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Abstract

The yeast succinate dehydrogenase (SDH) is a tetramer of non-equivalent subunits, Sdhl1p-Sdh4p, that couples the
oxidation of succinate to the transfer of electrons to ubiquinone. One of the membrane anchor subunits, Sdh4p, has an
unusual 30 amino acid extension at the C-terminus that is not present in SDH anchor subunits of other organisms. We
identify Lys-132 in the Sdh4p C-terminal region as necessary for enzyme stability, ubiquinone reduction, and cytochrome
bsep assembly in SDH. Five Lys-132 substituted SDH4 genes were constructed by site-directed mutagenesis and introduced
into an SDH4 knockout strain. The mutants, K132E, K132G, K132Q, K132R, and K132V were characterized in vivo for
respiratory growth and in vitro for ubiquinone reduction, enzyme stability, and cytochrome bsg assembly. Only the K132R
substitution, which conserves the positive charge of Lys-132, produces a wild-type enzyme. The remaining four mutants do
not affect the ability of SDH to oxidize succinate in the presence of the artificial electron acceptor, phenazine methosulfate,
but impair quinone reductase activity, enzyme stability, and heme insertion. Our results suggest that the presence of a
positive charge on residue 132 in the C-terminus of Sdh4p is critical for establishing a stable conformation in the SDH
hydrophobic domain that is compatible with ubiquinone reduction and cytochrome bsg assembly. In addition, our data
suggest that heme does not play an essential role in quinone reduction. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction up of two parts: a soluble catalytic dimer and a
membrane-anchoring domain [1-4]. The catalytic do-

Generally succinate:ubiquinone oxidoreductase main comprises a large flavoprotein (Fp) subunit of
(also called succinate dehydrogenase, SDH) is made about 70 kDa to which is covalently attached an

FAD cofactor, and an iron-sulfur protein (Ip) sub-

unit of about 27 kDa that contains three iron—sulfur
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brane-anchoring domain [1,5-7], which is typically
comprised of two hydrophobic subunits of about
17 and 13 kDa. This domain attaches the catalytic
subunits to the inner membrane of mitochondria or
the cytoplasmic membrane of bacteria. In addition,
the membrane domain contains binding site(s) for
quinone and may also ligand one or two b-type
hemes. SDH occupies a unique position as a member
of both the citric acid cycle and the respiratory chain
and thus plays a key role in the generation of chem-
ical energy. Anaerobic cells respiring with fumarate
as terminal electron acceptor contain the related en-
zyme, fumarate reductase (FRD) which is function-
ally and structurally similar to SDH [1-4,8].

Unlike the flavoprotein and iron-sulfur subunits
that are well-conserved across species, there is con-
siderable variability in subunit composition and pri-
mary amino acid sequence of the anchor polypetides
[1,3-5]. Some SDHs have a single anchor subunit
while others have two; some have two hemes in their
anchor subunits, while others have one or none. The
variability has made it difficult to identify residues
that may be involved in quinone binding or sub-
unit-subunit interactions through sequence compar-
isons. In the absence of high-resolution structural
information, the yeast SDH promises to be a good
model system for studying enzyme structure and
the mechanism of ubiquinone-reduction through ge-
netic approaches. Saccharomyces cerevisiae is able to
grow either by fermentation, where functional SDH
is not required, or by respiration, where its presence
is essential [6,7,9,10].

In S. cerevisiae, SDH is composed of four subunits
encoded by the nuclear SDHI, SDH2, SDH3, and
SDH4 genes [6,7,11-14]. The hydrophilic subunits,
SDH1p and SDH2p, which comprise the catalytic
domain and are involved in succinate oxidation, are
anchored to the inner mitochondrial membrane by
the small, hydrophobic subunits, Sdh3p and Sdh4p.
These are believed to contain two quinone binding
sites by analogy to the bovine SDH [1,3,4,15-19], the
Bacillus subtilis SDH [20], and the Escherichia coli
FRD [1,16,21]. They are predicted to each contain
three membrane-spanning domains [6,7,22]. Our
understanding of the Sdh3p and Sdhdp structural
requirements for ubiquinone binding and reduction
and for their anchoring roles are at best rudimentary.
Although there is emerging evidence that the respi-

ratory complexes may function as one supramolecu-
lar unit [23], understanding the molecular details of
electron transfer and oxidative phosphorylation will
depend on the study of the individual respiratory
complexes.

