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Nucleotide sequence encoding the flavoprotein and hydrophobic subunits of the

succinate dehydrogenase of Escherichia coli
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The nucleotide sequence of a 3614 base-pair segment of DNA containing the sdhA
gene, encoding the flavoprotein subunit of succinate dehydrogenase of Escherichia
coli, and two genes sdhC and sdhD, encoding small hydrophobic subunits, has been
determined. Together with the iron—sulphur protein gene (sdhB) these genes form an
operon (sdhCDAB) situated between the citrate synthase gene (g/lz4) and the 2-

oxoglutarate dehydrogenase complex genes (sucAB): m-sdhCDAB-sucAﬁ. Tran-
scription of the g/tA and sdhCDAB gene appears to diverge from a single intergenic
region that contains two pairs of potential promoter sequences and two putative CRP
(cyclic AMP receptor protein)-binding sites. The sdhA structural gene comprises 1761
base-pairs (587 codons, excluding the initiation codon, AUG) and it encodes a poly-
peptide of M, 64268 that is strikingly homologous with the flavoprotein subunit of
fumarate reductase (frdA gene product). The FAD-binding region, including the
histidine residue at the FAD-attachment site, has been identified by its homology
with other flavoproteins and with the flavopeptide of the bovine heart mitochondrial
succinate dehydrogenase. Potential active-site cysteine and histidine residues have
also been indicated by the comparisons. The sdhC (384 base-pairs) and sdhD (342
base-pairs) structural genes encode two strongly hydrophobic proteins of M, 14167
and 12792 respectively. These proteins resemble in size and composition, but not
sequence, the membrane anchor proteins of fumarate reductase (the frdC and frdD

gene products).

Succinate dehydrogenase (SDH; EC 1.3.99.1) is
a membrane-bound flavoenzyme that is present
in all aerobic organisms. It functions in the tri-
carboxylic acid cycle, catalysing the oxidation of
succinate to fumarate and donating reducing
equivalents to the respiratory chain. Succinate
dehydrogenases have been.purified from several
mitochondrial and bacterial sources and they
invariably comprise two subunits, each contain-
ing iron-sulphur centres: the large flavoprotein
subunit (M, 65000-72000) containing covalently-
bound FAD, and the smaller iron—sulphur protein
subunit (M, 25000-30000). Additionally, these
subunits may be associated with two small poly-

Abbreviations used: SDH, succinate dehydrogenase;
FRD, fumarate reductase; CRP, cyclic AMP receptor
protein; kb, 1000 base pairs.
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peptides (M, 13500-17000 and 7000-14000) or a
cytochrome b (see review by Hederstedt & Rut-
berg, 1981).

The succinate dehydrogenase of Escherichia coli
has proved refractory to extensive purification, but
structural information has been obtained indirect-
ly using mutants and immunochemical methods.
Thus, the cytoplasmic membranes of sdh nonsense
mutants were shown to lack a polypeptide of M,
67000 corresponding to the flavoprotein subunit
(Spencer & Guest, 1974a), and immuno-
precipitates have been found to contain polypep-
tides of M, 73000 and 26000 (Jones et al., 1982) or
M, 71000, 31000, 29000 and 13000, plus a poly-
peptide of M, 19000 which could be cytochrome
bsse (Owen & Condon, 1982).

Studies with mutants lacking succinate dehydro-
genase have shown that the sdh genes are located
between the citrate synthase gene (g/tA) and
2-oxoglutarate dehydrogenase complex genes
(sucA,B) at 16.7min in the E. coli linkage map
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(Creaghan & Guest, 1972). This segment of the
chromosome is also thought to contain several
tRNA genes and the carboxylic acid transport
gene: gltA-cbt*-lysT-lysT-valT*-supG*-sdh-sucA-
sucB (Bachmann, 1983). E. coli possesses a similar
but genetically-distinct enzyme, fumarate reduct-
ase (FRD; EC 1.3.99.1) encoded by the frd genes
at 94.4min (Spencer & Guest, 1973, 1974b).
Fumarate reductase is the terminal reductase of an
anaerobic energy-generating electron-transport
chain that transfers electrons from a-glycero-
phosphate, lactate, formate, NADH or H, to
fumarate with the production of succinate. Al-
though both enzymes catalyse the same reaction,
they exhibit different affinities for succinate and
fumarate and functional interchange is precluded
by the mechanisms controlling their synthesis.
Thus, succinate dehydrogenase is induced aerobi-
cally and strongly repressed during anaerobic
growth or by glucose, whereas fumarate reductase
synthesis is derepressed during anaerobic growth
and repressed by oxygen or nitrate (Spencer &
Guest, 1973; Ruiz-Herrera & Garcia, 1972; Taka-
hashi, 1975; Gray et al., 1966; Wimpenny & Cole,
1967). However, the possibility that the two
enzymes are the products of common ancestral
genes that have been duplicated and coupled to
different regulators to enable their functional
diversification has always been an attractive
speculation.

More is known about the E. coli fumarate
reductase than the corresponding succinate dehy-
drogenase because the frd genes were more readily
cloned (Cole & Guest, 1978, 1980a; Guest, 1981a;
Lohmeier et al., 1981) and because the enzyme has
proved easier to isolate and characterize (Dickie &
Weiner, 1979; Lemire et al., 1982). Studies with the
cloned frd genes, including a complete nucleotide
sequence analysis, have revealed an operon con-
taining four genes frdABCD (Cole, 1982; Cole et
al., 1982 ; Grundstréom & Jaurin, 1982). The operon
exhibits considerable sequence economy because
the frdA gene partially overlaps the frdB gene, the
distal gene (frdD) contains the promoter for the
adjacent B-lactamase gene (ampC), and the frd
transcriptional terminator functions as an attenua-
tor for the growth-rate-dependent expression of the
B-lactamase. The genes encode the flavoprotein
subunit (M, 66052, frdA), the iron—sulphur protein
subunit (M, 27092, frdB) and two very hydro-
phobic subunits (M, 15000, frdC; M, 13100, frdD)
that are essential for anchoring the soluble two-
subunit form of the enzyme into the membrane but
could perform other functions (Cole, 1984). The
synthesis of fumarate reductase has been amplified
by increasing the gene-dosage with multi-copy
plasmids, replicating Afrd phages, and strains
containing multiple duplications of the chromo-

somal genes. These studies have shown that the
enzyme can accumulate in the cytoplasm once the
binding capacity of the membrane has been
exceeded (Cole & Guest, 1979a), and that synthesis
of the enzyme can be derepressed aerobically,
presumably by titration of a specific repressor by
multiple copies of the frd operator (Cole & Guest,
1979b, 1980b). This aerobic derepression leads to
partial replacement of succinate dehydrogenase
function in sdh mutants (Guest, 1981a).

The gltA-sucB region of the E. coli chromosome
has now been cloned in phage and plasmid vectors
and the approximate positions of the tricarboxylic
acid cycle genes have been defined relative to the
restriction map (Guest, 19815; Spencer & Guest,
1982; Guest et al., 1984). This has provided
evidence for the existence of at least two sdh genes,
encoding the flavoprotein (sdhA) and the iron-
sulphur protein (sdhB), and the transcriptional
polarities of the tricarboxylic acid cycle genes have

been defined by post-infection labelling: m—

sdh(AB)-sucAz.

The present paper reports the complete nucleo-
tide sequence of a 3614 base-pair segment of DNA
containing the sdhA gene, two genes designated
sdhC and sdhD that encode small hydrophobic
proteins comparable to the frdC and frdD gene
products, the intergenic region between the glt4
and sdh genes, and part of the gitA gene. The
sequence of the sdhB gene will be reported
separately (M. G. Darlison & J. R. Guest,
unpublished work). The results show that the
succinate dehydrogenase of E. coli is expressed
from an operon of four genes, sdhCDAB, and the
striking homology that is apparent between the
flavoprotein (and iron-sulphur protein) subunits of
succinate dehydrogenase and fumarate reductase
provide clear evidence of a close ancestral
relationship.

Experimental
Bacteria, phages and plasmids

Strains used for genetic complementation and
for enzymological studies were: PL2024
(sdh* frd*gal trpA rpsL) and its derivatives
JRG780 (sdh* frd-11), JRG1502 (sdh-0 recA),
JRGI1557 (sdh-9 recA), JRG1503 (sdh-0 frd-11
recA). Other strains used for specific purposes
were: AB2480 (uvrA6 recA8), the maxicell strain;
ED8641 (hsdR supE recA56 met) and GM242 (dam-
3 recAl), hosts for plasmid propagation; C600 for
lambda phage propagation, and JM101 (Alac-pro
supE thi/F'traD36 proAB lacRZAM15), the trans-
fection and propagation host for M13 phages.

