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The succinate dehydrogenase from the thermohalophilic bact&hadothermus marinias a mem-

ber of the succinate:menaquinone oxidoreductases family. It is constituted by three subunits with
apparent molecular masses of 70, 32, and 18 kDa. The optimum temperature for succinate dehy-
drogenase activity is 8C, higher than the optimum growth temperatureRofmarinus 65°C. The
enzyme shows a high affinity for both succinafg,(= 0.165 mM) and fumarateg, = 0.10 mM). It
contains the canonical iron—sulfur centers S1, S2, and S3, as well as two B-type hemes. In contrast to
other succinate dehydrogenases, the S3 center has an unusually high reduction poteh8@alnafl/

and is present in two different conformations, one of which presents an unusual EPR signal with
g values at 2.035, 2.009, and 2.001. The apparent midpoint reduction potentials of the h&fes,
and—65 mV at pH 7.5, are also higher than those reported for other enzymes. The heme with the
lower potential (heme h) presents a considerable dependence of the reduction potential with pH
(redox—Bohr effect), having 8§ = 6.5 and a K '® = 8.7. This behavior is consistent with the pro-
posal that in these enzymes menaquinone reduction occurs close to hemearto the periplasmic

side of the membrane, and involving dissipation of the proton transmembrane gradient.

KEY WORDS: Succinate dehydrogenag@hodothermus marinusedox-Bohr.

INTRODUCTION The structure of complex Il was recently elucidated
by X-ray crystallography (lversoet al, 1999; Lancaster
Succinate:quinone oxidoreductase (EC 1.3.5.1), or et al, 1999). It consists of a hydrophilic peripheral do-
succinate dehydrogenase (SDH) is complex Il in aerobic main, facing the negative side of the membrane (bac-
respiratory chains. It catalyzes the oxidation of succinate terial periplasm) and a hydrophobic part that spans the
to fumarate, with the reduction of quinone, being also a membrane. The peripheral domain is composed by two
component of the citric acid cycle. The enzyme is able to subunits, one having a covalently bound FAD and an-
catalyze the reverse reaction, i.e., the reduction of fumarateother containing three different iron—sulfur clusters: [2Fe—
to succinate, which occurs in anaerobic metabolism where 2SP/1+ (cluster S1), [4Fe—43}/1* (cluster S2), and
fumarate is the last electron acceptoragértall, 1997; [3Fe—4S}+/0 (cluster S3). The hydrophobic domain is
Hederstedt and Ohnishi, 1992). required for quinone reduction and functions as an an-
chor of the peripheral domain to the membrane. This

1 Key to abbreviations: HiPIP, high-potential iron—sulfur protein; DCPIP, domain, in the mItQChondnal ?nzyme' ha_s a B-Type
2,6-dichlorophenolindophenol; DM, dodecyi-b-maltoside; FRD, heme as a prosthetic group, with a reduction pOt.enFlaj
fumarate reductase; PMS, phenazine methosulfate; PMSF, phenyl- of —185 mV (Hagertall, 1997; Hederstedt and Ohnishi,
methylsulfonyl fluoride; SDH, succinate dehydrogenase; TPTZ, 2,4,6- 1992).

,Upyridyl-striazine. The bacterial and archaeal enzymes are similar to the
Instituto de Tecnologia Quniica e Biobigica, Universidade Nova de . - .

Lisboa, APT 127, 2780-156 Oeiras, Portugal. mitochondrial one, in contrast to the other complexes of
3To whom all correspondence should be addressed. e-mail: miguel@ the electron transfer chain, which in mitochondria present

