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The Rhodobacter capsulatus sucA, sucB, and Ipd genes, which encode the a-ketoglutarate dehydrogenase (Elo),
the dihydrolipoamide succinyltransferase (E20), and the dihydrolipoamide dehydrogenase (E3) components of
the a-ketoglutarate dehydrogenase complex (KGD), respectively, were cloned, sequenced, and used for regu-
latory analyses. The KGD enzymatic activity was greater in cells grown under aerobic, respiratory growth
conditions than under anaerobic, photosynthetic conditions. Similarly, the suc4 gene was transcribed differ-
entially, leading to a greater accumulation of sucA mRNAs under respiratory growth conditions than under
photosynthetic conditions, although differential rates of mRNA decay could also contribute to the different
amounts of suc4A mRNAs under these two growth conditions. The suc4 promoter was located about 4 kb
upstream of the 5’ end of the sucA gene, and transcripts greater than 9.5 kb hybridized to a sucA probe,
suggesting the presence of an operon that produces a polycistronic mRNA. Thus, these genes seem to be
expressed as an unstable primary transcript, and we speculate that posttranscriptional processes control the

stoichiometry of KGD proteins.

Rhodobacter capsulatus is a purple nonsulfur phototrophic
bacterium capable of growth by a number of different meta-
bolic processes, including aerobic respiration and anaerobic
photosynthesis (21, 22). During aerobic respiratory growth, R.
capsulatus uses the citric acid cycle (CAC) to produce reducing
equivalents for ATP synthesis by oxidative phosphorylation (4,
12). When the oxygen tension in the growth environment drops
below a critical concentration, cells of R. capsulatus respond by
modification of metabolic pathways and synthesis of differen-
tiated membrane structures for photosynthetic energy trans-
duction (14). Although the photosynthetic physiology has been
much studied, little is known of the regulation of aerobic me-
tabolism in R. capsulatus.

The KGD enzyme complex catalyzes the oxidative decarbox-
ylation of a-ketoglutarate to succinyl coenzyme A (succinyl-
CoA), which links the tricarboxylic acid branch (conversion of
oxaloacetate plus acetyl-CoA to a-ketoglutarate) to the dicar-
boxylic acid branch (conversion of succinyl-CoA to oxaloac-
etate) of the CAC. It has been reported that the activities of
KGD and other enzymes involved in respiration, although
present, are lower in cultures of R. capsulatus grown under
anaerobic photosynthetic growth conditions than under aero-
bic conditions (4, 12). These changes in KGD and other respi-
ratory enzyme activities suggest that although the CAC func-
tions under photosynthetic growth conditions, its activity is
reduced because it is required only for the generation of bio-
synthetic precursors.

The KGD enzyme complex has been purified from several
eukaryotes and prokaryotes and is invariably composed of
three proteins: a-ketoglutarate dehydrogenase (Elo), dihydro-
lipoyl succinyltransferase (E20), and dihydrolipoamide dehy-
drogenase (E3). These three proteins form a large complex
with a molecular weight in excess of 10° and a normalized
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protein stoichiometry of 1E10:2E20:1E3 (for summaries of
a-keto acid dehydrogenase complexes, see reference 29). Ox-
ygen regulation of KGD enzymatic activity appears to be im-
portant for the modulation of CAC activity in organisms (such
as R. capsulatus and Escherichia coli) that are capable of aer-
obic and anaerobic growth, and the KGD activity generally
reflects overall CAC activity and respiration (4, 12, 35, 38).

The E. coli genes sucA, sucB, and Ipd (which encode the Elo,
E2o0, and E3 proteins, respectively) have been cloned and se-
quenced, and their structures, as well as aspects of their regu-
lation of expression, have been elucidated in a series of elegant
publications by Guest and colleagues (25). The sucAB operon
gives rise to a dicistronic mRNA, although some transcripts
also encode adjacent CAC genes, and a sucAB promoter is
located within 250 bases of the 5" end of the sucA gene (37).
Two transcripts initiated from the sucAB promoter were de-
tected. One is long enough to comprise the sucAB genes (ca.
4.4 kb). The second is longer and, in addition to the sucAB
genes, encodes the downstream sucC and sucD genes (which
encode the B and o subunits of succinyl-CoA synthetase, re-
spectively [37, 38]). The Ipd gene is part of the aceEFIpd (pyru-
vate dehydrogenase) operon, which is not closely linked to the
sucAB locus (25).

As part of a study of the oxygen regulation of respiratory
enzyme genes in R. capsulatus, we have initially focused on the
KGD complex. In this paper, we present the R. capsulatus Elo,
E20, and E3 protein sequences as predicted from the sucA,
sucB, and Ipd gene sequences and show that the transcriptional
organization of these genes is different from that in other
species. We also present data which show that transcription
initiation of the sucA gene (and presumably of sucB and Ipd) is
influenced by the levels of oxygen in the culture medium and
that this difference in transcription corresponds to steady-state
sucA mRNA levels and the activity of the KGD enzyme com-
plex. This oxygen regulation of sucA is independent of the
previously described RegB-RegA sensor kinase/response reg-
ulator system (2, 18).
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MATERIALS AND METHODS

Bacterial strains and plasmids. The following R. capsulatus strains have been
described: the wild-type strain B10 (40); the phage-free, rifampin-resistant de-
rivative of B10, SB1003 (36); the KGD ™~ mutant KGD11 (5); the reg4 derivative
of SB1003, MSO01 (33); and the regB derivative of SB1003, JS9 (18, 27). The E.
coli strains used for cloning and subcloning and as plasmid donors in conjuga-
tions were C600 r~ m™ (7), JM83 (43), SM10 (34), and MC1061 (9). Strain
HB101(pRK2013) (13) was used as the helper strain in some conjugations, and
DHS5aF’ (Gibco BRL) was the host when single-stranded DNA was produced for
sequencing. Plasmids pTZ18U and pTZ19U (24), pRK415 (19), pXCAG601 (1),
and pLAFRI1 (16) were used.