The lambda transducing phages containing the
sdh genes, AG117 (AgitA sdh sucAB) and A1G119
(AgltA sdh) have been described previously (Spen-
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cer & Guest, 1982) as have the ColE1-gl/t4* hybrid
plasmids, pLC26-17 and pLC31-28 (Guest, 19815).

Derivatives of plasmid pBR322 containing
segments of the sdh region (pGS65 and pGS91)
have been described previously (Hull et al., 1983)
and several others (pGS125, 126 and 127) were
constructed from pGS65 during the course of the
present work, by in vitro deletion of the small
HindIII and Xhol-Sall fragments. Plasmid
pGS133 is analogous to pGS65 in containing the
same 4500 base-pair BamHI fragment of bacterial
DNA from AG117 but inserted into the low copy
vector pLG339 (Stoker et al., 1982).

Complementation tests

Complementation of sdh lesions by specific
plasmids was assessed by growth tests with AmpR
or KanR transformants on plates of succinate
minimal medium and peptone medium (Spencer &
Guest, 1982).

Enzymology

Succinate dehydrogenase specific activities were
assayed according to Creaghan & Guest (1972)
using exponential cultures grown in glucose-free L
broth with ampicillin (50ug/ml) or kanamycin
(25 pg/mi).

Sources of DNA

The DNA fragments used for sequence analysis
were obtained from several of the original trans-
ducing phages and the plasmid derivatives (Spen-
cer & Guest, 1982; Hull et al., 1983). The
fragments used for ‘shot-gun’ cloning in M13 are
shown in Fig. 1 and they include: the 3900 base-
pair Nrul fragment of pGS91, N,-N,, (co-ordinate
972 in pBR322); the 2400 base-pair HindII1-Xhol
fragment of pGS65 (H-X); the 2700 base-pair
HindIII-Nrul fragment of pGS65 (H-N,) and the
760 base-pair SstI-HindIII fragment of AG119
(St;—H). Other specific fragments were cloned
directly into M13 from digests of these fragments,
their sources, or from AG117. Phage and plasmid
DNAs were prepared as described previously
(Guest et al., 1983) and restriction fragments were
isolated by electrophoresis in agarose gel followed
by electroelution (McDonell et al., 1977).

Cloning in M13 and transfection

The overall sequencing strategy involved a
combination of ‘shot-gun’ cloning and directed
cloning of specific fragments using several sources
of DNA and appropriate cloning sites of M13mp8-
11 (Messing & Vieira, 1982). The clones that were
sequenced are indicated in Fig. 1. The ‘shot-gun’
clones were generated in M13mp8 as follows:
ultrasonic fragments of N,~N, were ligated into
the vector Smal site according to Darlison et al.
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(1984); Sau3A fragments of H-X were cloned into
the BamHI site; and Mspl fragments of H-N, and
St,—H were cloned into the Accl site. The specific
fragments, their sources and the corresponding
vectors, were cloned as follows: B,-H (AG117) in
M13mp8 and 9; B,—RI (AG117) in M13mp8; St,—
M and M-H (Mspl digest of St,—H) in M13mp10
and M13mpl1, respectively; H-M (Mspl digest of
H-N,)in M13mp8; Rs,—Rs, (Rsal digest of H-X)
in M13mp8; and H-N, was cloned in M13mp9.
Transfection of E. coli JM101 was performed
according to published procedures (Sanger et al.,
1980).

Nucleotide sequence analysis

Single stranded M13 DNA templates were
prepared and sequenced by the dideoxy chain-
termination method using a 17-nucleotide synthe-
tic primer (Sanger et al., 1977). All the clones were
screened initially by ‘A-tracking’, to avoid generat-
ing redundant data, and the nucleotide sequences
were compiled and analysed with the Staden
computer programs (Staden, 1979, 1980, 1982;
Staden & McLachlan, 1982).

Radioactive labelling of the polypeptide products of
cloned genes

Plasmid-encoded polypeptides were labelled
with [35S]methionine and identified by polyacryl-
amide-gel electrophoresis and autoradiography
using (i) the ‘maxicell’ procedure of Sancar et al.
(1979) according to Shaw & Guest (1982) and (ii)
the in vitro transcription—translation system de-
scribed by Pratt er al. (1981). The latter method
was also used with isolated DNA fragments.
Labelled polypeptides were analysed by gel electro-
phoresis and autoradiography by using the sodium
dodecyl sulphate/urea polyacrylamide gel system
of Kadenbach et al. (1983) with acrylamide 15%
(w/v) and a range of standard proteins of M, 6200
116000.

Materials

Restriction endonucleases, T4 DNA ligase and
T4 DNA polymerase were purchased from Bethes-
da Research and New England Biolabs, and DNA
polymerase (Klenow fragment) from Boehringer
Corp. All enzymes were used as directed by the
suppliers. L-{35S]Methionine, [¢-32P]JdATP and the
prokaryotic DN A-directed translation kit (IN.380)
were supplied by Amersham International.

Results and discussion

Gene—protein relationships

The approximate position of the -sdh region
relative to the corresponding restriction map was
deduced from the properties of the original ColE1-
gltA* plasmids (Guest, 1981b) and the Agit4 and
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AgltAsdh transducing phages (Spencer & Guest,
1982). These showed that the citrate synthase gene
is situated in the 3.1kb EcoRI-HindIII fragment
(RI-H in Fig. 1) and, in order to obtain good sdh
complementation, this segment has to be extended
by at least 4kb in the direction of the second
BamHI site (B, in Fig. 1). Further studies have
confirmed this location because good nutritional
complementation of sdh recA and sdh frd recA
mutants was obtained with pGS65, which contains
the BamHI fragment (B,-B,), but not with pGS91,
which overlaps this fragment only as far as the
Xhol site (X in Fig. 1). The results suggest that
succinate dehydrogenase is expressed from the
4.5kb BamHI fragment, but this interpretation is
complicated by the fact that plasmids containing
smaller inserts exhibit partial complementation
(pGS125) or weak but significant comple-
mentation (pGS126 and pGS127). Likewise, enzy-
mological studies with plasmid-containing deriva-
tives of JRG1503 (sdh frd recA) have shown that,
relative to the corresponding parental strain
(JRGT80, sdh* frd), good succinate dehydrogenase
specific activities are expressed with pGS133
(200°%;) and pGS65 (50%), but significant activities
are also detected with pGS125 (20%), pGS126 and
pGS127 (10%) compared with pGS91 and pBR322
(2%). It would appear that these nutritional and
enzymological tests are complicated by the pres-
ence of other promoters, such as the vector tet
promoter, and partial complementation by the
flavoprotein subunit, which is presumably en-
coded in the common HindIII-Xhol fragment (H-
X in Fig. 1). Thus in order not to exclude any part
of the sdh region it was decided to sequence the
entire 5.0kb Nrul-BamHI segment (N,-B, in Fig.
1). Subsequent work has shown that the two sites,
N, and B,, are located in the segments of DNA
‘encoding the N-terminal ends of citrate synthase
and 2-oxoglutarate dehydrogenase respectively
(Hull er al., 1983; Darlison et al., 1984).

The polypeptides expressed from the 4.5kb
BamHI segment (B,-B, in Fig. 1) were detected by
the maxicell procedure after transforming the
maxicell strain (AB2480) with the series of
plasmids shown in Fig. 1 and the corresponding
vectors (pBR322 and pLG339). They were also
detected by in vitro transcription—translation stud-
ies using plasmid DNA and isolated restriction
fragments (B,-B, and H-X). These studies showed
that pGS65, pGS133 and the isolated BamHI
fragment (B,—B,) direct the synthesis of two poly-
peptides of estimated M, 70000 and 26000 corres-
ponding to the flavoprotein (SDHA) and iron-
sulphur protein (SDHB) subunits (the sdh4 and
sdhB gene products), and two smaller polypeptides
of M, 13500 (SDHC) and 11500 (SDHD), the
products of two previously unidentified genes

designated sdhC and sdhD. The approximate
positions of the coding regions were deduced by
observing that SDHB is not expressed by pGS91,
pGS125, pGS127 or the H-X fragment, and that
SDHC could not be detected with pGS126,
pGS127 or the H-X fragment. These results are
consistent with the ultimate gene locations shown
in Fig. 1.