itgb.unl.pt a larger number of subunits. Nevertheless, the enzymes
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from prokaryotes present some differences concerning the(1999a). All chromatographic steps were done on Pharma-
prosthetic groups and the anchor domain. In some ar- ciaHiLoad or LKB-HPLC systems, at€. The detergent-
chaeal enzymes, the [3Fe—48P cluster is substituted  solubilized membrane fraction was applied to a fast-flow
by a second [4Fe—45)/'* center (Jansseet al., 1997 DEAE column, using as buffer 20 mM Tris—HCI pH 8,
Gomeset al, 1999). This modification was confirmed by 0.1% DM and eluted in a linear gradient of 0 to 50% 1 M
amino acid sequence analyses of the iron—sulfur subunitNaCl. The SDH-containing fraction was then applied to a
that show the presence of an extra cysteine residue, pro-chelating sepharose fast-flow column saturated wi Ni
viding a typical binding site for a [4Fe—48]1* cluster and equilibrated with 20 mM Tris—HCI pH 8, 0.1% DM.
(Jansseret al, 1997; Gomest al, 1999). The physio-  The fraction containing the SDH was eluted when wash-
logical relevance of this special feature has yet to be es-ing the column with buffer before the imidazole gradient,
tablished. The anchoring domain is, in general, formed being then applied to a Q-sepharose column. This column
by one or two subunits containing one, two, or no B-type was eluted in 20 mM Tris—HCI pH 8, 0.1% DM with a
hemes. Again, in those archaeal enzymes, this domain islinear gradient of 0 to 3% 1 M NaCl. The enzyme was
completely different: no hydrophobic subunits are present then applied to a HTP column, eluted with a linear gradi-
and the attachment must occur through an as yet unknownent of 0 to 500 mM potassium phosphate, and then to a
process [possibly by amphipatic helices present in subunit gel filtration S200 column, eluted with 20 mM Tris—HCI
¢ (Lemoset al, 2001)]. pH 8, 0.1% DM, 200 mM NaCl. The fraction containing

In SDHs containing two hemes—one has a low re- the SDH complex was finally purified in a Mono Q col-
duction potential (named heme)band the other has a umn, and eluted in 20 mM Tris—HCI pH 8, 0.1% DM.
higher reduction potential (heme} These hemes were  Two linear gradients of 0 to 22% and 22 to 50% NaCl
tentatively assigned to the structure: hemetrresponds  were applied, the SDH having eluted in the second gradi-
to the heme closer to the periplasm (also called distal ent. All buffers included 1 mM PMSF and 1 mM EDTA,
heme, or B) and heme h to the one closer to the iron—  with the exception of the chelating sepharose column. Af-
sulfur subunit (proximal heme, orp (Hagertall et al, ter all purification steps, the visible and EPR spectra were
1995). monitored and activity assays were performed.

The thermophilic bacteriunRhodothermus mari-
nus has an unusual membrane-bound respiratory chain Protein, Heme and Iron Determination
(Pereiraet al,, 1994, 1999a,b,c, 2000a), containing a new
complex Il (a cytochromebc complex; Pereiraet al,,

1999a), and a HiPIP (Pereis al, 1994, 1999b) as an  qgified microbiuret method for membrane proteins

electron carrier between this complex and ta@ oxi- (Watters, 1978). Nonheme iron concentration was deter-
dase, which has a different proton pathway (Peretiil, mined using the TPTZ method (Fisher and Price, 1964).
1999c¢, 2000D). The presence of its dehydrogenases wasrhe heme content was determined from redox spectra us-
investigated in intact membranes by EPR spectroscopymg a molar absorbivity of = 22 x 10° M~Y/cm at the
(Pereiraet al, 1999b). It was shown that its succinate , jyand maximum per heme (Wood, 1984).

dehydrogenase has a [3Fe—4%] center with an unusu-
ally high reduction potential 6f 130 mV and having two
conformations, one of which presents an unusual EP
signal. To further investigate both the origin of this het-
erogeneity and elucidate tRe marinugespiratory chain, ~ Noncovalently bound hemes were extracted accord-
its succinate dehydrogenase was purified and characteriNd 0 Ltibben and Morand (1994). Heme composition

ized, addressing simultaneously the redox properties in Was analyzed ona System Gold, Beckman chromatograph

a succinate dehydrogenase using a low-potential electronWith @ Deltapak C18 (3.9< 150 mm, Waters) reverse-
phase HPLC column. Hemin from Sigma was used as a

acceptor—menagquinone.