The yeast Sdh4p subunit contains a matrix-local-
ized amino terminus, three transmembrane helices,
and a carboxyl terminus of about 30 amino acids
that extends into the intermembrane space [6,22].
The C-terminal extension of the yeast subunit is
not shared by most other SDH or FRD anchor sub-
units [4,5,24]. Recently, we showed that the carboxyl
terminus of the yeast Sdh4p subunit is necessary for
respiratory growth on non-fermentable carbon sour-
ces, for ubiquinone reduction, and for enzyme stabil-
ity [22]. Through a stepwise truncation, residues 128—
135 were shown to be critical for the formation of a
quinone binding site. Here, we further characterize
the role of the Sdh4p C-terminus by identifying Lys-
132 as a key residue in the establishment of a stable
conformation compatible with heme assembly and
quinone binding in the SDH hydrophobic domain.

2. Materials and methods
2.1. Strains and media

The yeast strains, MH125 and sdh4W2 and the E.
coli strain, DH50, have been described [22,25]. The
yeast media used are SD (0.67% yeast nitrogen base,
2% glucose), SG (0.67% yeast nitrogen base, 3% glyc-
erol), YPGal (1% yeast extract, 2% peptone, 2% gal-
actose) and semisynthetic galactose (0.3% yeast ex-
tract, 0.1% KH,PO4, 0.1% NH4Cl, 0.05% NaCl,
0.06% MgS04-7H,0, 0.05% CaCl,, 0.003% FeCls,
2% galactose).

2.2. Yeast culture conditions

Cultures were grown on SD for 2 days to select for
plasmid retention, used to inoculate YPGal medium
supplemented with 0.01% glucose to a starting
ODgop =0.05, and grown at 30°C to stationary phase.
Cells were harvested and lysed in a French pressure
cell for the preparation of submitochondrial particles
[22]. For the preparation of mitochondria, cultures
were grown in semisynthetic galactose to late loga-
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rithmic phase (ODgg about 3), harvested, and lysed
enzymatically as described [22].

2.3. Mutant construction

Five point mutations were constructed at the
SDH4 Lys-132 codon with the Altered Site II in vitro
Mutagenesis Kit (Promega, Madison, WI). Briefly,
an Xhol-Spel fragment of SDH4 was ligated into
the Sall-Xbal sites of pAlter-I vector and used as a
template for the mutagenesis reaction. The mutagen-
ic oligonucleotides used were: (1) 5'-CCCATA-
GACTT(T/A/C)(C/G)TACTAAACCAAC-3', a de-
generate oligonucleotide designed to generate the
six codons, GAA, GTA, GGA, CAA, CTA, CGA
coding for Glu, Val, Gly, GIn, Leu, and Arg, respec-
tively; (2) 5'-CCCATAGACTT(T/A/C)CTACTAA-
ACCAAC-3’, a degenerate oligonucleotide de-
signed to generate the three codons, GAA, GTA,
and GGA coding for Glu, Val and Gly, respectively;
and (3) 5-CCCATAGACTTCGTACTAAACC-
AAC-3’, designed to generate the codon CGA
coding for Arg. The mutagenesis reactions were
performed as described by the manufacturer. The
mutations were confirmed by sequencing. The
SDH4 mutants were moved as EcoRI-HindIIl frag-
ments into the yeast shuttle vector, YCplacl11 [26]
to yield the plasmids, pSDH4K132E, pSDH4K 132G,
pSDH4K132Q, pSDH4K 132R, and pSDH4K 132V.