Growth conditions. E. coli strains were routinely grown in Luria-Bertani me-
dium (31). All R. capsulatus strains were grown on minimal RCV or complex
YPS medium (4, 40). Media used for the growth of R. capsulatus KGD11 were
deoxygenated by storage in BBL GasPak jars (Becton Dickinson) for at least 1
day before use.

The conditions for high aeration and photosynthetic growth of R. capsulatus
strains were essentially as described previously (42), except that the cultures were
started from low-oxygen precultures (20).

Antibiotics were added when appropriate to the following concentrations:
ampicillin, 200 pg/ml (E. coli); kanamycin, 10 pg/ml (E. coli and R. capsulatus)
or 70 wg/ml (during preparation of single-stranded DNA for sequencing); tet-
racycline, 10 pg/ml (E. coli) or 0.5 wg/ml (R. capsulatus). Succinate at 5 mM was
used as a growth supplement for strain KGD11. The E. coli and R. capsulatus
strains were grown at 37 and 34°C, respectively, and culture densities were
measured with a Klett-Summerson photometer fitted with a no. 66 (red) filter.

Transformation and conjugation. E. coli cells were made competent by the
CaCl, method and transformed as described previously (23). Plasmid DNA was
introduced into R. capsulatus strains by either triparental (13) or biparental (34)
conjugations with E. coli donors; recipient cells were purified by streaking onto
RCYV agar plates supplemented with the appropriate antibiotics. The conjugative
transfer of pLAFR1 from E. coli into R. capsulatus occurs at a frequency of 10~
to 1072

Differentiation between complementation in trans and recombination. Conju-
gation was allowed to occur overnight under anaerobic photosynthetic conditions
in BBL GasPak jars where the cell suspension was spotted onto 13-mm-diameter,
0.45-pm-pore-size Millipore filters on RCV agar plates supplemented with 0.1%
glucose (for the fermentative growth of E. coli) and succinate. The filters carrying
the conjugated cells were used to inoculate 21-ml screw-cap tubes filled with
deoxygenated RCV medium supplemented with tetracycline. After tetracycline-
resistant KGD11 exconjugants had arisen, dilutions were spread on duplicate
plates of RCV medium containing tetracycline. One plate was incubated under
aerobic conditions to select for the KGD™" phenotype, and the second plate was
incubated photosynthetically to allow both KGD ™ and KGD™ cells to grow. The
colonies that arose were counted, and the number of colonies on the aerobically
incubated plate was compared to the number on the photosynthetically incu-
bated plate. If the number of aerobically competent (KGD™) cells was similar to
the number arising on photosynthetic plates, frans complementation was as-
sumed. Where the number of colonies on aerobic plates was much smaller than
that on photosynthetically incubated plates (KGD™ and KGD ~; typically =1%)
and this number increased over a 5-day incubation period (usually to ~20%), the
plasmid being tested was credited with allowing recombination to take place. If
few of the cells spread formed colonies (~107°, due to reversion of the KGD11
mutation) under aerobic conditions, it was assumed that neither recombination
nor complementation was possible with the plasmid being tested.

DNA sequence analysis. Nested deletions were created with the New England
Biolabs Exo-Size deletion kit. The S1-S2 DNA fragment (see Fig. 1) was sub-
cloned into pTZ19U in both orientations, so that unique 5’ and 3’ restriction
enzyme sites existed adjacent to the universal sequencing primer site, and these
sites were used to initiate deletion fragments. Gaps in sequences were filled by
use of oligonucleotide primers complementary to sequences obtained with the
universal primer or by restriction enzyme digestion to eliminate sequenced por-
tions of individual clones of interest.

Computer analysis of the sequence data was performed with the Geneworks
2.45 software package (IntelliGenetics, Inc.) as well as BLAST analysis through
the National Center for Biotechnology Information (WWW URL, http://www
.ncbi.nlm.nih.gov), and the free energy of formation of RNA stem-loop struc-
tures was calculated by the method of Zuker and Turner (WWW URL, http:/
www.ibc.wustl.edu/~zuker/rna/form1.cgi).

RNA isolation, blotting, and hybridization. High-oxygen and anaerobic pho-
tosynthetic cultures of R. capsulatus B10 were grown to late logarithmic phase
(ca. 8 X 10% CFU/ml), the cells were pelleted by centrifugation through an ice
slurry, and total RNA was extracted with 65°C water-saturated unbuffered phe-
nol as previously described (39). In some experiments, a guanidine isothiocya-
nate method was used for RNA isolation (11).

Samples containing 20 pg of RNA were ethanol precipitated, resuspended in
10 wl of RNA resuspension buffer, denatured, and subjected to formaldehyde gel
electrophoresis as described previously (30). The gels were rinsed for 5 min in
distilled H,O, photographed on a UV light transilluminator to determine the
position and quality of the various RNA species with respect to the molecular
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size markers (0.24- to 9.5-kb RNA ladder), and then equilibrated in two changes
of 0.5X Tris-borate-EDTA (TBE) buffer (31) for 25 min at room temperature.

The RNA was transferred to Bio-Trans nylon membranes (prewetted in 0.5X
TBE buffer) by electroblotting in 0.5X TBE buffer at 20 V for about 16 h
followed by 80 V for 2 h. The buffer was cooled with a water circulation coil
during the transfer. The membrane was soaked in 5X SSPE (1Xx SSPE is 0.18 M
NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7]) (31), the membranes and
gels were photographed on a UV transilluminator to confirm efficient transfer,
and the RNA was fixed to the membrane by being baked in a vacuum oven at
80°C, followed by a 10-min UV cross-linking step. The membranes were prehy-
bridized for a minimum of 2 h at 42°C in 20 ml of 5X SSPE-0.3% sodium dodecyl
sulfate-50% formamide-100 pg of sheared salmon sperm DNA per ml. The
prehybridization solution was replaced with 3 ml of fresh solution, to which was
added approximately 50 ng of alkali-denatured 3?P-labelled sucA-specific DNA
probe (labelled by the random oligonucleotide primer method [15]).