Nucleotide sequence and location of coding regions

The overall strategy for sequencing the sdh
region involved a combination of ‘shot-gun’ and
directed cloning of several different fragments of a
5.0kb segment of bacterial DNA (see the Exper-
imental section). The M13 clones used for sequenc-
ing the 3614 base-pair Nrul-Xhol fragment (N,-
X) containing the gltA-sdhA segment are sum-
marized in Fig. 1 and the complete nucleotide
sequence is presented in Fig. 2. The sequence is
fully-overlapped, and except for part of the gl/t4
region, all of it was derived from both DNA
strands and each segment from at least two
independent clones.

The coding regions were detected with the
computer program FRAMESCAN (Staden &
McLachlan, 1982) using the frd and other E. coli
genes as standards. Three reading frames having
the polarity that had been defined for the sdh genes
(Spencer & Guest, 1982), were found at positions
1091-1477m 1474-1818 and 1821-3584 (Fig. 2).
They all exhibited consistently high scores with
respect to codon usage and the largest, encoding a
polypeptide of M, 64268, corresponds in size and
position to the sdhA structural gene. The others,
encoding hydrophobic polypeptides of M, 14167
and 12792, were tentatively designated sdhC and
sdhD because of their similarity to the frdC and
frdD structural genes (Grundstrom & Jaurin,
1982). The larger, which is encoded by the DNA
flanking the HindIII site, clearly corresponds to the
M, 13500 polypeptide detected in the transcrip-
tion—translation studies, and the smaller corre-
sponds to the M, 11500 polypeptide expressed by
all of the plasmids. Only two coding regions with
the opposite polarity were detected in the comple-
mentary sequence. One corresponds to the proxi-
mal segment of the gltA structural gene, co-
ordinates 383-1 (Fig. 2). The other forms part of a
long open reading frame (co-ordinates 3497-1793)
which is mainly in the sdh4 complement. Only the
3488-2682 segment exhibits a typical E. coli codon
usage and there is no evidence that this potential
coding region is expressed.

Features of the nucleotide sequence and organization
of the sdh genes

The main feature of the nucleotide sequence is
the sdhA structural gene encoding a polypeptide of

1984



523

Succinate dehydrogenase of E. coli

‘spuens YN OM] 3y} Wolj pauteiqo
saouanbas Jo syuaxs pue suonoaap ‘suonisod ay) moys dewr uopomsal papuedxs ay) mo[aq saulf YL ‘Sutuop und-joys, ut paynuapt asoy) dxe 5181} yenvs pue
I9si 4L 16§D U1 1S [ray 103094 9y} 03 $19j31 I N “(JI0m yuasaxd oy pue ‘g86] */p 12 [InH) sisk[eue souanbas YN pue (2861 “¥s3nD) % 190usdg) Surddewr uordLnsas
£q pauyap usaq aaey (X) Ioyx Pue (I§) 15§ (SA) 15y ‘(1Y) 1927 ‘(N) N ‘(W) 14/ “(H) IIIPYH “(3€) 11/3g “(d) THWpg 10§ 519811 UOLOLISII Y |, *MOLIE [[EUls B
£q parouap st auas 127 pruwserd ay) 10y 1a30woid 2y Juasaxd a1oym : s1eq uado sy £q paresipul axe e OTd pue 7z gd s103094 prusserd ay3 Jo sayis [/vS pue [Hurg 3y) ul
PUB (61 1OV ‘LI1DY) $10199A ¥ UI PaUo[d YN JO Stuawdag ‘dew afequr| 7702 ‘7 oY) Ul 3s1mM20]0 0} spuodsaiiod uoleiualio WS 03 139 3y 1, ‘sionpoid Suipuodsaiiod ay3 jo
$9Z1S Y} UO P3seq 3Ie (3[9S 0) UMBID) SIZIS JI9Y) PuE ‘pajedtpul axe sauas a3 jo sanurejod [euonduosuer) pue suonisod ajewrxoidde sy 1 *(qY ‘sired-aseqofiy 3[eas) umoys
st (pons) aseuaSoipAysp areren(8oxo-7 pue (graoyps) sseusdorpAyap syeuroons (8) sseyauks a1ento Surpoous ssusd ayy Sutureiuoo uoidas ayy jo dew [edisAyd v

SaU0p gI N wioLf paupiqo vivp uanbas YN Y1 fo Livwuns pup 103 "7 fo saual asvuaSoipdyap a1puoons ay1 fo uonpziundiQ ‘1 ‘g

T._mlun,_ W-Ys m
- — T|_2||I|v .ﬁlvm soyadg
TNz..._ “sy-'sy Wte > e
=T ‘g-1y
——
_ souog
— K—
—
Tv_ l aspyy
KA K—i
venes
sy
veneg

€
|
| I
H 14
€ --- - ¢ ¢ ——— - >
vons guyps vyps aypes  Jo4ps b
16594 L <«
€€159d°'g9s9d -«
§zZ189d C -
9z1s9d L J
£Z159dL - |

Auuulll 6LLOVLLLOI ~J

Vol. 222



524 D. Wood, M. G. Darlison, R. J. Wilde and J. R. Guest

M, 64268 (587 amino acid residues excluding the
initiating methionine) that corresponds closely to
the size predicted for the flavoprotein subunit of
succinate dehydrogenase, SDHA. The coding
region is terminated by a UAA codon at co-
ordinate 3585, and this is just 18 base pairs from
the sdhB structural gene, which is initiated,
without changing the reading frame, by a methio-
nine codon at co-ordinate 3603 (Darlison & Guest,
1984). The translational initiation site proposed for
the sdhA gene is the AUG codon at co-ordinate
1821 (Fig. 2), and compared with all the other
potential initiators in the vicinity, it gives by far
the highest score when the PERCEPTRON
algorithm is applied (Stormo ez al., 1982). The
initiation codon is overlapped by the termination
codon (UGA, co-ordinate 1819) of an upstream
open reading frame which in turn contains a
purine-rich region that could serve as a ribosome-
binding site for sdhA translation (Fig. 2).

The other identifiable feature in the nucleotide
sequence is part of the gltA coding region,
co-ordinates 383-1 (Fig. 2). This encodes 126 amino
acid residues at the N-terminal end of citrate
synthase and the sequence agrees with that
reported recently by Ner et al. (1983). Two
potential g/tA promoters (A and B) are indicated in
Fig. 2.

The presence of two overlapping coding regions
(sdhC and sdhD) situated between the g/t4 and
sdhA structural genes and having the same polarity
as the sdhA gene suggests that they may form part
of a longer sdh transcriptional unit containing a
total of four genes. Thus, in order to gain further
insight into the organization and expression of the
genes in this segment, the sequence has been
carefully analysed for the presence of transcrip-
tional promoters (—35 and —10 sequences), termi-
nators, and CRP-binding sites. There are several
potential promoters (Hawley & McClure, 1983)
but no obvious terminators (Rosenberg & Court,
1979). The promoter sequences that are most like
the canonical sequence are located at co-ordinates
741-769 (C), 835-863 (D), 1284-1311 (E), 1450-
1478 (F), 1651-1679 (G) and 1711-1738 (H), as

shown in Fig. 2. All but the first two (C and D)
occur in what appear to be coding regions, so the
simplest explanation would be to propose that C or
D is the promoter for a putative sdh operon
containing four genes: sdhCDAB, and if active, the
other sequences could represent secondary or
internal promoters for expressing groups of distal
genes, sdhDAB (promoter E) or sdhAB (promoter
F, G or H). A consequence of this organization is
that the citrate synthase and succinate dehydro-
genase genes would exhibit divergent expression
from a single region that contains two potential
promoters, each separated by a putative CRP-
binding site (see below).

The first of the extra genes (sdhC), located
between AUG and UAA codons (co-ordinates
1091 and 1478), encodes a protein of M, 14167 (128
residues excluding the initiating methionine) that
has been tentatively identified as the larger of the
small labelled polypeptides, SDHC. The gene
lacks an obvious ribosome-binding site but analy-
sis with the PERCEPTRON algorithm (Stormo et
al., 1982) indicates that of the four translational
initiation sites proposed for the sdh genes, only that
for sdhC scores well. Examination of the four frd
genes likewise indicates that only the frd4 gene
scores well. This suggests that in operons contain-
ing very close or overlapping genes, only the first
genes have translational initiation sites that score
well in this analysis. The sdhC coding region
overlaps the putative sdhD gene by four base pairs.
The sdhD gene is located between AUG and UGA
codons (co-ordinates 1474 and 1819), it is preceded
by a good ribosome-binding site (co-ordinates
1462-1466) and it encodes a polypeptide of M,
12792 (114 residues excluding the initiating
methionine) that presumably corresponds to the
smallest labelled polypeptide, SDHD.