Protein concentrations were determined using the

R Heme Extraction and HPLC Analysis

standard.
MATERIALS AND METHODS Electrophoresis
Protein Purification Molecular masses were determined by 15-20% lin-

ear gradient SDS—-PAGE performed in a Laemmli dis-
Bacterial growth, membrane preparation, and sol- continuous buffer system. The sample buffer contained
ubilization were done as described in Pere@t al. 8 M urea and 10% SDS to ensure an efficient exchange
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of detergent and denaturation. The gel was stained with dithionite and sample. The reaction was started by the ad-
Coomassie blue. dition of fumarate.

. . . Redox Titrations
Amino Acid Sequencing
Anaerobic potentiometric titrations were follow-

For peptide sequencing, the enzyme subunits were o py visible spectroscopy, at room temperature and at
separated by the electrophoresis procedure describedyiferent pH values, from 5.5 to 9, with the following

above and transferred to a polyvinylidene difluoride 55 redox mediators (each at a final concentration
(PVDF) membrane. Each transblotted sample was submit- ¢ 5 1M): 1,2-naphtoquinone, phenazine methosul-
ted to N-terminal protein sequence analysis by automatedfate, 1,4-naphtoquinone, methylene blue, tetramethyl-
Edman degradation (Edman and Begg, 1967), using any_henzoquinone, menadione, plumbagin, phenazine, 2-

Applied Biosystem model 470A sequencer. hydroxyl-1,4-naphtoquinone. A combined silver/silver
chloride electrode was used, calibrated with a saturated
quinhydrone solution. Spectra were measured from 400
to 700 nm, and analyzed by manual deconvolution using
Electronic spectra were obtained on a Beckman DU- the Matlab softwa_re, as describeq in Peretral.(1999a).

The redox potentials are quoted in relation to the standard
hydrogen electrode.

Spectroscopic Techniques

70 or on an OLIS DW2 spectrophotometers, at room tem-
perature. EPR spectra were obtained as in Peetied.

(1999a). The samples were dissolved in 20 mM Tris—HCI
pH 7.5, 0.1% DM buffer. RESULTS AND DISCUSSION

Isolation and Biochemical Characterization
Catalytic Activity Assays
The succinate dehydrogenase fr&nmarinuswas

Succinate: DCPIP oxidoreductase activity was mon- purified to homogeneity and three bands observed in a
itored by following the PMS-coupled reduction of DCPIP  SDS-PAGE, with apparent molecular masses of 70, 32,
at 578 nm § = 18 x 10° M~/cm). The reaction mix-  and 18 kDa (data not shown), which are in agreement with
ture contained 80 mM potassium phosphate pH 7.5, the molecular masses reported for other succinate dehy-
0.1% DM buffer, 0.05 mM PMS, and 0.05 mM DCPIP. drogenases (Table I). The N-terminal sequences for these
The reaction was started by the addition of SDH. Benzyl subunits allow the clear identification ofthe 70 kDa protein
viologen:fumarate oxidoreductase activity was monitored as the flavosubunit and the 32 kDa one as the iron—sulfur
anaerobically by following the oxidation of benzyl vio- subunit (Fig. 1), as both exhibit considerable identities
logen at 578 nmg = 7.8 x 10 M~1/cm). The reaction or similarities with homologous proteins: 30-58% iden-
mixture contained 100 mM potassium phosphate pH 6.5, tity and 47-75% similarity for the flavosubunit; 23-46%
0.1% DM buffer, 0.3 mM benzyl viologen reduced with identity and 50-69% similarity for the iron—sulfur subunit.