Hybridization was carried out overnight at 42°C, after which the membranes
were washed three times for 7 min each in 200 ml of 2X SSPE-0.1% sodium
dodecyl sulfate at 45°C and then used to expose X-ray film at —80°C with an
intensifying screen.

Densitometer scans of RNA blot autoradiograms. The intensities of the signals
detected on RNA blot autoradiograms were determined by scanning defined
areas (0.2 to 10 kb) over each lane with a Molecular Dynamics densitometer. The
data were obtained with the ImageQuant V.3.0 Fast Scan software package with
integration over the entire exposed area of the lane.

RNA pulse-labelling experiments. High-oxygen and photosynthetic cultures
(20 ml) of R. capsulatus B10 were grown to ca. 7.4 X 10° CFU/ml. The cultures
were pulsed with 1.2 mCi of [5,6-*H]uridine (37.6 mCi/mmol, 1.0 mCi/ml) for 2
min. Following the pulse, the cells were pelleted and total RNA was isolated as
described above. The specific incorporation of labelled uridine into RNA was
determined by precipitation of 0.6 to 1.5 ug of RNA in ice-cold 10% trichloro-
acetic acid (TCA), collection of the precipitate on fiberglass filters (no. 25;
Schleicher & Schuell), and counting of radioactive decay in a toluene-based
scintillation fluid. The amounts of radioactivity were normalized to RNA con-
centrations, which were determined by measurement of absorption at 260 nm.
The specific activities of the RNA preparations from aerobically grown cultures
ranged from 6.2 X 10* to 2.2 X 10° cpm pg of RNA™!, and those from photo-
synthetically grown cultures ranged from 2.9 X 10* to 5.7 X 10* cpm pg of
RNA™L

Single-stranded phage DNA containing the EcoRV-BamHI segment of the
sucA gene (see Results and Discussion), either complementary (in pTZ18U) or
noncomplementary (in pTZ19U) to the sucA transcript, was spotted in 0.5-, 1.0-,
and 2.0-ng amounts onto 0.45-wm-pore-size nitrocellulose filters. The filters
were allowed to air dry before being baked in a vacuum oven at 80°C for 2 h.
Each set of complementary- and noncomplementary-strand DNA-spotted filters
was placed into screw-cap vials (19 by 65 mm) and prehybridized for 2 h in 5 ml
of prehybridization solution as described above (yeast tRNA was substituted for
sheared salmon sperm DNA). The prehybridization solution was replaced with
2.1 ml of fresh solution to which was added the entire pulse-labelled RNA
preparation (24 to 59 pg of total cellular RNA). Hybridization took place
overnight at 42°C, the filters were washed as described above and air dried under
a 150-W flood lamp for 6 h, and radioactive decay events were counted over a
10-min period. The counts resulting from hybridization to the noncomplemen-
tary probe were subtracted from the values obtained with the complementary
probe to yield net values of radioactive sucA-specific RNA. Portions of 50 pl
(before addition of the probe) and 10 pl (after hybridization) of the hybridization
liquid were withdrawn, and the RNA in these samples was TCA precipitated,
collected, and counted as a control to ensure that the RNA was not degraded
during hybridization (extensive degradation would have significantly reduced the
number of TCA-precipitable counts, which was not observed).

Enzyme assays. For KGD assays, R. capsulatus cultures (20 ml) were grown
and cells were harvested as described for RNA isolation (omitting the ice slurry).
Cell pellets were resuspended in 1.0 ml of 50 mM KPO, buffer (pH 7.0) and
disrupted by sonication. Sonicated cells were centrifuged for 1 min at 15 600 X
g to remove intact cells and large membrane particles, and the supernatant fluids
were used for KGD enzyme assays as described previously (5). Enzyme activities
were normalized to the protein contents of the extracts as determined by a
modified Lowry method (28) with bovine serum albumin as a standard, and units
were expressed as the net number of («KG-dependent) nanomoles of NADH
produced per minute per milligram of protein.

Cells used for B-galactosidase assays were resuspended in 1 ml of Z buffer (26)
and disrupted by sonication, and extracts were cleared of cell debris as described
above. The B-galactosidase activities in cleared cell extracts were assayed by
continuous measurement of the rate of o-nitrophenyl-B-p-galactopyranoside
(ONPG) cleavage as previously described (41). B-Galactosidase activities were
normalized to the total protein content in the extracts as described above, and
units were expressed as nanomoles of ONPG cleaved per minute per milligram
of protein.

Other methods. The R. capsulatus B10 gene library was prepared by EcoRI
partial digestion of chromosomal DNA which was size fractionated by agarose
gel electrophoresis to obtain fragments of 15 to 25 kb, ligated with the cosmid
vector pLAFR1, packaged in vitro, and used to infect E. coli MC1061.
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CONSTRUCT  VECTOR R. CAPSULATUS COMPLEMENTATION/
SEQUENCES RECOMBINATION
IN KGD11
El s|1 1|31 BI2 1|1V Ic slz E2
pFDI pLAFR1 | Complementation

Sl] slz
pRK415::14a pRK415 | | Recombination

s1 c
pRK415::S-C pRK415 |:| Recombination

s1
pRK415::S-RV pRK415 |:| Neither

B2 s2

pRK415:S-B pRK415 |: Neither

FIG. 1. Diagrammatic representation of the R. capsulatus DNA segments used in complementation/recombination assays with the KGD ™ mutant strain KGD11.
Additional restriction sites used in subcloning experiments are also indicated. Restriction sites are represented as follows: E1 and E2, EcoRI; S1 and S2, SstI; B1 and

B2, BamHI; RV, EcoRV; C, Clal.