Genes that are subject to catabolite repression
are activated by the complex formed between
cyclic AMP and its receptor protein (CRP), which
interacts with a conserved sequence of nucleotides
close to the corresponding RNA polymerase
binding site (Valentin-Hansen, 1982; Chapon &
Kolb, 1983). Screening the gltA-sdhA region for

. Fig. 2. Nucleotide sequence of the sdhC, D and A genes and primary structures of the corresponding products
The nucleotide sequence of 3614 base pairs of the non-coding (sense strand) of the succinate dehydrogenase flavo-
protein gene (sdhA) and two genes (sdhC and sdhD) encoding small subunits, is presented in the 5'-3’ direction. The
intergenic region between the gltA (citrate synthase) and sdh genes, the coding strand for part of the gitA4 structural
gene, and the beginning of the succinate dehydrogenase iron-sulphur protein gene (sdhB), are also included. The
nucleotide co-ordinates are assigned relative to the first base of the Nrul site (N, ) in the g/tA gene and key restriction
sites are indicated. The primary structures of the sdhC,D and A4 gene products are shown above the nucleotide
sequence, the FAD-binding region of the flavoprotein is underlined and the histidine residue at the FAD-attach-

“ ment site is denoted by an asterisk. Potential ribosome-binding sites for gitA and sdh genes are boxed and putative
—35and —10 (Pribnow) promoter sequences are indicated by lines and letters (A-H) above the nucleotide sequence.
Potential CRP-binding sites are denoted CRP and underlined. Translation initiation sites are also underlined and
relevant stop sites are denoted by asterisks thus: ***. Regions of hyphenated dyad symmetry in the gltA-sdhA

intergenic region are underlined by converging arrows.
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Nrul
TCGCG?CGGAAAGC ATGGAACAGACGGGTAATCTGCTCGTGGATCATGGTATGACGGGTCAC
10 20 30 40 50 60
CGTAGTTTTAAATTCGTCATACTGTTCCTGAGTCGGTTTTTCACCATTCAGCAGGATGTA
70 80 90 100 110 120
ACAAACTTCCAGGTAGTTAGAATCGGTCGCCAGCTGATCGATCGGGAAACCGCGGTGCAG
130 140 150 160 170 180
CAAAATACCTTCATCACCATCAATAAAAGTAATTTTAGATTCGCAGGATGCGGTTGAAGT
190 200 210 220 230 240
GAAGCCTGGGTCAAAGGTGAACACACCTTTTGAACCGAGAGTACGGATATCAATAACATC
250 260 270 280 290 300
TTGACCCAGCGTGCCTTTCAGCACATCCAGTTCAACAGCTGTATCCCCGTTGAGGGTGAG
3 350 360
«— " g1p
TTTTGCTTTTGTATCAGCCAT'g AAGGTCTCCTTAG! CTTATT%gﬂAAgAC TGCCGG
370 380 390 c&g 10 420
AACTTAAATTTGCCTTCGCACATCAACCTGGCTTTACCCGTTTTTTATTTGGCTCGCCGC
430 440 430 460 470

480

Sstiq ~BanHI~

TCTGTGAAAGAGGGGAAAACCTGGGTACAGAGCTCTGGGCGCTTGCAGGTAAAGGATCCA
7490 500 5%0 520 530 540

-10 A =35
M%m ALCGTT rAccI—
TTGATGACGAATAAATGGCGAATCAAGTACTTAGCAATCCGAATTATTAAACTTGTCTAC
550 560 570 580 590 00

6
: RP1
CACTAATAACTGTCCCGAATGAATTGGTCAATACTTCCACACTGTTACATAAGTTAATCT
610 620 630 640 650

-10 =35

yGGTGAAATACCGACTTCATAACTTTTACGC*@é’iﬁii‘(}cTTTTCCTGGTAATGTQQ&Q
670 680 690 C 700 710 720

HCAACTTTGTTGAATGA ATGATTAAAAR
730 T

-éi =10
A AAATGTTG:I;,IAIQ
40 750 760 770 80

Cl -ai
GTGACCTGGATCACTGTTCAGGATAAAACCCGACAAACTATATGTAGGTTAA TG
790 800 810 820 830 840

ATTTTGTGAACAGCCTK*%EIGCCGCCAGTCTCCGGAACACCCTGCAATCCCGAGCCACC
850 860 870 880 890 900

CAGCGTTGTAACGTGTCGTTTTCGCATCTGGAAGCAGTGTTTTGCATGACGCGCAGTTAT
910 920 930 940 950 960

AGAAAGGACGCTGTCTGACCCGCAAGCAGACCGGAGGAAGGAAATCCCGACGTCTCCAGG
970 980 990 1000 1010 1020

TAACAGAAAGTTAACCTCTGTGCCCGTAGTCCCCAGGGAATAATAAGAACAGCATGsz]
1030 1040 1050 1060 1070 1080
10

s dhcnevIleArgAanalLysLysGlnArgProValAsnLeuAspLeuGlnThrIle

CGTTATTCATGATAAGAAATGTGAAAAAACAAAGACCTGTTAATCTGGACCTACAGACCA
1090 1100 1110 1120 1130 1140

20 30
ArgPheProlleThrAlalleAlaSerIleLeuHisArgValSerGlyVallieThrPhe
TCCGGTTCCCCATCACG! AGCGTCCATTCTCC, GTTTCCGGTGTGATCACCT
1150 1160 1170 1180 1190 1200
40 50

ValAlaValGlyIlleLeuLeuTrpLeuLeuGlyThrSerLeuSerSerProGluGlyPhe

TTGTTGCAGTGGGCATCCTGCTGTGGCTTCTGGGTACCAGCCTCTCTTCCCCTGAAGGTT
1

210 1220 1230 1240 1250 1260
indI1l -35 70 -10
GluGlnAlaSerAlalle! tTrpGlyIleLeu

rPl
TCGAGCAAGCTTCCGCGATTA! GCTTCTTCGTCAAATT ATCA! GTGGGGCATCC
1270 1280 1290 1300 1310

1320

ThrAlaLeuAla'l‘yrHisValValValGlyIleArQHisMetHetHetAspPthlyTyr

TTACCGCTCTGGCGTATCACGTCGTCGTAGGTATTCGCCACATGATGATGGATTTTGGCT
1330 1340 1350 1360 1370 1380
100 110

LeuGluGluThrPheGluAlaGlyLysArgSerAlaLlysIleSerPheValIleThrVal

ATCTGGAAGAAACATTCGAAGCGGGTAAACGCTCCGCCAAAATCTCCTTTGTTATTACTG
1390

1400 1410 1420 1430 1440
=35
120 F SthMetVaISerAsnAlaSerAlaLeuGlyArg
ValLeuS uLeuAlaGlyV; lLeuV
TCGTGCT AAGC TCCGCATTAGGACG
1450 1460 1470 1480 90 1500
10 20
AsnGlyValHisAspPhelleLeuValArgAlaThrAlalleValLeuThrLeuTyrIle
CAAT, ACATGATTTCATCCTCGTTCGCGCTACCGCTATCGTCCTGACGCTCTACAT
510 1520 1530 1540 1550 1560
0

40
IleTyrMetValGlyPhePheAlaThrSerGlyGluLeuThrTyrGluValTrplleGly
CATTTATATGGTCGGTTTTITC CA CTGACATATGAAGTCTGGATCGG
1

570 1580 1590 1600 1610 1620
50 -35 60 -10
PhePheAlaSerAlaPheThrLysValHS*QEEELQ Alaleu l_’hegeﬂisﬁulle
TTTCTTCGCCTCTGCGTTCACCAAAGTG CTGCTGGCGCTGTTTTC GAT
1630 1640 1650 660 1670 1680
70 H
HisAlsTrleeGlyHetTrpGanalﬁgﬁgEAngeralesProLigeL“‘ euArg
QQA SﬁﬁAIQQﬁ%%gGTGGCAGGTG GAggACGTTAAACgGC CTTTGCG
1 17 173

LeuHetLeuGlnLeuVal IleValValAlaLeuValVal TyrVallleTyrGlyPheVal
CCTGATGCTGCAACTGGTGATTGTCGTTGCACTGGTGGTTTACGTGATTTATGGATTCGT
1750 71760 1 70 1780 1790 1800

