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Rieske lron—Sulfur Proteins From Extremophilic Organisms

C. L. Schmidt!

Proteins located on the outside of the membranes of organisms thriving under extreme conditions
like high or low pH, or high salinity face special challenges maintaining their structural integrity.
This review is focused on the Rieske iron—sulfur proteins from these organisms. Rieske proteins are
essential subunits of the cytochrorbecomplexes, which are often of crucial importance for the
energy metabolism of the cells. On the basis of the available data we propose strategies by which
these proteins are able to stabilize their noncovalent bound cofactor and adapt to the function under
extreme conditions.
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INTRODUCTION plays the same general architecture as the high-potential
cytochrome. The globular, cofactor containing domains
Extremophilic organisms have received extensive of the later two subunits are located on the outside of
interest as sources of stable enzymes for industrial produc-the plasma membrane, or the equivalent side of the mito-
tion as well as for laboratory research. Numerous researchchondrial or the chloroplast membranes. The mechanism
programs have been launched to study the nature of theand thermodynamics of the cytochrorbe-complexes
stabilizing effects that enable the proteins from these have been extensively studied (Bartoscletlal., 2001;
organisms to function under extreme conditions. The high Brandt, 1996; Darrouzedt al, 2001). They function as
growth temperatures of thermo- and hyperthermophilies quinol:acceptor oxidoreductases and contribute to the for-
represent more or less comparable stability problems to mation of the proton motive force across the membranes.
all cellular components, Whereas, the proteins located on Essential for the mechanism of the Q-cycle is the existence
the outside of the membranes, or within the periplasmatic of two quinone-binding sites. The quinone reduction site
spaces of acido-, alcalo-, or halophiles are exposed toQ; is located close to the inside (or the equivalent) of the
even more challenging conditions. Prominent members cells and is exclusively formed by the transmembrane
of the later group are many transport proteins as well as subunits cytochromb, or cytochromebg and subunit 1V
the proteins of the respiratory and photosynthetic electron in the case of thég f -complexes. The quinol oxidation
transfer chains. Central components of many of these site Q, is formed by theb-type cytochrome and the
electron transfer chains are cytochrorhe- and the Rieske iron—sulfur protein. It is located in close proximity
relatedbg f -complexes. The consensus minimal structure to the outside of the membrane. Critical steps for the
of these complexes consists of thrée;] to four (b f) function of the enzyme are the deprotonation and the
subunits: A membrane intrinsic low potentidi heme initial oxidation of the quinol by the Rieske iron—sulfur
b-type cytochrome which is split into two subunits, cluster as well as the subsequent large scale movement of
cytochromebg and subunit IV in thebg f-complexes, a  the globular domain of the Rieske protein from a position
high potential mono heme cytochrome consisting of a close to theb-type cytochromel{ position) to a position
single trans membrane helix acting as a membrane anchorclose to the hem group of the high-potential cytochrome
and of a globular domain containing the heme group and (c; position) (Darrouzetet al, 2001). The majority of
the Rieske iron—sulfur protein. The Rieske protein dis- the studies on the cytochronbe; and related complexes
have been performed with enzymes from mesophilic
1institut fiir Biochemie der Universit Liibeck, Ratzeburger Allee 160, ~ Organisms. Previous studies focused on the phylogeny
23538 Liibeck, Germany; e-mail: schmidt@biochem.uni-luebeck.de. 0f the Rieske proteins (Schmidt and Shaw 2001) and
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other subunits of cytochrom®-complexes (Hilleret al,, ferent electrochemical properties, quinone-substrates and

2003; Schtz et al,, 2000) have provided clear evidence the different growth conditions of the organisms (Table I).

that cytochroméoc-related complexes are widely spread

among extremophilic organisms from the bacterial as

well as the archaeal kingdom. Aim of this review is ELECTROCHEMICAL PROPERTIES

to compile the available data about the structures and

function of the Rieske iron—sulfur subunits of cytochrome Atypical feature of the Rieske protein subunits of the

bc-complexes from extremophilic organisms and to cytochromebc;-/bg f-complexes is their pH-dependent

discuss the adaptations of these proteins to their function midpoint potential ( Brugnat al., 1999; Linket al., 1996;

under extreme environmental conditions. Zu et al, 2001). At least one, in many cases twKf
values associated with the reduction of the FeS-cluster
have been determined (Table I). Thed&,pvalues have