Routine molecular biology techniques were carried out as described previously

(31).
Nucleotide sequence accession number. The R. capsulatus sucAB Ipd sequence
has been deposited in GenBank and assigned accession no. U84577.

RESULTS AND DISCUSSION

Cloning and sequencing of the R. capsulatus sucA gene and
flanking sequences. The R. capsulatus B10 gene library was
mobilized into the KGD™ strain KGD11, and a selection for
aerobic growth of this mutant strain (which is incapable of
aerobic growth on CAC intermediates) was used to identify
cosmids that complemented the KGD ™~ phenotype. Two dif-
ferent cosmid clones were found to complement in frans the
KGD™ phenotype in KGD11. An EcoRI digestion of both
cosmids produced a pattern suggesting that they contained
overlapping segments of DNA and differed in the amount of
flanking sequences. The smaller cosmid, containing a 15-kb
insert of R. capsulatus DNA, was chosen for further studies and
designated pFDI (Fig. 1). Complete EcoRI digestion of pFDI
generated six fragments, none of which individually comple-
mented the KGD ™ phenotype after subcloning in pRK415 and
conjugation into strain KGD11. However, it was observed that
a 12-kb SstI fragment (in plasmid pRK415::14a) and an 8-kb
SstI-Clal fragment (in pRK415::S-C) rescued the KGD ™ phe-
notype at a much lower frequency than did the original pFDI
plasmid (Fig. 1). Furthermore, the number of KGDI11
(pRK415::14a) and KGD11(pRK415::S-C) colonies that
arose on aerobically incubated plates increased to approxi-
mately 20% of the number of colonies that grew photosyn-
thetically over a 5-day incubation period (the reversion fre-
quency of KGD11 in these experiments was 1.9 X 107°).

These results led us to conclude that plasmids pRK415::14a
and pRK415::S-C contain the wild-type sequence and sufficient
flanking DNA to allow replacement by homologous recombi-
nation of the mutation in KGD11. However, the lack of trans
complementation implied that parts of the gene mutated in
KGD11 and/or parts of its regulatory sequences were missing
on the subcloned fragments.

Since plasmid pRK415::S-C, but not pRK415::S-RV or
pRK415::S-B, restored aerobic growth to KGD11 through re-
combination (Fig. 1), we suspected that the ca. 0.9-kb region

between, or a sequence very close to the BamHI (B2) and
EcoRV (RV) sites contained the mutation that caused the
KGD11 phenotype. Sequencing of the B2-RV region revealed
a nucleotide sequence with homology to previously sequenced
sucA genes. Thus, the KGD11 strain probably has a mutation
of the sucA gene, which accounts for the loss of KGD activity.

The DNA regions flanking the B2-RV restriction sites were
sequenced and found to contain a 989-codon open reading
frame with 43% amino acid sequence identity to the sucA-
encoded Elo protein of E. coli. The 2,970-bp R. capsulatus
sucA gene is preceded by a putative ribosome binding site
(AGGA) 7 nucleotides upstream of the proposed translation
start site, but there are no sequences compellingly indicative of
a promoter in the 50 nucleotides 5 of the ATG codon (al-
though the elements of an R. capsulatus promoter are not well
understood), and it ends with a TGA codon (see GenBank
deposition U84577). In addition to the overall 43% amino acid
sequence identity between the R. capsulatus and E. coli Elo
proteins, the R. capsulatus sequence contains regions corre-
sponding to sites of phosphorylation found in the mammalian
pyruvate dehydrogenase enzyme (underlined amino acids 431
to 444 and 483 to 495 in the R. capsulatus sequence) (Fig. 2A)
(29), as well as a region predicted to contain the binding
domain for a thiamine pyrophosphate cofactor (underlined
amino acids 402 to 430 in Fig. 2A) (17).

Sequencing of the sucA 3'-flanking region revealed the
1,238-bp sucB gene, which is separated from the sucA stop
codon by 1 nucleotide and is preceded by a putative ribosome
binding site (GGAGG) within the last two sucA codons (see
GenBank deposition U84577). The predicted sucB gene prod-
uct shares 50% amino acid sequence identity with the E. coli
E2o protein (Fig. 2B). The predicted R. capsulatus E20 protein
contains a conserved lysine residue (Lys,,) believed to be the
binding site for the lipoic acid moiety, as well as conserved
histidine (His;g5) and aspartic acid (Aspsg,) residues believed
to be in the active site (8).

Sequencing of the sucB 3'-flanking region revealed a third
open reading frame, Ipd, which is 1,364 nucleotides long, starts
128 nucleotides downstream of sucB, and encodes a protein
that shares 38% amino acid sequence identity with the E. coli
E3 protein (Fig. 2C). The R. capsulatus E3 protein contains the
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A rc Elo MNDHTPNDQFHASSFLOGANADYVEQLYAR YAADPTSVDPNWASFEESEG S0 rc Elo HNEGDEPMFTNPAMYKNTKGHKITLOQLYTERLVADGLIPEGEIEDMKAVF 548
ec Elo M-ONSALKAWLDSSYLSGANQSWIEQLYEDFLTDPDSVDANWRSTEQOLP 49 ec Elo HNEADEPSATOPLMYOKIKKHPTPRKIYADKLEQEKVATLEDATEMVNLY 509

rc Elo D;I'ELDAKRSAHGPSWARADWPPSPNDDL’I‘AAMTGEWPMPVAPKENKAAAE 100 rc Elo QAKLNEEYEAGKTFRPNKADWLDGRWKHLDRQSSRYDAGVTPISPELMAE 598
ec Elo GIGVKPDQF-HSQTR~--==~===-= EYF~- -~~~ RRL---ARD----AS 74 ec Elo RDALDAGDCVVAEWRPMNMH SFT--WSPYL NHEWD-EEYPNKVEMKRLOE 556