2.4. Enzyme assays and thermal stability
measurements

Unless otherwise stated, the succinate-dependent
reduction of quinone was monitored spectrophoto-
metrically at 22°C as the 2,3-dimethoxy-5-methyl-6-
decyl-1,4-benzoquinone (DB)-mediated reduction of
dichlorophenol indophenol (DCPIP) [22]. The succi-
nate-dependent, PMS-mediated reduction of DCPIP
was determined as a measure of the membrane-asso-
ciated SDHI1p/SDH2p dimer; this assay does not
require catalytically competent Sdh3p and Sdh4p
subunits, but membrane association of the SDH1p/
SDH2p dimer requires intact anchor subunits [6,10].
Quinone reduction was also directly monitored as the
reduction of DB using the wavelength pair, 280 and
325 nm [27], with a Hewlett Packard 8453 diode
array spectrophotometer. The absorption coefficient

is 16 mM~! cm™!. Other assays have been described
[22]. For thermal stability measurements, membrane
fractions (20 mg ml~') were incubated at tempera-
tures ranging from 25 to 65°C in 50 mM potassium
phosphate, 50 uM EDTA, pH 7.4, 2 mM KCN for
10 min and assayed immediately for succinate-DB
reductase activity. The reactions were initiated with
the addition of 50 uM DB and 20 mM succinate.
Aliquots were also assayed for succinate-PMS reduc-
tase activity.

2.5. Measurement of SDH-associated cytochrome b
content

The Complex II cytochrome b content was deter-
mined spectrally as the dithionite-reduced minus the
dithionite-reduced/fumarate-oxidized difference spec-
trum [27,28]. Mitochondria were isolated from
strains grown on semisynthetic galactose medium,
suspended to 185 pmol FAD ml~! (2.5-3.2 mg pro-
tein ml~!) in 0.65 M sorbitol, 10 mM KH,PO4, 2 mM
MgCl,, 0.3% fatty acid-free bovine serum albumin,
pH 6.5. Lauryl maltoside (Boehringer Mannheim)
was added to a final concentration of 0.1% to reduce
spectral noise. Spectra were recorded at 22°C on a
Hewlett Packard 8453 diode array spectrophotome-
ter with a 1-cm path length.

2.6. Miscellaneous methods

Measurements of covalently bound flavin and pro-
tein contents, E. coli transformation, and recombi-
nant DNA methods have been described [6]. Deter-
mination of the apparent Michaelis parameters, K,
and Viax was as previously described [22].

3. Results
3.1. In vivo characterization of SDH4 point mutants

Lys-132 falls within the C-terminal sequence of
Sdhdp (residues 128-135) that was recently shown
to be necessary for quinone reduction and for en-
zyme stability through a stepwise truncation of the
C-terminus [22]. Since deletion mutagenesis has the
potential for causing large structural perturbations,
we further explored the role of the C-terminus by
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Fig. 1. Growth of yeast strains on galactose media. Precultures
were prepared on selective minimal medium containing 2% gal-
actose and 0.01% glucose and used to inoculate the main cul-
ture to a starting ODggy of 0.1. Growth was at 30°C on semi-
synthetic liquid medium containing 0.1, 0.2, 0.3, 0.4, or 0.5%
galactose and the optical densities at 600 nm were measured
[22]. The cultures were allowed to reach late stationary phase
(approximately 100 h). The relative growth yields were calcu-
lated using the final absorbance values reached on 0.5% galac-
tose.