110 sdhA HetLysLeuProValArgGluPheAapAlaValValIle011
ValValTrpGlyVal**#*
TGTGGTGTG! TGTGAIQAAATTGCCAGTCAGAGAATTTGATGCAGTTGTGATTGGT
1810 1 1830 40 0 1860
20 30
AlaGl*Gl&AlaGl*IleAlaArgAlaLeuGlnIleSerGlnSerGlelnThrCzsALs
'CGCGCGCGCGCTGCAAATTTCCCAGAGCGGCCAGACCTGTGCG

1870 1880 1890 1900 1910 1920
0 50

4
%iuLeuSerL!sValPheProThrAr%SerHisThrValSerAlaQ; GlyGlyIleThr
'AAAGTCTTCCCGA GTTTCTGCGCAAGGCGGCATTACC

1930 1940 1950 1960 1970 1980
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60 70
ValAlaLeuGlanThrﬂi sGluAs¥AsnTrgGlu'!‘rpHisMetTyrAsp'rherlLys
TTGC CCATGAAGATAACTGGGAATGGCATATGTACGACACCGTGAAA
1990 2000 2010 2020 2030 2040
80 0

9
GlySerAspTyrIleGlyAspGlnAspAlalleGluTyrMetCysLysThrGlyProGlu
GGGTCGGACTATATCGGTGACCAGGACGCGATTGAATATATGTGTAAAACCGGGCCGGAA

2050 2060 2070 2080 2090 2100
100 110
AlalleLeuGluLeuGluHisMetGlyLeuProPheSerArgLleuAspAspGlyArglle
GCGATTCTGGAACTCGAACACATGGGCCTGCCGTTCTCGCGTCTCGATGATGGTCGTATC
2110 2120 2130 2140 2150 2160
120 130
TyrGlnArgProPheGlyGlyGlnSerLysAsnPheGlyGlyGluGlnAlaAlaArgThr
TATCAACGTCCGTTTGGCGGTCAGTCGAAAAACTTCGGCGGCGAGCAGGCGGCACGCACT
2170 2180 2190 2200 2210 2220
140

150
AlaAlaAlaAlaAspArgThrGlyHisAlaLeuLeuHisThrLeuTyrGlnGlnAsnLeu
GCGGCAGCAGCTGACCGTACCGGTCACGCACTGTTGCACACGCTTTATCAGCAGAACCTG

2230 2240 6 2250 2260 2270 2280
160 170
LysAsnHisThrThrIlePheSerGluTrpTyrAlaLeuAspLeuValLysAsnGlnAsp
AAAAACCACACCACCATTTTCTCCGAGTGGTATGCGCTGGATCTGGTGAAAAACCAGGAT
2290 2300 2310 2320 2330 2340
180 190

GlyAlaValValGlyCysThrAlaLeuCysIleGluThrGlyGluValValTyrPheLlys
GGCGCGGTGGTGGGTTGTACCGCACTGTGCATCGAAACCGGTGAAGTGGTTTATTTCAAA
2350 2360 2370 2380 2390 2400
210

AlaArgAlaThrValLeuAlaThrGlyGlyAlaGlyArgIleTyrGlnSerThrThrAsn
GCCCGCGCTACCGTGCTGGCGACTGGCGGAGCAGGGCGTATTTATCAGTCCACCACCAAC
2410 2420 2430 2440 2450 2460
220 230

3
AlaHisIleAsnThrGlyAspGlyValGlyMetAlalleArgAlaGlyValProValGln
GCCCACATTAACACCGGCGACGGTGTCGGCATGGCTATCCGTGCCGGCGTACCGGTGCAG

2470 2480 2490 2500 2510 2520
240

25
AspMetGluMetTrpGlnPheHisProThrGlyIleAlaGlyAlaGlyValLeuValThr
GATATGGAAATGTGGCAGTTCCACCCGACCGGCATTGCCGGTGCGGGCGTACTGGTCACC

2530 2540 y 2550 2560 2570
260

270
GluGlyCysArgGlyGluGlyGlyTyrLeuLeuAsnLysHisGlyGluArgPheMetGlu
GAAGGTTGCCGTGGTGAAGGCGGTTATCTGCTGAACAAACATGGCGAACGTTTTATGGAG

2590 2600 2610 2620 2630 2640
280 290

ArgTyrAlaProAsnAlalysAspLeuAlaGlyArgAspValValAlaArgSerIleMet
CGTTATGCGCCGAACGCCAAAGACCTGGCGGGCCGTGACGTGGTTGCGCGTTCCATCATG
2650 2660 2670 2680 2690 2700
00 X 310
IleGlulleArgGluGlyArgGlyCysAspGlyProTrpGlyProHisAlalysLeulys
ATCGAAATCCGTGAAGGTCGCGGCTGTGATGGTCCGTGGGGGCCACACGCGAAACTGAAA
710 2720 o 2730 2740 2750 2760
2 330

LeuAspHisLeuGlyLysGluValLeuGluSerArgLeuProGlyIleLeuGluLeuSer
CTCGATCACCTGGGTAAAGAAGTTCTCGAATCCCGTCTGCCGGGTATCCTGGAGCTTTCC
2770 2780 2790 2800 2810 2820

350
ArgThrPheAlaHisValAspProValLysGluProIleProVallleProThrCysHis
CGTACCTTCGCTCACGTCGATCCGGTGAAAGAGCCGATTCCGGTTATCCCAACCTGTCAC

2830 2840 2850 2860 2870 2880
60 370
TyrMetMetGlyGlyIleProThrLysValThrGlyGlnAlaLeuThrValAsnGluLys
TACATGATGGGCGGTATTCCGACCAAAGTTACCGGTCAGGCACTGACTGTGAATGAGAAA
2890 2900 2910 2920 2930 2940
380 390

GlyGluAspValValValProGlyLeuPheAlaValGlyGluIleAlaCysValSerVal

GGCGAAGATGTGGTTGTTCCGGGACTGTTTGCCGTTGGTGAAATCGCTTGTGTATCGGTA
2950 2960 2970 2980 2990 3000

400

HisGlyAlaAsnArgLeuGlyGlyAsnSerLeuleuAspLeuValValPheGlyArgAla
CACGGCGCTAACCGTCTGGGCGGCAACTCGCTGCTGGACCTGGTGGTCTTTGGTCGCGCG
3010 3020 3030 3040 3050 3060
420 430
AlaGlyLeuHisLeuGlnGluSerIleAlaGluGlnGlyAlaLeuArgAspAlaSerGlu
GCAGGTCTGCATCTGCAAGAGTCTATCGCCGAGCAGGGCGCACTGCGCGATGCCAGCGAG
070 3080 3090 3100 3110 3120
440 450
SerAspValGluAlaSerLeuAspArgLeuAsnArgTrpAsnAsnAsnArgAsnGlyGlu
TCTGATGTTGAAGCGTCTCTGGATCGCCTGAACCGCTGGAACAATAATCGTAACGGTGAA
3130 3140 6o 3150 3160 3170 20 3180
4 4

AspProValAlalleArgLysAlaLeuGlnGluCysMetGlnHisAsnPheSerValPhe
GATCCGGTGGCGATCCGTAAAGCGCTGCAAGAATGTATGCAGCATAACTTCTCGGTCTTC

190 3200 3210 3220 3230 3240

490

ArgGluGlyAspAlaMetAlaLlysGlyLeuGluGlnLeuLysValIleArgGluArgLeu
CGTGAAGGTGATGCGATGGCGAAAGGGCTTGAGCAGTTGAAAGTGATCCGCGAGCGTCTG

3250 3260 00 3270 3280 3290 o 3300

1

LysAsnAlaArgLeuAspAspThrSerSerGluPheAsnThrGlnArgValGluCysLeu
AAAAATGCCCGTCTGGATGACACTTCCAGCGAGTTCAACACCCAGCGCGTTGAGTGCCTG
3310 3320520 3330 3340 3350530 3360
!