THE IRON-SULFUR CLUSTER bfae_n _assi.gned to the protonation of thegltatoms of the

histidine ligands of the FeS cluster (Camiand Moreno-

Sanchez 2001; Link 1997). The firsKpy is in the range

of 7.6-8.1 for all proteins except from those isolated from

acidophilic organisms. The secon® g is significantly

higher usually in the range of 8.6-9.7. Additional effects

Typical for a Rieske iron—sulfur cluster is the
mixed coordination of one of the iron ions (Fig. 1). The
replacement of two of the sulfur ligands by nitrogens form
the histidine side chains is responsible for the distinctive : )
spectroscopic properties of these clusters as well as fortheOf protonizable groups not directly connected to the FeS

relatively high redox potential compared to the exclusively ClUSter with K values in the range of 5-6 have been
sulfur coordinated [2Fe—2S] ferredoxins (Link 1999). detected in the cases of thguifexpetA Rieske protein
Structural data at atomic resolution are currently available (SCMUtZ et al, 2003) and the protein froffihermus(Zu

for the Rieske proteins from the thermophilic bacterium et al, 2001). The most ,OUtSta”d'”Q properties could be
Thermus thermophilugHunsicker-Wanget al., 2003), obgerveq for the wo .R|es_ke protems frai acidocal-
the hyper thermoacidophilic archaeSalfolobus acido- ~ 927us (Fig. 2). The midpoint potential of the soxL pro-
caldarius(Banischet al, 2002) as well as for the proteins €N displays anormal pH dependence. However, g p
from mitochondria with the protein from bovine heart 1S Shifted to 4.0. In contrast, the pH-dependence of the

(Iwataet al, 1996) representing the prototype and chloro- Midpoint potential of the soxF protein is untypical for a
plasts (Carrelket al, 1997) from mesophilic organisms. Rieske protein. It can be described as a pH-dependent

The structure of the [2Fe—2S]is almostidentical in all stud- conversion between a high-475 mV) and a low poten-

ied proteins (Hunsicker-Wareg al, 2003), despite the dif- Ul form (+385 mV) with an apparenttf of 5.4. These
data could be explained assuming an upshift of the first

pKox to a value above 8 in combination with the effect of a
protonizable group not directly connected to the FeS clus-
ter as discussed for thequifexand Thermusproteins. A
likely candidate for this group is His169, which is located
at a distance of 7.2 from the FeS cluster (Fig. 1). The
protonation of the imidazol ring creates a positive charge
in the proximity of the FeS cluster that would lead to an
upshift of the redox potential due to electrostatic interac-
tions with the cluster. A corresponding histidine residue
(His134) is also present in th&quifexpetA protein and
could be responsible for one of the addition& palues
observed for this protein. However, no corresponding his-
tidine residue could be identified in tAgermusRieske
protein. The downshift of the redoXpvalues as observed
for the soxL protein and the protein frofwidithiobacillus
was previously discussed as one of the factors contributing
Fig. 1. Iron—sulfur cluster of a Rieske protein shown on the example ;4 tha stability of the iron—sulfur cluster of the Rieske pro-

of the soxF protein frons. acidocaldariusThe numbers indicate the . . .
bond length within the iron—sulfur cluster. The hydrogen bonds between teins from acidophiles (Brugnet al, 1999). Thus, other

Tyr177 and Cys145 as well as Ser175 and S1 of the FeS cluster are showrStabilizing factors may be inVOlve.d in the stabilization of
as discontinuous lines. the FeS cluster of the soxF protein (compare below).
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Fig. 2. pH dependencies of the midpoint potentials of the Rieske proteins 0 ]
from S. acidocaldariusThe potentials were measured by cyclovoltam- ]
metry as described by Setz’et al, (2003) (personal communication,
Dr W. Nitschke, CNRS, Marseille, France). -100

A further adaptation to the function of the Rieske _ . . . .