creating five-point mutants in Lys-132. Lys-132 is the
only charged amino acid residue within this sequence
and was replaced by Arg, Glu, GIn, Gly and Val
(K132R, KI132E, K132Q, K132G, and KI132V).
These substitutions have the potential for preserving
the positive charge (K132R), removing the charge,
but preserving the potential for hydrogen bonding
(K132Q), introducing a negative charge (K132E),
and removing both the charge and hydrogen-bond-
ing capabilities (K132G, and K132V). The mutant
SDH4 genes were introduced into the SDH4 knock-
out strain, sdh4W2, and assayed for respiratory
growth. Replacement of Lys-132 with Gln abolishes
growth on minimal glycerol (SG) or lactate media,
while the Glu, Gly, and Val substitutions lead to
greatly impaired growth. In contrast, the K132R
substitution grows almost as well as the wild-type.
In order to compare quantitatively the respiratory
growth abilities of the wild-type and mutant strains,
growth on a semisynthetic medium containing 0.1,
0.2, 0.3, 0.4, or 0.5% galactose was monitored. An

initial growth phase is fermentative followed by a
respiratory phase [29]. Growth rates during the fer-
mentative phases were similar for wild-type and mu-
tant strains (data not shown), but were markedly
different in the respiratory phases. The growth yields
monitored as the optical densities at 600 nm of late
stationary phase cultures reflect the respiratory capa-
bilities of each strain and are plotted against the
initial galactose concentrations (Fig. 1). A growth
yield of less than about 30% is usually associated
with a respiratory deficiency severe enough to pre-
vent growth on minimal glycerol medium. The
growth yields of the parent strain, MH125, sdh4W2
carrying the wild-type SDH4 plasmid, pSDH4-17, or
sdh4W?2 with the pSDH4K132R plasmid are similar.
sdh4W?2 achieves a 12% growth yield on 0.5% galac-
tose by fermentation alone. The growth yields of
sdhdW2 pSDH4K132E, sdh4W2 pSDH4K132G,
sdhdW2 pSDH4K 132V, and sdh4W2 pSDH4K132Q
strains are severely reduced (51, 41, 38, and 27%,
respectively). We conclude that Lys-132 is critical
for SDH function and respiratory competence.

3.2. Membrane-association of the catalytic dimer

In order to examine the possibility that the muta-
tion of Lys-132 compromises the anchoring role of
Sdh4p, we determined the amounts of catalytic dimer
on the mitochondrial membranes of the mutants.
The SDHI1p subunit contains a covalently attached
FAD and its presence is a measure of SDH assembly.
The membrane-associated covalent flavin levels in
sdh4W2 pSDH4-17 and sdh4W2 pSDH4K132R are
similar to the wild-type level, while those of sdh4W2
pSDH4K132E, sdh4W2 pSDH4K132G, sdh4W?2
pSDH4K132Q, and sdh4W2 pSDH4K132V are
slightly reduced (Table 1). We also measured the
succinate-PMS reductase activities of mutant and
wild-type enzymes; this activity does not require
that the anchor subunits be functional for quinone
reduction. The turnover numbers in all the mutant
strains are comparable to that of the wild-type en-
zyme (Table 1). As expected, sdh4W2 membranes
have undetectable levels of succinate-PMS reductase
activity and covalent FAD. Taken together, the re-
sults indicate that membrane-association of SDH1p/
SDH2p dimer proceeds normally with all the Lys-132
substituted Sdh4p subunits.



174 K.S. Oyedotun, B.D. Lemire | Biochimica et Biophysica Acta 1411 (1999) 170179

Table 1
Succinate dehydrogenase activities of mitochondrial membranes

Strain Covalent flavin® Specific activity® Turnover numbers®
MHI125 335 1357 4100 =205
sdh4W?2 pSDH4-17 312 121£5 3900+ 156
sdhdW2 pSDH4K132E 25+4 97%5 3900 + 195

sdh4W2 pSDH4K 132G 22+5 85+3 3900+ 117

sdh4W2 pSDH4K132Q 20+4 78%5 3900 + 234

sdh4W2 pSDH4K132R 28+3 112+4 4000 = 160

sdhdW?2 pSDH4K 132V 21%3 82+4 3900+ 214

sdh4W2 ND ND ND

Each value represents the mean of triplicate determinations + S.E.M. ND, not detectable or less than 4% of that of the wild-type.
aCovalent flavin contents are expressed as pmol of FAD mg of protein™!.

bSpecific activities are expressed as umol of PMS-mediated DCPIP reduced min—1 mg of protein™'.