GluLeuAspAsnLeuMetGluThrAlaTyrAlaThrAlaValSerAlaAsnPheArgThr
GAACTGGATAACCTGATGGAAACGGCGTATGCAACGGCTGTTTCTGCCAACTTCCGTACC
3370 3380 3390 3400 3410 3420
540 550

GluSerArgGlyAlaHisSerArgPheAspPheProAspArgAspAspGluAsnTrpLeu
GAAAGCCGTGGCGCGCATAGCCGCTTCGACTTCCCGGATCGTGATGATGAAAACTGGCTG
3430 34405 60 3450 3460 34705 o 3480

7
CysHisSerLeuTyrLeuProGluSerGluSerMetThrArgArgSerValAsnMetGlu
TGCCACTCCCTGTATCTGCCAGAGTCGGAATCCATGACGCGCCGAAGCGTCAACATGGAA

3490 3500580 3510 3520 587 3530 3540

ProLysLeuArgProAlaPheProProLysIleArgThrTyr***
CCGAAACTGCGTCCGGCATTCCCGCCGAAG, ATchmcmncuua@cmmn
550 3560 3570 3580 3590 3600
Xhol—
MetArgLeuGlu
ATGAGACTCGAG
3610
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potential CRP-binding sites that resemble the 22
base-pair consensus sequence S5-dAANTGT-
GANNTANNTCAC/AATTT (Chapon & Kolb,
1983) revealed two sites of good quality: co-
ordinates 642-663 for CRP1 and 779-800 for
CRP2 (Fig. 2). These are situated between each of
two pairs of putative glt4 and sdh promoters. Their
presence is consistent with the fact that citrate
synthase and succinate dehydrogenase are subject
to catabolite repression (Gray et al., 1966; Ruiz-
Herrera & Garcia, 1972; Takahashi, 1975). How-
ever, at this stage it is not possible to deduce from
the organization of these sites whether the tri-
carboxylic acid cycle genes are expressed (a) in a
simple and independent manner, involving, e.g.,
promoter A (g/tA) regulated by CRP1 and pro-
moter D (sdh) regulated by CRP2, or (b) in a more
complex and interdependent fashion from an
overlapping regulatory region. Alternative inter-
pretations of the gene organization in the gir4-
sdhA intergenic region have not been ruled out. For
example, the sdhC and sdhD genes could be
expressed independently of the other sdh genes, or
of each other, in transcriptional units of the type:
sdhC and sdhD with sdhAB; sdhCD and sdhAB;
sdhC with sdhDAB, If so, there would be a need for
active promoters in the sdhC or sdhD coding
regions (possibly promoters E-H): the existence of
such overlapping coding and regulatory sequences
in E. coli has already been described (Grundstrom
& Jaurin, 1982).

Other features of the nucleotide sequence

The nucleotide sequence contains a number of
regions of hyphenated dyad symmetry, and those
between the glt4 and sdhA structural genes that
could form stable stem-and-loop structures in the
corresponding RNA transcripts are shown in Fig.
2. Most of them occur in presumptive coding
regions and none are particularly striking, their
free energy values being in the range —25.1 to
—46.9kJ-mol~! (—6.0 to —11.2kcal-mol~!) (cal-
culated according to Tinoco et al., 1973). It may be
significant that the strongest (co-ordinates 1484-
1511) is located just downstream of the sdhC
coding region in the sdhD gene.

The sequence has been examined for the
presence of the tandem lysT, valT and supG genes
and the cbt gene that may be located between the
gltA and sdhA genes, but no tRNA genes could be
detected nor could any further coding regions be
found. However, the cbr gene lacks identifiable
features, and the possibility that cbt corresponds to
sdhC or sdhD has not been ruled out. This would
mean that cbt has a dual function in succinate
dehydrogenase and carboxylate transport.

The sequence overlaps that of the g/t4 region
published by Ner et al. (1983) by 1270 base pairs

and it contains four differences. These involve
insertions of T and G at co-ordinates 590 and 870,
and deletions of T and G at co-ordinates 637 and
1260, respectively, but none affect the inter-
pretation of the sequence except the last, which
would change the reading frame of sdhC to one
with a very atypical codon usage terminating 43
codons earlier at the UAG codon, co-ordinate 1350
in Fig. 2.

Codon usage. The codon usages for the sdhA, C
and D genes are typically non-random (Table 1)
and very similar to those of the frdd, C and D
genes. By examining the choice of degenerate and
modulating codons it is possible to assess the
degree of expression of the genes, because highly
expressed genes use few, if any, of the modulatory
codons corresponding to minor tRNA species and
favour codons with intermediate codon-anticodon
interaction energies (Grosjean & Fiers, 1982). The
proportions of modulatory codons in the sdhA4, C
and D genes (1.5, 5.9 and 1.8%) and optimal energy
codons (57, 50 and 69%;) correspond to those in the
frdA, C and D genes and suggest that the genes are
not highly expressed. When compared with other
tricarboxylic acid cycle genes, the sdh genes
resemble the 2-oxoglutarate dehydrogenase gene
(sucA) in appearing less strongly expressed than
the related sucB, aceE, aceF and Ipd genes (Spencer
et al., 1984).

Primary structure and composition of the flavoprotein
subunit, SDHA

The primary structure of the flavoprotein sub-
unit of the E. coli succinate dehydrogenase
(SDHA) is presented in Fig. 2. It contains 587
residues, excluding the initiating formyl-
methionine, and corresponds to a protein of M,
64268 (64988 including the flavin cofactor). The
amino acid composition and polarity derived from
the nucleotide sequence are shown in Table 2 and
they clearly resemble those of the flavoprotein
subunits of the Rhodospirillum rubrum and bovine
heart mitochondrial enzymes (Davis et al., 1977)
and the E. coli fumarate reductase (Cole, 1982).

Comparisons between the FAD and NAD(P)
domains of several enzymes has revealed the
existence of a common secondary structural
arrangement, the FAD-binding fold (Thieme et al.,
1981; Wierenga et al., 1983). Furthermore, there is
a high degree of sequence conservation in the f—o—f
segment that contains the AMP-binding site of
this fold (Arscott ez al., 1982; Stephens et al., 1983;
Rice et al., 1984). The flavin AMP-binding sites
are generally situated close to the N-terminus, and
such a site is found between residues 8 and 36 in the
SDHA protein (Fig. 2). The AMP-binding sites of
several E. coli flavoproteins are compared with
that of human erythrocyte glutathione reductase in
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Table 1. Codon usage in the sdhA, C and D genes
The AUG initiation codons are not included with the methionine codons. The codon pairs enclosed in solid boxes are
those whose use varies particularly between strongly and weakly expressed genes, and the codons marked by arrows

are potential modulatory codons (Grosjean & Fiers, 1982).

Gene... sdh A C D sdh ACD sdh AC D sdh ACD
UUU Phe 5 4 2J UCU Ser 6 1 2 mAU Tyr 11 2 3] UGU Cys 7 0 O
UUC Phe 14 5 7] UCC Ser 10 6 1 |[UAC Tyr 0 UGC Cys 4 00
UUA Leu OO 1 UCA Ser 010 UAAEnd 1 10O UGA End OO 1
UUG Leu 30 3 UCG Ser 700 UAG End OOO UGG Trp 7 3 4
CUU Leu 3 4 O {CCU Pro O 2 O| CAU His 7 1 2 |CGU Arg 25 0 O
CUC Leu 5 4 2 |CCC Pro O 1 Of CAC His 12 2 O |CGC Arg 13

—4 CUA Leu 01 O CCAPro 400 CAAGln 521 CGA Arg 1 0 0 &
CUG Leu 40 6 10 CCG Pro 20 O 1 CAG Gln 16 1 1 CGG Arg O 1 0 &
AUU Ile 12 4 3| ACU Thr 5 1 O [AAU Asn 5 2 1| AGU Ser 0 O 1
AUC Ile 14 7 7| ACC Thr 24 4 5 |AAC Asn 20 O 1| AGC Ser 6 2 1

—4 AUA T1le 0 2 O ACAThr O 11 AAA Lys 21 5 2 AGA Arg 1 2 0 €&
AUG Met 15 5 3 ACG Thr 4 1 1 AAG Lys 1 0 O AGG Arg 0 0 0 @
GUU Val 14 4 5 |GCU Ala 7 2 4| GAU Asp 21 1 1 |GGU Gly 26 5 3
GUC Val 8 5 4 |[GCC Ala 11 1 3| GAC Asp 11 1 1 |GGC Gly 26 4
GUA Val 4 2 2 GCA Ala 132 2 GAA Glu29 41 GGA Gly 21 2 &
GUG Val 15 4 8 GCG Ala 25 5 2 GAG Glu 14 1 1 GGG Gly 5 0 0 &

Table 2. Amino acid compositions of the flavoprotein subunits of three succinate dehydrogenases and a fumarate reductase
The DNA-derived compositions of the E. coli enzymes from the present work and Cole (1982) are compared with the
analytical values for the Rhodospirillum rubrum and beef heart mitochondrial enzymes (Davis et al., 1977). The
initiating formylmethionine residues are not included.