. . . . .. Fig. 3. Comparison of the pH dependencies of the Rieske proteins from
proteins atextreme pH values is evident from the midpoint A. ferrooxidans, B. alcalophilysind ubiquinol. The diamonds indicate
potentials listed in Table |I. The potentials of proteins  the midpoint potentials of the. alcalophilusprotein according to Lewis
from the acidophileSulfolobusandAcidithiobacillusare et al, (1981). The pH dependence was extrapolated from these points
significantly more positive than those from chloroplasts 2assuming a singleliy of 8.0 and arkm jowpt Of +-165 mV. The arrows
and mitochondria, whereas the potential ofthe alcalophile |nd|ca}te the dn‘fer'ences between the midpoint pot_ennals of ubiquinol and

. o . .. the Rieske proteins at the pH of the growth media.
Bacillus alcalophilusis untypical low for an ubiquinol
containing organism (Brugnat al, 1999). However,
the comparison of the pH dependencies of the midpoint teins by their lower {100 to—150 mV) and usually pH-
potentials of the Rieske proteins with the potential of independent midpoint potentials (Link 1999). Whereas the
the ubiquinone/ubiquinol couple demonstrates tBat  majority of these proteins are associated with bacterial ox-
alcalophilus protein is capable to oxidize ubiquinol at igenases, several eucaryal members of this group of pro-
high pH (Fig. 3). Since a sufficient difference between the teins are known as well (Schmidt and Shaw 2001).

redox potentials of the Rieske protein and the quinol is a Two Rieske, or Rieske-type proteins, not associated
prerequisite for the function of a cytochrom&-complex  with cytochromebc-complexes have been described from
(Denkeet al, 1998), it is obvious from Fig. 3 that tt. extremophilic organisms. These are a soluble protein
alcalophiluscytochromebc,-complex will be inactive at  named Sulredoxin isolated from Sulfolobus strain 7
neutral pH. The incompatibility of the cytochronie;- (lwasakiet al., 1995, 1996) and a Rieske protein detected

complex with the growth under neutral conditions and a jnthe membranes @fquifex aeolicugSchitzetal, 2003).
consequential down regulation of the synthesis of its sub- Both proteins display relatively high, pH-dependent mid-
units provides a further explanation for the absence of the point potentials (Table 1) and may represent an interme-
Rieske protein from the membranes of the nonalcalophilic diate from between the Rieske and Rieske-type proteins.
B. alcalophilusmutant strain KM23 (Lewigt al, 1981).  Their physiological function remains to be established.

RIESKE PROTEINS NOT ASSOCIATED WITH STABILITY
CYTOCHROME bcCOMPLEXES
Figure 4 compares the temperature and pH stabil-

A large number of Rieske-type proteins, which are ity of the iron—sulfur clusters from the isolated, recombi-
not subunits of cytochromee-complexes, are knownfrom  nantS. acidocaldariusandP. aerophilunRieske proteins.
mesophilic organisms (Schmidt and Shaw 2001). These parR and soxF display the same thermostability, whereas
proteins display the same mixed coordination of the FeS soxL loses about 70% of its iron—sulfur cluster within
cluster as the Rieske proteins as well as the characteristicLO min at 80C (Fig. 4(a)). Thus, soxL may be stabilized
EPR spectra (Link 1999). They differ from the Rieske pro- in vivo by interactions with other subunits of the soxLN-



Rieske Proteins From Extremophiles 111

1.0 °
® ®
1.0 soxF ( 1-46) ®
> 08
g 2
£ 081 Z
=] L
= E 941
£ 0.6 —_
ED 'a 0.4-
% 0.4 5
s.s
L. 0.2
& parR ( 2-42/F137TW) o
02{ Soxl. en parR ( 2-42/ F137W)
F 146
- S0X 0.0
0.0 T T T T T L L R B B Tr T T T T T T TT
50 60 70 80 9 100 2 3 4 5 6 7
Temperature [°C] pH

Fig. 4. (a) Temperature stability of the FeS clusters of the Rieske proteins soxF and sox&.femiocaldariusind parR

from P. aerophilum The proteins were incubated in 50 mM Tris HCI, pH 7.5, for 10 min at the indicated temperatures.
Subsequently ascorbate was added to a final concentration of 5 mM and the samples analyzed by EPR spectroscopy, using
the g = 1.89 to quantify the concentration of the FeS cluster as described by Schnaitt(1995). (b) pH stability of

the FeS clusters of soxF and parR. The proteins were incubated for 15 mittaird& solution containing 50 mM acetic

acid and 50 mM sodium phosphate adjusted to the indicated pH with NaOH and analyzed for the concentration of the FeS
cluster as above.