1

°Turnover numbers are expressed as pmol of PMS-mediated DCPIP reduced min~' pmol FAD™!.

3.3. Respiratory activities of Sdh4p point mutants

Table 2 shows the quinone-dependent respiratory
chain activities of mitochondrial membranes isolated
from mutant and wild-type strains. The
SDH4K132E, SDH4K132G, SDH4K132Q, and
SDH4K 132V enzymes show 2-3-fold decreases in
turnover numbers for succinate-DB reductase, succi-
nate-cytochrome ¢ reductase, and succinate oxidase
activities. In contrast, the SDH4K132R enzyme ac-
tivities are unaffected. sdh4W2 membranes lacking
Sdh4p have undetectable levels of these enzymatic
activities. NADH oxidase and glycerol-1-P-cyto-
chrome ¢ reductase activities are normal in all the

mutants (Table 2). This clearly demonstrates that
Lys-132 substitutions do not affect other respiratory
complexes that may be associated with SDH.

3.4. Kinetics of exogenous quinone reduction

The succinate-DB reductase activities of all the
mutant enzymes, except that of the K132R mutant,
can be stimulated significantly when incubated with
higher concentration of DB at room temperature
(data not shown). This suggests a possible structural
perturbation in the vicinity of the quinone binding
site(s). To further explore this, we measured the ap-
parent Michaelis parameters, K, and V., of the

Table 2
Enzymatic activities of mitochondrial membranes

MHI125  sdh4W2 sdh4W2 sdh4W2 sdh4W2 sdh4W2 sdh4W2 sdh4W2

pSDH4-17 KI132E K132G K132Q K132R K132V

Succinate-DB reductase® 35002 3400 1700 1500 1100 3300 1400 ND
Succinate-cytochrome ¢ 2200 2200 1000 900 700 2100 800 ND
reductase®
Succinate oxidased 2000 2000 900 800 700 2000 700 ND
NADH oxidased 4000 3800 3800 3700 3500 3900 3600 110¢
Glycerol-1-P-cytochrome ¢ 2700 2600 2200 2300 2400 2500 2300 65f
reductase®

4Values represent the means of triplicate determinations. In all cases the S.E.M. are within 5%. ND, not detectable or less than 4% of

wild type activity.

b Activities are expressed as pmol of DB-mediated DCPIP reduced min~' pmol FAD™!.
°Activities are expressed as pmol of cytochrome ¢ reduced min~! umol FAD™!.

dActivities are expressed as patoms of oxygen min~' pmol FAD™!.

®Activity is expressed as ng atoms of oxygen min~!' mg protein™!.
[ Activity is expressed as nmol of cytochrome ¢ reduced min~' mg protein!.

1
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Fig. 2. Thermal stability profiles of succinate-DB reductase ac-
tivities of mutant and wild-type enzymes. DB reduction was
monitored spectrophotometrically at the wavelength pair of 280
and 325 nm after incubating mitochondrial membranes at the
indicated temperatures for 10 min. Activities are expressed as
percentages of turnover numbers observed at 25°C for each
strain. The symbols used are: open circles, K132Q; closed
circles, K132V; open squares, K132G; closed squares, K132E;
open triangles, K132R; closed triangles, MH125. Error bars
represent mean of triplicate determinations = S.E.M.

mutant and wild-type enzymes by incubating mem-
branes with different DB concentrations at room
temperature for 5 min. Since the mutants have var-
1able levels of covalent FAD, we also determine the
keat (maximal turnover number). We observed ap-
proximately 3-fold increases in the apparent K, for
DB reduction of the SDH4K132G, SDH4K132Q,

and SDH4K132V enzymes, and a 2-fold increase in
that of the SDH4K132E enzyme (Table 3). The ap-
parent Ky, for the SDH4K132R enzyme is similar to
the plasmid-borne wild-type SDH4 gene, SDH4-17
and the parental strain, MH125. When normalized
for covalent FAD contents, all mutant enzymes have
maximal turnover numbers (k) of at least 70% of
the wild-type when supplied with a saturating
amount of DB (Table 3). We conclude that the
Lys-132 mutations induce a structural defect in
SDH that alters the local environment of a quinone
binding pocket.