rc Elo KLAAAVKAAGVQVSDEATKRAVLDSIRALM IIPTYRFRGHIIADLDPLGM 150 rc Elo VGKALTSYPEDFDIHKTVARQLEAKKAMFE TGKGEDWATKEALAFGSLLA 648
ec Elo RYSSTISD----- PRTNVKQ ----- VKVLQ LINAYRFRGHOHANLDPLGL 114 ec Elo LAKRISTVPEAVEMQSRVAK IYGDRQAMAAGEKLEFDWGGAEBNLAYATLVD 606

rc Elo RSGESHPE’LDPRSYGF‘TEADMDRMIFIDN- VLGLQVASMRQILDVEKREY 199 rc Elo EGFPVRLAGQDCTRGTPSQRHSGLIDUATE ERWQLNHIK PGQAKYEVID 698
ec Elo WQQDKVADLDPSFHDL’I‘EADFQETFNVGSFASGKE’I‘!’IKLGELLEALKQTY 164 ec Elo BGIPVRLSGEDSGRGTFFHRHEAVIHNQSNG STYTELQHIHNGOGAFRVWD: 656

rc Elo (GTPALQYMHISNPEEAAWL KERTEGYGKE IAPTREGRRA ILNKLVEADG 249 rc Elo SMLSEYAVLGFEYGYSLAEPNALTLWEAGFCOFANGAQTMFDOFINSGER 748
ec Elo CGPIGAEYMHITSTEEKRWIQORTES-GRA -TENSEEKKRFLSELTAREG 212 ec Elo SVLSEEAVLAFEYGYATAEPRTLTIWEAORGDFANGAQUVIDOFISSGEQ 706

re Elo SEKFLHVKYTG‘I‘KREGDDGGEALIPAMEQI IKRGGALGLK EWIGMPI-IRG 299 rc Elo KWLRMSGLVC LLPHGFEGQG ?EHS%RLBRYLQLSAEDWIVANCS‘!‘PAN 798
ec Elo LERYDGA{{FPGAKRFSLEGGDALIPMLKEMIRHAGNSGTREVVLWAHRG 262 ec Elo WGmCGLWLLPHGYEGQGE’EHESRRLERYHQLCABQWQWVPSTPAQ 756

rc Elo RLMLLTVMEKPYRAIFHE?QGGSYKPEDVDGSGSVKY&H..GASSDRSCDG 349 rc Elo YFHILRROTHENFRKPLILMTPRSELRHPECTSTAAEFTTGSEFRRVMWD 848
ec Elo RENVLVNVLGKKPQDLEDEFAG---KHKEHLGTGDVKYHMGFSSDFOTDG 309 ec Elo VYMMLRRQAL RGMRRPLVVMSBKSELRUPLAVSSLEELANGTFLPAI--G 804

rc Elo HTVHLSLTANSSHLEAUNPVYLEKURAKQUOAHDEDRTQVESVLLHGUAX 399 rc Elo DADAQHHGNS QMTTEPDAEL SRVVMCSGKYY‘IDLLAERDKRGLEDVYILR 898
ec Blo GLVHLALAFNPSHLERIVSPVYIGSVRARLDRLDEPSSNKVLPITTHGDAA 359 ec Elo EIP------- ELDPK-- -GVKRVVMCSGKY Y¥DLLEQRRKNNOHDVAIVR 844

rc Elo FAGPGIVAECLOLEGIKGHR THGCIHIVVNNOIGFITAPHF - SRTSRYPT 448 rc Elo IEQLYPFPAHSLVTELGRFK EA-QI IWCORBPKNGGAWSF TEPNLEWVLA 947
ec Elo VTGOHGVYOETLNMSKARGYE VEGTVRIVINNOVGETTSNP LDARSTPYCT 409 ec Elo IEQLYPFPHKAMQEVLQQFAHVKDFVWCOEEPLNOGAW-YCSQHHFREVI 893

rc Elo DIALMVEART FHVNGDDPEAVVHAAKVATE FROKFHKIAW IDIFCYREFG 498 rc Elo KIGAKHGRARYAGRARSASPATGLASRHKAEGDALVODALEG- 989
ec Elo DIGKMVQAPT FHVNADDPEAVAFVTRLALD FENTEKRDVF IDLVSYRRHG 459 ec Elo PFGA---SLRYAGRPASASPAVGYMSVHOK QUODLYNDALNVE 933

B rc E20 UT--DBVMUBA LGESVAEATY S TWFKKPGOAVAODEILCEL RIDRYSVEVE 48 rc E20 LKDAQNTAAMLITYNEVDMS GVMULRNVYK DOFEKKHGVK LGRMGEFVRE 248
ec E20 MSSVBILYPDLPESVADATY ATWHKKPGDAVVRDRVIVET ETDRVVLEVE 50 ec E2o LLEAKNSTAMITTFNEVNMK PIMDLRKOYG EAFEKRHGIR L.GPMSEYVRA 241

rc E2o APZ\AGVLSEILAPBGASVAAGGRLAILAAGSARLQPPAAAAAAPAPA‘PAA 98 rc E2o CCHALKEIPEVYNAEIDGGDI IY’KNYVI-MGVRYGT?SGI:WPVVRDA&QKG 298
ec E20 ASADGILDAVLEDE@I‘TVTS ROILGRLREGNSAGKETSAK SEEKASTFAQ 100 ec E20 WEALKRYPEVNASIDGDDVVYHNYFDVSMAVSTPRGLVI‘ PVLB.DVD’I'LG 291

