric oxide reductase
activity, respectively 3, 54). In this context, it seems
noteworthy to us that none of the other species studied so
far contains two cytochromes with so similar properties (with
respect to sequence, redox midpoint potential, and optical

15.

16.

Baymann et al.

Haladjian, J., Bianco, P., Nunzi, F., and Bruschi, M. (1994)
Anal. Chim. Acta 28915—20.

Taniguchi, I., Toyosawa, K., Yamaguchi, H., and Yasukouchi,
K. (1982)J. Chem. Soc., Chem. Commut032.

17. Taniguchi, V. T., Sailasuta-Scott, N., Anson, F. C., and Gray,

and EPR spectra). Whereas this may admittedly represent a 18.

rather recent gene duplication, it could also reflect functional
constraints requiring conservation of the extrinsic domain.
Cytochromecsse® has a tendency to associate into multimeric
forms influencing both redox and optical properties (data
not shown). The similarity between the heme binding
domains of cytochromesss" and cytochromecssss may
suggest interaction between the two proteins. Such a heter-

19.
20.
21.

22.

ologous association could create an electron transfer couple 23 V€ _ _
24. Timkovich, R., Bergmann, D., Arciero, D. M., and Hooper,

as reported for the diheme cytochromg(55) or for the
dimeric cytochromecss, from Pseudomonas nauticgb6).

A dynamic analysis of th&quifexelectron transfer chain
and the identification of possible supercomplex formation
between the enzymes involved may help to further elucidate
the detailed functional role of the twss cytochromes.
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