3.5. Thermal stability profiles of mutant and wild-type
enzymes

The structural perturbations that lead to the differ-
ences in apparent Ky, values for DB reduction in the
mutant enzymes might also be expected to affect en-
zyme stability. We tested this possibility by incubat-
ing mitochondrial membranes at temperatures rang-
ing from 25 to 65°C (Fig. 2). Membranes were
assayed for succinate-DB reductase activities by di-
rectly monitoring DB reduction at the wavelength
pair 280 and 325 nm (Fig. 2) [27] or for succinate-
PMS reductase activities (Fig. 3). The SDH4K132E,
SDH4K 132G, SDH4K132Q, and SDH4K 132V mu-
tant enzymes are significantly more thermolabile
than the wild-type enzyme or the SDH4K132R en-
zyme. Interestingly, there are no significant differen-
ces between the thermostability profiles for the suc-
cinate-PMS reductase activities of mutant and wild-
type enzymes (Fig. 3). This indicates a temperature-

Table 3

The apparent Michaelis constants for the reduction of exogenous quinone analog

Strain K?ll VFnax kgélt
MH125 3.5+0.1 118.8+4.9 3600 £ 150
sdh4W2 pSDH4-17 3.7£0.2 108.5+1.9 3500 £ 60
sdh4W2 pSDH4K132E 7.8+0.1 75.0+6.3 3000 £ 250
sdh4W2 pSDH4K 132G 11.5£0.6 63.8+4.4 2900 =200
sdh4W2 pSDH4K132Q 13.240.1 50.0+5.2 2500 = 260
sdh4W2 pSDH4K132R 39402 98.0£2.8 3500 £ 100
sdh4W2 pSDH4K 132V 12.2+£0.3 58.8+42 2800 200

The Michaelis constants were determined from double reciprocal plots as described in Section 2. Each value represents the mean of

triplicate determinations * S.E.M.
4Values are expressed as umol of DB.

®Values are expressed as pmol of DCPIP reduced min~' mg of protein~'.
“Values are expressed as pmol of DCPIP reduced min~' pmol of FAD™!.
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Fig. 3. Thermal stability profiles of succinate-PMS reductase ac-
tivities of mutant and wild-type enzymes. Mitochondrial mem-
branes were incubated at the indicated temperatures for 10 min
and assayed immediately for succinate-PMS reductase activity.
Activities are expressed as percentage of turnover numbers ob-
served at 25°C for each strain. The symbols used are: open
circles, wild-type; closed circles, SDH4K132R; open squares,
SDH4K132E; closed squares, SDH4K132G; open triangles,
SDH4K 132V closed triangles, SDH4K132Q. Error bars repre-
sent means of triplicate determinations + S.E.M.

sensitive impairment of the quinone binding site in
the hydrophobic domains of the SDH4 mutants.

3.6. SDH cytochrome bssy levels in mutant and
wild-type mitochondria

The cytochrome b from the mammalian SDH has
the unique property of being selectively oxidized by
fumarate after reduction with dithionite [30]. There-
fore, a dithionite-reduced minus dithionite-reduced/
fumarate-oxidized difference spectrum corresponds
to the absorption spectrum of SDH cytochrome
bsez [27,28,30]. We used this approach to determine
cytochrome bsg spectra of mutant and wild-type mi-
tochondria (Fig. 4). Spectra were normalized to co-
valent FAD levels. As expected, cytochrome bsg; is
not detected in the strain lacking the SDH4 gene,
sdh4W2. A 2-fold reduction in cytochrome bsg; levels
is observed in mitochondria from SDH4K132E, and
a greater than 2-fold reduction in mitochondria from
SDH4K 132G, SDH4K 132Q, and SDH4K 132V com-
pared to the wild-type. In contrast, there is no sig-

nificant difference between the cytochrome bs¢, con-
tents of the SDH4KI132R and the wild-type
mitochondria.