Residues in the flavoprotein subunits of':
A

Succinate dehydrogenase from:

5
Fumarate reductase

Amino - N from

Acid E. coli R. rubrum Beef heart E. coli
Asp 32 35
Asn 25 }52 37 23
Thr 33 40 38 36
Ser 29 21 37 20
Glu 43 44
Gln 21 33 67 2
Pro 24 25 30 22
Gly 59 53 65 66
Ala 56 66 59 61
Val 41 38 45 41
Met 15 13 14 20
Ile 26 25 31 23
Leu 51 44 55 48
Tyr 14 16 21 17
Phe 19 19 22 20
Lys 22 20 26 27
His 19 18 17 21
Arg 40 34 41 38
Cys 11 9 14 10
Trp 7 6 6 7
Total 587 552 645 601
M, 64268 59864 70054 65835
Polarity (%) 45 43 44 44

Table 3. They all contain a characteristic stretch of
four hydrophobic residues (B,) preceding an
invariant glycine residue, a conserved stretch of
residues with small side chains (a,), and a second
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relatively hydrophobic segment (fg). The gluta-
mate residue that recognizes the adenine ribose
hydroxy groups in the FAD- and NAD-binding
sites of glutathione reductase and lipoamide
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Table 3. Amino acid sequences around the FAD-binding sites of several flavoproteins
The alignments for several E. coli flavoproteins are based on the structure of human erythrocyte glutathione
reductase (GR; Thieme ez al., 1981 ; Rice et al., 1984) to highlight the apparent conservation of the f—a—p structure
(broken boxes) in the AMP-binding segments (upper portion), and the structural diversity of the adjacent segments
(lower portion). The strong homologies around the flavin-attachment sites of fumarate reductase (FRDA; Cole,
1982), succinate dehydrogenase (SDHA) and the 23-residue flavopeptide of the bovine heart mitochondrial enzyme
(Kenney et al., 1972) contrast with the sequences of NADH dehydrogenase (NADHDH; Young et al., 1981), which
does not have a covalently-bound FAD coenzyme, and of the disulphide oxidoreductases (GR and lipoamide
dehydrogenase; LPDH, Stephens et al., 1983), which interact with the isoalloxazine ring via their cystine peptides.
Identical residues in the regions of FRDA and SDHA corresponding to the flavopeptide are enclosed in solid boxes
and the critical histidine residues are denoted by an asterisk, as are the active-site cysteine residues of GR and

LPDH.
BA uA
GR(humen) (22) DIYL VI GGG SGGLASAR
LPDH (1) QVVVLGAGPAGYSAAF
NADHDH () K\IVIVGGGAGGLEMAT
FRDA () DILAIVGAGGAGLRAATI
SDHA (8) DAVVIGAGGAGIARILARQ]
* *
SH-KLGGTCVNVGCVP
RYNTLGGVCLNVGCTIP
RNHSHLWKPLLHEVAT
KVYPMR[SETV E[G G|-
KVFPTR|SHTV[SJAQGG I
SHTVAAZGGI
*

B uQmx

B
B

- ---- GARFxAVVE_:

L--=---= GLETVIVE,

KLGRKKKAKITLYVD,

ANP---NAKIALIS,

Sj- - - - - GQTCALLS
MWNTAVHSEFMHDHA (83) GR(human)
LLEHVAKVIEEAKATLA (69) LPDH
DEGVDALSYLAHARN (74) NADHDH
VAQDH-[D]SFEYHFHD (68) FRDA
LTHN EWHMYD (70) SDHA
A|G B|M D Z{W|R SDH(bovine)

dehydrogenase is replaced by aspartate in NADH
dehydrogenase, but the acid residue is not retained
in succinate dehydrogenase or fumarate reductase.

The FAD cofactor of the bovine heart mito-
chondrial succinate dehydrogenase is covalently
bound via the 8a-methyl group of the isoalloxazine
ring and the rele-N atom of a histidyl residue in the
protein (Salach et al., 1972; Singer & Edmondson,
1974). Furthermore, the amino acid sequence of a
23-residue flavopeptide from this enzyme has been
deduced (Kenney et al., 1972) and comparison with
the E. coli flavoprotein reveals a segment that is
identical at 15 of the 23 positions and this identifies
the histidine residue at position 44 as the flavin-
attachment site (Table 3). The binding site for the
covalently-bound FAD cofactor of the E. coli
fumarate reductase has also been identified by its
homology with the bovine heart flavopeptide
(Cole, 1982). In fact the sequence containing the
critical histidine residue, Ser-His-Thr-Val-Xaa-
Ala-Xaa-Gly-Gly, is common to all three enzymes
(Table 3). It is interesting to note that, relative to
the AMP-binding site, the flavin-attachment site is
located at approximately the same position in the
primary structure as the active-site disulphide
bridge that interacts with the isoalloxazine ring in
glutathione reductase and lipoamide dehydro-
genase (Table 3). In the case of NADH dehydro-
genase, which contains neither covalently-bound
FAD nor an active-site disulphide bridge, there is
no obvious homology with the other flavoenzymes
in the region immediately beyond the AMP-

binding site (Table 3). These examples clearly
illustrate three different arrangements of the poly-
peptide chain around the FAD cofactor.

The primary structures of the four E. coli flavo-
enzymes (succinate dehydrogenase, fumarate re-
ductase, lipoamide dehydrogenase and NADH
dehydrogenase) have been compared in pairs by
using the proportional matching option of the
graphics program DIAGON (Staden, 1982). This
incorporates a scoring system based on MDM; (a
mutation data matrix that is very good for
detecting distant relationships between amino acid
sequences; Schwartz & Dayhoff, 1978), and diag-
onal lines in the matrices correspond to highly
significant regions of homology. This analysis
showed that the homologies are mainly centred on
the AMP-binding sites of the FAD and NAD
domains for all of the pairs except for SDHA and
FRDA, which exhibit a remarkably high degree of
mutual homology extending throughout their en-
tire lengths (Fig. 3). An alignment based on the
DIAGON analysis and refined by visual inspec-
tion is shown in Fig. 4. Some 246 of the 563
equivalenced residues (44%) are identical and a
further 112 residues (20%) are conservatively
changed at the 0.10 scoring limit of MDM,5. A
similar high degree of homology is seen at the
DNA level. The departure from colinearity be-
tween SDHA and FRDA is due mainly to three
insertion-deletions at positions 122 (+7 residues),
277 (—11 residues) and 361 (+10 residues) in
SDHA, and the larger size of FRDA is due to the
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Fig. 3. Amino acid sequence comparison of the flavoprotein
subunits of succinate dehydrogenase and fumarate
reductase
A comparison matrix is shown for the flavoprotein
subunits of the E. coli succinate dehydrogenase
(SDHA) and fumarate reductase (FRDA; Cole,
1982). The computer program DIAGON (Staden,
1982) was used. The points correspond to the
midpoints of each span of 21 residues giving a score
equivalent to a double matching probability of
<0.001. Numbers on the axes are residue numbers.

extra 21-residue segment at the C-terminus (Fig.
4). This remarkable sequence homology indicates
that the two enzymes are closely related in
evolution, rather than of entirely independent
origin. It would appear that they have emerged by
the duplication of a common ancestral gene and
that their specific roles in aerobic and anaerobic
metabolism have been imposed and refined by
different transcriptional regulation and diverging
evolution of the individual gene products.

The distribution of cysteine residues does not
indicate which residues may be contributing to the
iron—sulphur centres of the flavoprotein subunits.
However, it is particularly striking that of the 21
cysteine residues in the two enzymes (11 in SDHA
and 10 in FRDA), only one pair occupy identical
positions in the alignment (Fig. 4). These residues
are located in a very highly conserved region
(positions 198-270 in SDHA and residues 189-261
in FRDA) and it would seem very likely that they
are functionally important. Studies with bovine
heart mitochondrial succinate dehydrogenase have
shown that the flavoprotein contains a reactive
thiol group at the active site (Kenney et al., 1976).
The flavoprotein subunit of the Vibrio succinogenes
fumarate reductase has likewise been shown to
contain an essential thiol group at the substrate site
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(Unden & Kroger, 1980). It is therefore likely that
the corresponding active-site thiol residues in the
E. coli enzymes are contributed by Cys-256 in
SDHA and Cys-247 in FRDA. Histidine residues
are more abundant in both flavoproteins (Table 2)
and in the chosen alignment there are no fewer
than eight conserved positions, in addition to the
histidine residue at the FAD-attachment site (Fig.
4). It has been suggested that a histidine residue
may have a proton donor/acceptor function in
succinate dehydrogenase (Vik & Hatefi, 1981).
This parallels the situation in glutathione reduc-
tase and lipoamide dehydrogenase and it may be
significant that one of the conserved histidine
residues is located close to the putative active-site
cysteine residue, in a sequence His-Pro-Thr (resi-
dues 241-243 in SDHA) that is identical to the
active-site histidine sequences of the disulphide
oxidoreductases (Rice et al., 1984).