rc E2o PAKDVEHAPAAKKAMAEAGL TPDQVTGTGRUGRIMKEDVAAAAAAPAAAP 148 rc E2o FM—IIEREIAELGKRGRDGKLWQEMQ@QSR’I‘ISNGGVYGSIMSSPILNPP 348
ec E20 R-QQASLEEQNNDALSPA-- IRRLLAEHNL DASATKGTGVGGRLTREDVE 147 ec E20 MADIEKKIKELAVKGRDGKLIVEDLTGGNEDITNGGVFGEIMSTEIINEE 341

rc E20 APAAPAPVATAQVSIAPPPATVPRAPVPAE DAAREERVKMTRLEATIARR 198 rc E20 QSGILGMHKIQRREVVVNGO IVIRPWLSYDHRIVDQKGAV’I‘FLVRV 398

ec E20 KHLAKAPAKE----- SABAMAAP-AAQPAL AARSEKRVPMTRLRKRVAER 191 ec E20 OSATLGMHATKDRPMAVNGOVEILEMMYEALSYSHRLIDG RESVGRLVTI 391
rc E2c KEALEDPRRLIMDL 412
ec E20 KELLEDPTRLLLDV 405

C rc B3 M--AEF--DVIIIGGGRGGYVCAIRCAQLOLKTACVEGRGALGGTCINVG 46 rc E3  TVRYTLRKDE SAHAIEAEVVLVATGRKPFTKGLGLEALGVEMLPRUQVKA 285
ec B3 MMSTEIKTQYVVLGAGPAGYSAAFRCADLGLETVIVERYNTLGGVCENVG 50  ec E3  IYVTMEGKKA PAEPORYDAVLYAIGRVENGKNLDAGKAGVEVDDRGFIRV 298

rc B3 CYPSKALIHA THELHEVHEN FEKMGLME-AKVKVD----§-AK-IDGNTK 89 rc E3  DSHWATNVPGLYATIGDAIVG PMIAHKAEDE GMAVAEVIAGKHGHVNYDYT 335
ec E3  CIPSRALLHVAKVIEEAKALAEHGIVFGEP KTDIDKIRTWKEKVINQLTG 100 ec E3  DKQLRTNVEH IFATGDIVGQ PMLAHKGVHEGHVAREVIAGKKHYFDPKYVEL 348

rc E3 GIEFLFKKNKVTYLRGWGSI PAPGQVKV-GDEVHTA---KNIVIATGSES 135 rc E3 PGVIYTTPEVAAVGKTEDAL KQEGRAYKVG KFSFMGNGRB.KAVFQAEGFV 385
ec E3 GLAGMAKGRKVKVVN&LG’KFTGANTLEVEGENGKTVINFDNAIIAAGSRP 150 ec E3 PSIAYTEPEVAWVGLTEKEAKEKGISYETAT?PWAASGR&IASD(‘ADGPIT 398

rc E3  SGL¥GIEIDEQTVVTEIGALSLAKVPRSMVVIGAGVIGLELGSVYARLGA 185 rc E3  RILADAATDRILGAHIIGPSAGDMIHBICVAMEFGASAQDLALTCHANET 435
ec B3 IQLEFIPHED PRIWDSTDALELKEVPERLL YMGGGI IGLEMGTVYHALGS 200 ec E3  KLIFDKESHRVIGGATVGTNGGELLGEIGLAIEMGCDAED IALTIHAHPT 448

Tc E3  EVTYVEYLDAITEGMDAEVAKGLQRILTRQGLKFVEGAAYQGYDKAKGKN 235 rc B3 YSEAVREAR--LACGDGATHA------ 454
ec E3 QID?VEMFDQVIEAADKDIVKVFTKRISKK FNLMLETKY TAVE~AKEDG 248 ec E3  LHESVYGLAAEVFEGSITDLPNPKAKKK 475

FIG. 2. Amino acid sequence alignments between the predicted R. capsulatus (rc) proteins Elo (A), E20 (B), and E3 (C) and the corresponding E. coli (ec)
homologs. Underlined and boldface sequences are described in the text. Identical amino acids are indicated by shading, and gaps are indicated by hyphens.
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sucC sucD sucA sucB Ipd cilB

FIG. 3. Organization of sucC, sucD, sucA, sucB, Ipd, and cilB genes in rela-
tion to the fragments used for complementation/recombination and other assays.
Restriction sites are designated as for Fig. 1. Arrows indicate the approximate
sizes of genes and the direction of transcription.

ADP-binding site of flavin adenine dinucleotide (underlined
amino acids 5 to 35), the catalytic disulfide bridge (underlined
amino acids 38 to 54), the ADP-binding site of NAD™" (under-
lined amino acids 163 to 191), and the catalytic histidine
(His,33) (6).

The sucB structural gene is followed by two mutually exclu-
sive potential mRNA stem-loop structures at bases 4310 to
4345 and bases 4314 to 4341 with predicted free energies of
formation of —21.5 and —20.8 kcal/mol, respectively (see Gen-
Bank deposition U84577). Similarly, two mutually exclusive
potential mMRNA stem-loop structures are located downstream of
Ipd at bases 4310 to 4345 and bases 4314 to 4341 and are pre-
dicted to have free energies of formation of —24.5 and —23.8
kcal/mol, respectively (see GenBank deposition U84577).

The close physical association of sucA and sucB strongly
suggests that the transcription and perhaps even the transla-
tion of these two genes is coupled. Whether the stem-loop
structures predicted at the end of sucB and Ipd occur in vivo
and have a function in transcription termination, mRNA sta-
bility or processing remains to be tested.

The preliminary DNA sequence (to be reported elsewhere)
of the sucA 5’ region revealed the presence of open reading
frames with sequence homology to the sucC and sucD genes,
and a sequence homologous to cilB (citrate lyase (8 subunit)
genes was found to begin 137 nucleotides 3’ of [pd. The genetic
organization of this region of the R. capsulatus chromosome is
summarized in Fig. 3.