Table I. Subunit Composition of Some Succinate Dehydrogerfases

Molecular masses (kDa)

Organism Flavin subunit Iron—sulfur subunit Anchor Subunit Reference
Rhodothermus marinus 70 32 18 — This work
Escherichia coli 71 26 17 15 Condoet al, 1985
Neurospora crassa 72 28 14 — Weiss and Headon, 1979
Bos taurus 74 26 15.814.9 Tushurashvét al., 1985
Paracoccus denitrificans 64.9 28.9 134125 Pennoyetral, 1988
Desulfobulbus elongatus 68.5 275 22 — Samaiet al,, 1987
Bacillus firmusOF4 64.5 28.5 16 — Gilmour and Krulwich, 1996
Bacillus subtilis 65 28 23 — Higertall et al., 1992
Sulfolobus acidocaldarius 66 31 28 12.8 Moll and Setfér, 1991

aSub., subunit.
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Fig. 1. N-terminal amino acid sequence alignment of SDH flavoprotein (A) and iron-sulfur proteiR (BRhodothermusD., Deinococcugacc.

no. 7473936 (A) and 7473937 (BJ}, Paracoccugacc. no. 1125261 (A) and 11252609 (B, Bacillus[acc. no. 1071812 (A) and 1075923 (B)],

E., Escherichigacc. no. 1786942 (A) and 1786943 (B)]. Strictly conserved amino acid residues are shaded in black and almost strictly conserved
and strongly similar residues are shaded in grey.

The N-terminal sequence of the lowest molecular mass and nine iron atoms from the three iron—sulfur centers
subunit does not show similarities with other known se- per molecule.
quences (data not shown), which is not surprising since The purified succinate dehydrogenase presents a
this subunit is most probably the anchoring domain and turnover number of 79.6$, at 65 C, approximately twice
this type of proteins are very divergent. that of thek. colienzyme, at 25C (Kitaet al,, 1989). How-
The pyridine hemochrome spectrum shows an ever, the optimum temperature for the succinate dehydro-
a-peak with a maximum at 553.5 nm (not shown), which genase activity is 8@ (Fig. 2A), which is higher than the
is slightly lower than those reported for B-type hemes. optimum temperature growth &. marinug65°C). From
However, heme extraction and HPLC analysis establishedthe Arrhenius plot (Fig. 2B), an apparent activation energy
that R. marinussuccinate-dehydrogenase contains only of 48.2 kJ/motY/K~ was calculated. Thi,, for succi-
B-type hemes. The ratio of heme:nonheme iron (deter- nate was determined to be 0.165 mM, at@%Fig. 2C),
mined by the TPTZ method) concentrations determined which is one of the lowest reported for these enzymes
was 2:9, which correlates with the presence of two hemes (Table 1), indicating a high affinity for the substrate.

Table Il. Comparison oK, for Succinate of Several Succinate Dehydrogenases (SDH) and Fumarate Reductases (FRD)

Organism Enzyme Km for succinate (mM) Reference
Rhodothermus marinus SDH 0.165 This work
Sulfolobus acidocaldarius SDH 1.42 Moll and Scafer, 1991
Halobacterium halobium Membranes 0.7 Gradiet al,, 1985
Bacillus firmusOF4 SDH 0.30 Gilmour and Krulwich, 1996
Acidianus ambivalens Membranes 0.50 Gomes al, 1999
Bos taurus SDH 0.020 Tushurashviét al.,, 1985
Thermoplasma acidophilum Membranes 0.32 Anenfiér et al, 1995
Sulfolobus strain 7 Membranes 0.28 lwasakt al., 1995
Escherichia coli SDH 0.071 Kitaet al., 1989
Escherichia coli FRD 1.0 Ingledew and Poole, 1984

Wolinella succinogenes FRD 7 Underet al, 1980
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Fig. 2. (A) Temperature profile of SDH activity oR. marinussuccinate dehydrogenase. (B) Arrhenius plot of the data from A.
(C) Michaelis-Menten hyperbola &. marinusSDH with succinate as substrate. (D) Michaelis-Menten hyperbdf afarinusSDH
with fumarate as substrate. In (C) and (D) the assays were performefGitBge solid curves were calculated with the parameters

presented in the text.