The hydrophobic subunits

The two open reading frames that are found
upstream of the sdhA gene encode two very
hydrophobic products. These have been tentative-
ly designated as the sdhC and sdhD genes because
of their similarity to the frdC and frdD genes. The
latter genes encode two hydrophobic subunits,
FRDC (M, 14883) and FRDD (M, 12975) that are
required to anchor the flavoprotein and iron-
sulphur protein subunits of fumarate reductase to
the cytoplasmic membrane (Lemire et al., 1982,
1983) in a manner similar to that proposed for the
Fo-F, components of ATP synthase (Fillingame,
1980). Bovine heart succinate dehydrogenase is
also associated with two hydrophobic polypeptides
that may likewise serve as anchor proteins (Gird-
lestone et al., 1981; Merli et al, 1979). The
possibility that these subunits have additional
functions in proton translocation or other aspects
of electron transport, like the F, portion of ATP
synthase (Ovchinnikov et al., 1982), has not been
investigated. The products of the sdhC and sdhD
genes closely resemble their frd counterparts in
size, polarity and the abundance of hydrophobic
residues (Table 4). Furthermore, each protein
contains three very hydrophobic and colinear
segments of approx. 25 residues as shown by
HYDROPLOT analysis (Fig. 5). These segments
could represent transmembrane a-helices analo-
gous to those suggested for bacteriorhodopsin, the
F, portion of ATP synthase, and the lac carrier
protein (Engelman et al., 1980; Foster et al., 1983).
However, the similarity between the two pairs of
hydrophobic proteins does not extend to their
amino acid sequences, because no significant
homologies were detected by DIAGON analysis.
By the same analysis, both pairs of hydrophobic
proteins shared short stretches of homology with
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Fig. 4. Alignment of the amino acid sequences of the flavoprotein subunits of succinate dehydrogenase and fumarate reductase
The sequences, shown in single-letter amino acid code, have been aligned for maximum homology based on the
DIAGON comparison (Fig. 3). Identical residues are identified by asterisks and conservatively-substituted residues
with scores of >0.1 in the MDM,¢ matrix (Schwartz & Dayhoff, 1978) are identified by vertical bars. The FAD-
binding regions are indicated and the histidine residues at the flavin-attachment sites are denoted by arrows. The
conserved cysteine residues and His-Pro-Thr sequences that may be in the active sites are boxed and arrowed.
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Table 4. Amino acid compositions of the hydrophobic subunits of succinate dehydrogenase and fumarate reductase of E. coli
The DNA-derived compositions of the E. coli proteins from the present work and from Grundstrém & Jaurin (1982)
do not include the initiating formylmethionine residues.

Residues in the hydrophobic subunits

Amino acid SDHC FRDC SDHD FRDD
Asp 2 2 2 2
Asn 2 4 2 2
Thr 7 10 7 3
Ser 10 3 5 4
Glu 5 6 2 2
Gln 3 1 2 1
Pro 3 9 1 8
Gly 10 5 7 12
Ala 10 14 11 10
Val 15 12 19 12
Met 5 3 3 5
Ile 13 12 10 11
Leu 15 14 17 18
Tyr 2 4 6 2
Phe 9 9 9 8
Lys 5 10 2 3
His 3 1 2 5
Arg 6 4 3 4
Cys 0 0 0 1
Trp 3 7 4 4
Total 128 130 114 117
M, 14167 14883 12792 12975
Polarity (%) 34 32 24 23
() Succinate dehydrogenase SDHC 128 (b) Succinate dehydrogenase SDHD
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Fig. 5. Comparisons of the hydropathy profiles of the hydrophobic subunits of succinate dehydrogenase and fumarate reductase
Hydropathy profiles of the hydrophobic subunits of succinate dehydrogenase (upper panels) and fumarate reductase
(lower panels): (a¢) SDHC and FRDC, (b) SDHD and FRDD. Consecutive hydropathy averages are plotted at the
mid-point of a seven-residue segment as it advances from N- to C-terminus. Relative hydrophobicity and hydro-
philicity (vertical axes) are recorded in the range +4.5 to —4.5 and a horizontal line representing the average for
most sequenced proteins is included (Kyte & Doolittle, 1982). Numbers on the horizontal axes represent residue
numbers.
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the F,, a and c subunits of the E. coli ATP synthase
(Gay & Walker, 1981; Nielsen et al., 1981); no
homology with cytochrome bs4, (Bethge et al.,
1981) could be detected. The lack of sequence
homology between the hydrophobic subunits of
succinate dehydrogenase and fumarate reductase
contrasts sharply with the high degree of conserva-
tion observed for the flavoprotein subunits and for
the iron—sulphur protein subunits (M. G. Darlison
& J. R. Guest, unpublished work). Nevertheless, it
would appear that the two pairs of hydrophobic
gene products do represent analogous subunits of
the enzyme complexes, but further biochemical
and genetic evidence will be needed to confirm this
preliminary characterization.

Organization of the succinate dehydrogenase genes

The nucleotide sequence of the glt4—sucB region
of the E. coli chromosome confirms and extends
earlier work in which the approximate positions
and the transcriptional polarities of the git4, sdhA
and B, and sucA and B genes were defined (Spencer
& Guest, 1982; Spencer et al., 1984). The sequence
indicates that the sdh operon contains no less than
four genes situated between the gltA and sucA

— —— —

genes: gltA-sdhCDAB-sucAB, in what is the largest
cluster of tricarboxylic acid cycle genes. The
transcription of the citrate synthase and succinate
dehydrogenase genes appears to diverge from a
single intergenic region containing several poten-
tial promoter and regulatory sites. This may be
significant with respect to the overall control of
expression of the tricarboxylic acid cycle. The very
close proximity of the gitA and sdh genes is
consistent with very high genetic linkage between
these genes (979 P1 cotransduction) compared
with that between that for the sdh and suc genes
(90% P1 cotransduction). It may also be significant
that at the distal end of the sdh operon, between the
sdhB and sucA genes, there is a set of three
palindromic sequences similar to the intercistronic
regulatory elements found in several operons
(Darlison et al., 1984; Spencer et al., 1984). This
could mean that the transcriptional organization of
the sdh and suc genes could be more complex than
for two independent operons.

The overall composition of the sdh operon
closely resembles that encoding the analogous frd
operon, not only in possessing four comparable
genes but also in the economy of sequence
witnessed by the overlapping genes. The major
difference concerns gene order, sdhCDAB com-
pared to frd ABCD, but it is not known whether this
has any functional significance. The adjacent
flavoprotein and iron-sulphur protein genes are in
the same order (AB) and their similarity is
indicative of close ancestral relationship and
possible evolution by gene duplication. The genes

encoding the hydrophobic proteins are also in the
same order relative to each other (CD) but occupy
different positions in the two operons. This could
mean that the operons have evolved by fusing two
pairs of ancestral genes in different orders, or that
the genes of one or both operons have been re-
organized since the duplication of an ancestral
four-gene operon. The C and D genes appear to
have diverged further than the 4 and B genes and
this could reflect a greater selection pressure for
maintaining catalytic rather than membrane-
insertion functions. There is evidence that the
specific functions of the sdh and frd genes in
aerobic and anaerobic metabolism are not entirely
imposed by regulatory compartmentation. This is
because the functional interchangeability of the
two operons, demonstrated by the partial replace-
ment of sdh function by multiple copies of the frd
operon (Guest, 1981a), appears not to be a
reciprocal relationship. It has been observed that
in multicopy situations, plasmid- and phage-
encoded sdh operons do not significantly comple-
ment the nutritional lesions of frd mutants (R. J.
Wilde & J. R. Guest, unpublished work). This
suggests either that the succinate dehydrogenase
system has a narrower functional specificity, or
that the sdh operon is more stringently regulated
than frd.

Future work should be aimed at (a) identifying
the mRNA transcripts for the sdh and gltA4 genes,
(b) defining the molecular mechanisms controlling
gltA and sdh expression, and (c) amplifying
and isolating the sdh gene products for further in-
vestigation of their gene-protein and structure-
function relationships.
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