The observation that aerobic growth of KGD11 (pRK415::14a)
occurred only after recombination between the wild-type se-
quence on pRK415::14a and the chromosomal mutated sequence
whereas pFDI was able to complement the mutation in frans
suggested that one of the regions bordered by the EcoRI and SstI
sites (designated E1-S1 and E2-S2 in Fig. 1) is important for
expression of the sucA gene. The orientation and close proximity
of the sucA, sucB, and Ipd genes (Fig. 3), the lack of sequences
indicative of a promoter immediately upstream of sucA, and the
location and polarity of sucC and sucD, taken together, suggested
that the E1-S1 region contains a cis-active element, such as a
promoter, necessary for expression of these genes. This putative
promoter would be at least 4 kb upstream of the start of the sucA
gene. This organization is different from E. coli, in which a pro-
moter of the sucAB operon is located relatively close to the start
of the sucA gene and sucC and sucD are located downstream (25,
37, 38). Southern blots of R. capsulatus chromosomal DNA
probed with DNA fragments from pFDI indicated that the ar-
rangement of the sucA flanking regions found in pFDI is the same
as in the chromosome and is not due to a cloning artifact (data
not shown).

The complementation/recombination and DNA sequence
data, taken together with the transcriptional data (see below),
suggest that these genes are encoded by a primary transcript
that includes the sucC, sucD, sucA, sucB, and Ipd (and perhaps
cilB) genes for oxygen regulation of CAC enzymes in R. cap-
sulatus.
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FIG. 4. Autoradiogram of a blot hybridization of R. capsulatus B10 RNA.
Lanes: 1, 20 ng of RNA isolated from aerobically grown cultures; 2, 20 pg of
RNA from photosynthetically (anaerobically) grown cultures. The faint areas of
hybridization seen above and below the ca. 1.5-kb region are due to interference
from rRNA. Molecular lengths of RNA size standards are given in kilobases on
the left. The probe used was the radioactively labelled BamHI-EcoRV fragment

(Fig. 3).

Oxygen regulation of KGD activity and sucA transcripts. We
found that under the growth conditions used in this study, the
KGD enzyme specific activity in cell extracts of B10 cultures
grown with high aeration averaged 57 = 19 U, compared to
5 = 0.8 U in extracts of photosynthetically grown anaerobic
cultures, a difference of ca. 10 fold. This oxygen control of
KGD activity could result from modulation of transcription
initiation of the sucAB Ipd genes. However, since these genes
encode separate components of a multienzyme complex and
potential Elo phosphorylation sites were revealed from the
sequence analyses, there was the possibility for regulation of
KGD activity at several loci through one or more of the various
transcriptional and posttranscriptional mechanisms that have
been documented in prokaryotes.

To test for oxygen regulation of KGD activity by modulation
of the steady-state levels of sucA gene transcripts, RNA blots
were done with RNA isolated from B10 cultures grown either
with high aeration or under anaerobic, photosynthetic condi-
tions. The B2-RV fragment within sucA4 (Fig. 3) was used as a
probe in RNA blots for sucA mRNAs, and an autoradiogram
from these experiments is shown in Fig. 4. It can be seen that
RNA preparations from aerobic and photosynthetic cultures
contained molecules complementary to the probe that ranged
in length from about 0.5 to greater than 9.5 kb, although the
most intense signal was obtained from species of 1 to 3 kb.
Different methods for RNA purification yielded essentially the
same results, although these methods gave discrete bands with
other relatively stable R. capsulatus mRNAs (1, 10, 11, 33, 44).
Therefore, we interpret the results shown in Fig. 4 as being
suggestive that sucA mRNA is synthesized as a large (>9.5-kb)
primary transcript that is very unstable. This interpretation is
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TABLE 1. Hybridization of pulse-labelled total cellular RNA to a
sucA mRNA-specific probe to evaluate the frequency of initiation
of transcription of the sucA gene under high-oxygen respiratory
and anaerobic photosynthetic growth conditions

Growth Amt (ug) Hybridization” Net cpm/ug % of sucA
conditions of probe  ——— of probe” RNé/” g 9£
used A B probe (107%)
High oxygen 0.5 370 180 380
1.0 651 190 462
2.0 1,103 225 439
Net avg 81 (8.1)
Photosynthetic 0.5 126 119 14
1.0 125 113 12
2.0 155 140 7.4
Net avg 43(1.3)

@ Hybridization of *H-labelled RNA to the sucA probe; A, specific hybridiza-
tion to the complementary pTZ18U probe; B, nonspecific hybridization to the
noncomplementary pTZ19U probe.

 Determined by subtracting nonspecific hybridization from specific hybridiza-
tion and normalizing the result to 1.0 ug of probe.

¢ Results expressed as a percentage of total TCA-precipitable counts in the
hybridization mixture. Values within parentheses are standard deviations. The
ratio of high-oxygen to photosynthetic suc4A mRNA detected was 19.

consistent with the finding that a sucA promoter seemed to be
more than 4 kb upstream of the 5" end of the sucA gene (see
above) and also implies that there is sucA transcription
readthrough into the sucB, Ipd, and perhaps cilB sequences
downstream of the sucA gene. It is noteworthy that very large,
unstable primary transcripts of oxygen-regulated photosynthe-
sis gene “superoperons” exist in R. capsulatus (3).

Densitometry of autoradiograms of three independent RNA
blots similar to that in Fig. 4 showed that there were on average
seven times more sucA-encoding mRNA in cells from cultures
grown with high aeration than in photosynthetic cultures. The
steady-state levels of sucA mRNA observed in high-oxygen and
photosynthetically grown cells closely reflect the relative KGD
specific activities measured (see above), indicating that the
different KGD enzyme activities measured were due to differ-
ent amounts of the enzyme complex, which corresponded to
differences in the amounts of suc4 mRNA.