The enzyme is also able to catalyze the reverse reaction different reducers (Fig. 3B). Thus, upon reduction with
reduction of fumarate, with &, 0.10 mM at 65C succinate or ascorbate (Fig. 3B,a) a very broad band in
(Fig. 2D). the @ region with a maximum at 559 nm is observed
corresponding to the reduction of the heme with the
higher reduction potential (see below). The spectrum of
the second heme could be obtained by reduction with
dithionite and subtraction of the previous spectrum. In
The electronic absorption spectraffmarinusSDH this case, thex band is much narrower presenting a
in the oxidized and reduced states are typical of heme pro-maximum at 556 nm. Integration of the areas of both
teins (Fig. 3), containing iron—sulfur and flavin as other « bands shows that the hemes are present in the same
prosthetic groups (yielding a broad absorption fre880 proportion.
to 450 nm, underneath the heme Soret band, still discern- In the oxidized form, the purified enzyme shows an
able as a broad feature at ca. 450 nm). unusual EPR spectrum withvalues at 2.035, 2.009, and
The spectrum of the dithionite-reduced minus oxi- 2.001 and 2.025, 2.002, and 2.000, attributed to two dif-
dized R. marinussuccinate dehydrogenase has a Soret ferent conformations of the oxidized [3Fe—48J center
band with a maximum at 425 nm and presentsean (S2) (Fig. 4A) (Pereirat al., 1999b). This type of sig-
band with a maximum at 557 nm (Fig. 3B,b). This spec- nal has been reported previously as a result of damaged
trum could be deconvoluted by successive reductions with [4Fe—4S}/1+ centers; however, iR. marinusSDH, this

Spectroscopic Characterization
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Fig. 3. (A) Visible spectra oR. marinusSDH in the oxidized state (a), and upon reduction with succinate (b) and ditionite
(c). (B) Difference visible spectra d®. marinussuccinate dehydrogenase: a, reduction with sodium succinate, b, total
reduction with sodium dithionite.
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Magnetic field (mT)
Fig. 4. EPR spectra d®. marinusSDH. (A) As isolated (oxidized form); (B) upon addition of succinate;

and (C) upon addition of dithionite. Temperature: 10 K; microwave frequency; 9.64 GHz; microwave
power: 2.4 mW; modulation amplitude: 0.9 mT.
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feature was observed also in intact cells and membranesthe presence of the reduced [4Fe-%48}" center (data not
(Pereireetal, 1999b), which shows thatitis notdue toany shown): the power of half-saturation of center S1 in the
degradation occurring during purification. This is further succinate-reduced enzyme (0.3 mW) increases to 1.7 mwW
supported by its lovi, and high turnover number, which  upon reduction with dithionite, which means that there
indicate that it is highly active as purified. Therefore, the s a faster spin relaxation of center S1 when the sample
observed heterogeneity is not related to an inactive form s totally reduced. This suggests the interaction of center
ofthe enzyme and, at present, its origin remains unknown. S1 with other center, cluster S3 (e.g., Andlar et al,
Incubation ofR. marinusSDH with sodium succinate  1995).

(~30 mM) leads to the bleaching of the EPR resonances

at g ~ 2 and development of a quasiaxial signal with

g values of 2.030 and 1.939 (Fig. 4B). Particularly well Redox Behavior Monitored by Visible Spectroscopy
observed at 20 K and observable up~+@0 K without

noticeable broadening, this resonance is similar to that The reduction potential of the [3Fe—4$]° center

of the reduced binuclear [2Fe—2S]'* (center S1) from was previously determined by EPR-monitored redox titra-
Escherichia colSDH (Morningstaet al,, 1985; Maguire tion to be+130 mV (Pereirat al, 1999b), which is much

et al, 1985; Hederstedt and Ohnishi, 1992). It was found higher than what was reported for other SDHa@di'zll,

that together thg = 2.035 and 2.025 species quantitate 1997).