4. Discussion

Although relatively simple in subunit composition,
the structure of SDH is still poorly understood due
to a lack of information on the requirements for
quinone binding and on intersubunit interactions.
The variability in anchor subunit composition and
primary amino acid sequence amongst SDH family
members has made it difficult to compare results be-
tween the many SDH and FRD model systems.
Yeast Sdhdp is unusual in its possession of a 30
amino acid extension at its C-terminus, suggesting
that it may have an unusual function in this organ-
ism. The results presented in this report demonstrate
the importance of Lys-132 of the Sdh4p C-terminus
to the structure of the SDH hydrophobic domain.

We show that residue 132 of the yeast Sdhdp is
important in the formation of a native conformation
compatible with ubiquinone reduction, cytochrome
bssp assembly, and enzyme stability. Of the five ami-
no acid substitutions investigated, only the Arg sub-
stitution is benign, suggesting the need for a basic
residue at this position. The KI132E, K132G,
K132Q, and K132V substitutions greatly impair
SDH function in vivo (Fig. 1). The impaired respi-
ratory growth is not due to a loss of Sdh4p anchor-
ing function, since mitochondrial membranes from
mutant strains have normal levels of succinate-PMS
reductase activities and near normal levels of cova-
lent FAD (Table 1). In S. cerevisiae, SDH is the only
protein with covalently bound flavin. The covalent
flavin content of submitochondrial membranes pro-
vides an accurate measure of the membrane-associ-
ated SDHI1p [10,21,31,32]. This directly reflects the
assembly of the catalytic dimer, SDH1p and SDH2p,
since the latter is not assembled in the absence of the
former and vice versa [33].

Replacing Sdh4p Lys-132 by Glu, Gln, Gly, or Val
leads to significant decreases in the ability of SDH to
reduce an exogenous quinone analog, DB (Table 2).
However, when supplied with saturating DB concen-
trations, the mutant enzymes can achieve maximal
turnover numbers approaching that of the wild-
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Fig. 4. Spectra of SDH-associated heme in mitochondria from wild-type and mutant strains. Mitochondria were normalized to a cova-
lent FAD level of 185 pmol ml™! and the dithionite-reduced minus the dithionite-reduced/fumarate-oxidized difference spectra were
determined. Spectra were recorded after adding a few grains of dithionite and 40 mM fumarate to the reference cuvette and a few
grains of dithionite to the sample cuvette. Enclosed in parentheses are cytochrome concentrations (nmol per 185 pmol covalent FAD)
calculated from the spectra, using the absorption coefficient of 24 mM~! em™!. Values represent means of triplicate determinations

S.E.M.

type enzyme (Table 3). The Michaelis constant, K,
is a very complex parameter. The differences in the
apparent K;,’s do not lead to concomitant changes in
the kcai’s (the maximal turnover numbers), suggesting
that the rate of quinone reduction is not affected
once the enzyme is supplied with a saturating
amount of quinone. This raises the interesting ques-
tion of how a residue located on the cytoplasmic side
of the membrane can affect functions that are carried
out in the membrane. Currently, the amino acid res-
idues constituting the quinone binding site(s) of the
yeast SDH are not known. By analogy to the bovine
SDH and the E. coli FRD, yeast SDH has been
proposed to contain two quinone binding sites, Qa
and Qg, located towards the matrix and the cytoplas-
mic sides of the inner mitochondrial membrane, re-
spectively [1,3,4,15-19]. It seems unlikely that Lys-