complex (Hilleretal, 2003). soxF and parR differdramat- soxF protein (Bhischet al, 2002; Hunsicker-Wanet al,,

ically with respect to the acid stability of their FeS clusters 2003). Because of these additional sequence elements the
(Fig. 4(b)). The parR FeS cluster displays the same acid structure of soxF is larger and more compact than those of
sensitivity as it was described for Rieske proteins from the other Rieske proteins (Fig. 5(a) and Hunsicker-Wang

mesophilic organisms (Brugret al, 1999). In contrast, et al, 2003). The most significant differences between
the FeS cluster of soxF withstands pH values as low as

2. This acid stability is well in line with the proposed lo-
cation of the FeS cluster on the outside of 8@folobus
membrane (Brugnet al,, 1999). As mentioned above, the
structure of the soxF FeS cluster itself provides no ex-
planation for its increased stability. Especially there is no
indication for the previously (Brugnat al., 1999) pro-
posed shielding of the & atoms of the histidine ligands
from the solvent (Table ). Thus, we conclude that the
stability of the FeS cluster within the soxF protein is a

mere consequence of the stability of the protein structure Top view
itself.

All Rieske proteins share the same principle struc- b) ~
ture (Bonischet al,, 2002; Carrelkt al., 1997; Hunsicker- /\\B

Wangetal, 2003; Iwataet al., 1996). The globular domain
is build of a large subdomain consisting of an irregular
B-barrel and at least one-helix (Bonischet al,, 2002;
Carrellet al,, 1997; Hunsicker-Wanet al., 2003; Iwata

et al, 1996) and a small iron—sulfur cluster binding sub-
domain consisting of a single antiparalfekheet. Signifi-
cant differences between the various Rieske proteins existFig. 5. Comparison of the structures of the Rieske proteins ffom
in the size and the structures of the |OOpS between the in_thermophilusand soxF fron®. acidocaldarius(a) Overlay of the struc-

. . i . tures. The diagram shows the enlarged loops of soxF protein protruding
dividual -strands (_BmSChet al, 2002; Hunsicker-Wang from the calculated surface of tiiethermophiluprotein. The C- and N-
etal, 2003). Especially the loops between the strands 3—4, termini of soxF are marked as “C” and “N.” respectively. (b) Comparison

4-5, and 5-6 are significantly enlarged in Safolobus of the iron—sulfur cluster binding subdomains of the two proteins.

T. thermophilus S. acidocaldarius soxF
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the structures of soxF and all other Rieske proteins are surface charge of soxF and the extended of the struc-
present in the FeS cluster binding subdomain. It is built ture iron—sulfur-cluster-binding domain may represent
of 7 B-strands in soxF, one of which is located at the very further stabilizing factors for proteins from acidophilic
C-terminus of the protein, whereas this subdomain con- organisms. However, these conclusions have to be drawn
sists of only fourg-strands in all other Rieske proteins with caution. Special adaptations of the protein structures
(Fig. 5(b)) (Bonischet al, 2002; Hunsicker-Wanagt al,, to the functional contexts of the proteins, i.e., the other
2003). This unique structure may contribute to the acid subunits of the cytochromac-related complexes have to
stability of the soxF FeS cluster. Another unique feature, be considered as well. This applies especially to cases like
which also may be related to the acid stability of soxF, the Sulfolobusproteins, which are (soxF) (Komorowski
is the high abundance of acidic residues at the surface ofet al, 2002), or may be (soxL) (Hilleet al, 2003)
the protein resulting in a strong negative surface charge atsubunits of a terminal oxidase supercomplex instead of a
neutral pH (Bhischet al,, 2002) (Fig. 6). classical cytochrombc-complex.
Summarizing, it can be concluded that the currently
available data provide some insights into the strategies
by which the Rieske protelns are adapted .to the function ACKNOWLEDGMENTS
under extreme conditions. These strategies include the
adjustment of the midpoint potential to _compensate_for The author thanks Dr W. Nitschke, CNRS.
the pH-dependent change of the potential of the quinol .
. . . Marseilles, France, for the cyclovoltammetry mea-
and a downshift of the first o, value in the case of . .
. - . . surements on thé&ulfolobusRieske proteins and for
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