for one center S1, in relation to the intensity of the res- The redox titrations of the hemesRfmarinussucci-
onance of center S2. This was observed by both manualnate dehydrogenase were carried out at different pH values
double integration of the experimental spectra of these from 5.5 to 9 (Fig. 5). In every case, two redox transitions
preparations obtained under nonsaturating conditions andwere observed. Since the two hemes have distinct visible
using the respective theoretical simulations. Upon reduc- spectra in the:-region, each transition can be, at least in
tion with dithionite, only a slight increase in intensity of part, assigned to a different heme. Both transitions present
the S1 signal is observed (Fig. 4C). From the power de- a redox—Bohr effect, i.e., the reduction potentials are pH
pendence of the intensity of this signal, it could be inferred dependent. At pH 7.5, the transitions occur at midpoint

o o o
N (o)} [o]
1 ] 1

Normalized absorbance

o
o
1

0 T T T T T T T u T
-250 -200 -150 -100 -50 0 50 100 150 200
E (mV)

Fig. 5. Redox titrations oR. marinusSDH hemes at pH 5.5K), 6.5 () and 8.5 &). The lines were calculated with Nernst equations
for two independent processes with the following midpoint reduction potenti®8:mV, —10 mV (pH 5.5);4+-25 mV, —30 mV
(pH 6.5), and-7 mV, —120 mV (pH 8.5).
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Fig. 6. pH dependence of the midpoint reduction potential of the hemaf R. marinusSDH. The solid line was calculated for
a single ionization, with K* = 6.5 and [K[®¢ = 8.7, using the following equation:

_ RT K +[H+]
E—Ep+ T|n( Gt )

whereE is the apparent reduction potential for the acid form.

potentials of+75 and—65 mV. While the high potential  reduction potentials is not possible. In fact, the crys-
transition in other SDHs occurs generally from-20 to tal structure of the fumarate reductase fralolinella
+75 mV, as for theR. marinusenzyme, the low potential ~ succinogengLancasteet al, 1999) shows that the hemes
one occurs below~—150 (Hagertall, 1997; Lancaster  are quite close to each other (the minimum distance is ca
et al,, 2000), a value much lower than that Rf mari- 4.1 A). Thus, on pure electrostatic terms, a strong anti-
nusSDH. For the low-potential transition (Fig. 6), the pH cooperativity in their reduction is expected, due to elec-
dependence can be described by the effect of a single pro+trostatic repulsion. The same occurs most probably in the
ton ionization, with iK% and K¢ values of 6.5 and 8.7,  iron-sulfur subunit, as the distances between each cluster
respectively. For the high-potential heme, the pH depen- are small, ca. 18. This anticoperative redox behavior can
dence is less clear and the data obtained did not allow thebe partially or even totally overcomed by redox-dependent
determination of the Ig, values associated with it (data structural changes and/or coupling with proton ionization
not shown). The structure &follinella succinogen$u- equilibria. Since the microstates formed on-going from
marate reductase (Lancastdral, 1999) shows that the the fully oxidized to the fully reduced states (consider-
heme I propionates are not hydrogen bonded to proto- ing just the heme subunit, four microstates) can not be
natable residues. Thus, the redox—Bohr effect may be duespectrally identified, it is not possible to uniquely de-
to the ionization of the heme propionates or, upon reduc- termine the intrinsic potentials of the metal centers. In
tion, to a change of the hydrogen bond network, eventu- fact, the titration curves can be equally described either
ally leading to the solvent. It should be noted that in that by just the sum of two Nernst equations for two inde-
enzyme the quinone binds close to hemehd interacts  pendent redox processes or by an interactive system of
with a glutamate (Glu66), a putative acceptor of the proton two redox centers with a variable interaction potential.
released by the quinone oxidation (Lancastexl., 2000). Nevertheless, the possibility of both hemes having the
The succinate dehydrogenases are an example of resame reduction potential can be ruled out in this enzyme,
dox proteins where a unique determination of the intrinsic as the hemes have distinct absorption characteristics, but
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