132 serves as a quinone ligand in a quinone binding
site. Our data favor the alternative possibility that
the alteration of Lys-132 to a non-basic amino acid
induces a structural perturbation that is propagated
to the quinone binding sites in the membrane. The
increased thermolability of the succinate-DB reduc-
tase activities and the unaffected thermostability of
the succinate-PMS reductase activities of mutant en-
zymes (Fig. 2) support this conclusion. Thus, the
structural changes induced by the mutations at
Lys-132, although large enough to affect SDH en-
zyme stability, apparently only affect the hydropho-
bic domain. Furthermore, the differential thermal
stability of the succinate-DB reductase and the suc-
cinate-PMS reductase activities indicates that an in-
tact quinone binding site is not necessary for the
transfer of electrons from succinate to the artificial
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electrons acceptor, PMS. The site of PMS reduction
by the SDH1p/SDH2p dimer is unknown. From the
data in Table 2, it is clear that the mutations have no
effects on other respiratory chain complexes includ-
ing the ubiquinol-cytochrome ¢ reductase which may
be intimately associated with SDH [23,34].

In addition to the effects on quinone reduction and
enzyme stability, all the amino acid substitutions ex-
cept the K132R substitution significantly impair cy-
tochrome bsg; assembly in SDH. Measurement of the
fumarate-oxidizable spectrum provides a convenient
means for detecting SDH-associated b-type heme in
yeast [35]. This spectrum is usually masked by that of
the more abundant cytochrome b of complex III in
the classical reduced minus oxidized difference ab-
sorption spectrum of mitochondria. The cytochrome
contents in the mutant strains are about half that of
the wild-type, indicating that structural perturbations
are propagated to the heme ligands since it is un-
likely that Lys-132 participates in heme coordination.
An alternative possibility is that the mutations sig-
nificantly raise the midpoint potential of the heme
such that it is less easily oxidizable by fumarate
and not detected spectrophotometrically under our
assay conditions. Deletion of the nuclear ABCI
gene in yeast has been shown to lead to a drastic
decrease in the amount of cytochrome bsq, associated
with SDH [28]. However, ours is the first report of
point mutants in yeast SDH that affect the cyto-
chrome.

At present, the role of heme in electron transfer
from succinate to ubiquinone is not clear. Our data
indicate that heme does not play an essential role in
quinone reduction. For example, in membranes of
the K132Q mutant, which contain only 38% (0.064/
0.17 nmol heme per 185 nmol of FAD) the amount
of heme per covalent FAD as wild-type membranes
(Fig. 4), we find 31% (1100/3500 pmol DCPIP min ™!
umol of FAD™!) succinate-DB reductase activity
(Table 2). However, activity can be stimulated to
69% (2500/3600 pmol DCPIP min~' pmol of
FAD™!) under saturating DB concentrations (Table
3). The presence of approximately 2-fold more succi-
nate-DB reductase activity under saturating DB con-
ditions than heme content is also seen with the
K132E, K132G, and K132V mutants. This observa-
tion is significant in that it suggests that heme is not
involved in electron transfer from succinate to ubiq-

uinone. This is in agreement with a recent observa-
tion that heme is not necessary for the catalytic func-
tion of the E. coli SDH [36]. Recently, it has been
postulated that the cytochrome in complex II inter-
acts with the ubisemiquinone radical to reduce the
production of superoxide free radicals [37]. Further
studies will be required to test these possibilities.

The impairments in quinone reduction, enzyme
stability, and cytochrome b assembly strongly sug-
gest that a structural change has occurred in SDH
due to the substitutions at Lys-132 of Sdh4p. Our
results are consistent with the possibility that Lys-
132 of Sdh4p may be a determinant of structural
integrity and conformation probably through salt-
bridge formation. Of the five amino acid substitu-
tions investigated, only the Arg substitution pre-
serves both the charge and hydrogen bonding prop-
erties of Lys, and only the Arg substitution is benign
at this position. We imagine that Lys-132 is part of
either an intramolecular or an intermolecular salt-
bridge with an acidic residue that stabilizes the native
conformation of SDH hydrophobic domain. It
should be possible to identify the interacting residue
by the isolation of second-site revertants that restore
wild-type enzyme function. Such studies are currently
in progress.
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