The differences in steady-state levels of sucA mRNA noted
above could have resulted from differential transcription initi-
ation or from different rates of RNA decay under the two
growth conditions. To assess the dependence of sucA mRNA
levels on differential transcription initiation, as opposed to
different mRNA degradation rates, the relative amounts of
radioactively labelled suc4 mRNA (as defined by molecules
complementary to the B2-RV sucA probe [Fig. 3]) in high-
oxygen and anaerobic photosynthetic cultures of R. capsulatus
B10 were compared following a pulse with [?H]uridine. The
results are shown in Table 1. It can be seen that sucA mRNA
comprised 81 X 107*% of labelled RNA in aerobically grown
cultures compared to 4.3 X 10~ *% in photosynthetically grown
cultures. That is, approximately 19 times more sucA mRNA
was synthesized during the pulse in aerobically grown cultures
than in photosynthetically grown cultures. The two cultures
had the same growth rates and yielded similar amounts of total
RNA, and so it seems that a major determinant of the steady-
state level of sucA mRNA is the frequency with which tran-
scription of the sucA gene initiates. Since there appeared to be
a sevenfold difference in steady-state suc4A mRNA levels in
RNA blot experiments and a 19-fold difference in the levels in
pulse-label experiments, it would seem that suc4A mRNAs have
different rates of decay under the two conditions of growth.
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B-GALACTOSIDASE

PLASMID SPECIFIC ACTIVITY
STRAIN REPRESENTATION PS HIGH O, H/P
B10 246 882 36
(pSUCA) El SI B2 (64) (68)
B10 A4 ] 49 6.0 12
(pSUCAAP) Sl B2 (0.6) 0.8)
SB1003 51 352 6.9
(pSUCA) 19) (154)
SB1003 10 0.2 0.2
(pSUCAAP) 0.2) ©.1)
189 64 460 7.2
(pSUCA) (14) (42)
1S9 0.2 0.4 2.0
(pSUCAAP) 0.2) 0.2)
MSO01 41 307 7.5
(pSUCA) (10) (32)
MSO01 0.4 0.3 0.8
(pSUCAAP) 0.6) 0.2)

FIG. 5. B-Galactosidase specific activities in extracts of cells containing
sucA':'lacZ fusions. B10 is the parent of KGD11; SB1003 is the parent of reg
mutant strains; JS9 is the regB mutant strain derived from SB1003; MSO01 is the
regA mutant strain of SB1003. Fusion constructs are as represented, where the
hatched box represents the sucA’ gene of R. capsulatus followed by the 'lacZ
allele. The approximate location of the putative sucA promoter is indicated by
the arrow. Restriction sites are represented as follows: E1, EcoRI; S1, SstI; B2,
BamHI. B-Galactosidase specific activity is expressed as nanomoles of ONPG
cleaved per minute per milligram of protein; the values in parentheses are
standard deviations for three independent assays. PS, photosynthetic cultures;
high O,, aerobic cultures. H/P, ratio of aerobic to photosynthetic B-galactosidase
specific activities.

Although this possibility is worthy of additional investigation,
we interpret the [*H]uridine pulse results as only a semiquan-
titative index of sucA induction, mainly because the net values
of radioactive sucA mRNA obtained from photosynthetically
grown cultures were so low. To further evaluate this oxygen
regulation, we measured the degree of oxygen induction of
sucA':'lacZ gene fusions as an independent method for as-
sessment of sucA gene transcription initiation.

Oxygen control of expression of sucA'::'lacZ gene fusions.
Two translationally in-frame gene fusions between the sucA' gene
and the 'lacZ allele of pXCA601 were engineered (Fig. 5). The
plasmid pSUCA contains 4 kb of R. capsulatus DNA upstream of
the B2 fusion site, including the sequences located between the
E1 and S1 restriction sites that were required for complementa-
tion in trans of the KGD™ phenotype of strain KGD11 (Fig. 1).
Plasmid pSUCAAP contains the same sucA'::'lacZ fusion joint as
pSUCA, but the region between the E1 and S1 sites (which was
presumed to contain the sucA promoter) is absent. These two
plasmids were conjugated into strain B10, and the specific
activities of B-galactosidase in extracts of cells grown with high
aeration or photosynthetically were determined. The results
obtained (Fig. 5) show that relatively large amounts of
B-galactosidase were produced when the DNA region between
the E1 and S1 sites was present. In contrast, ca. 2% of these
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activities was produced from the plasmid from which these
sequences are absent. These findings are consistent with the
KGD11 complementation results, and the simplest interpreta-
tion is that a promoter of the sucA gene is located between the
E1 and S1 sites.

The B10(pSUCA) B-galactosidase specific activities in-
creased with increased culture aeration, and the ratio of aver-
age high-oxygen to anaerobic photosynthetic specific activities
obtained was 3.6. This indicates that the activity of the sucA
promoter is regulated by O,, in support of the conclusions
drawn from the RNA studies. However, the magnitude of
oxygen regulation was not as great (see above). This could be
due to several reasons, including plasmid copy number effects
or different stabilities of the native sucA and sucA'::'lacZ gene
fusion mRNAs.

The regB and regA genes recently discovered in R. capsulatus
are believed to encode proteins of a “two-component” sensor
kinase/response regulator system required for anaerobic acti-
vation of the puf, puh, and puc promoters of photosynthesis
gene operons (2, 18, 27). Since the sucA gene promoter is also
modulated by O, availability (although inversely, relative to
the photosynthesis genes controlled by the RegB/RegA sys-
tem), it was of interest to evaluate the effects of reg4 and regB
mutations on expression of the sucA4 gene. Therefore, the 3-ga-
lactosidase activities in extracts of the R. capsulatus parental
strain SB1003 and the mutant MS01 (reg4) or JS9 (regB) con-
taining either of the sucA'::'lacZ fusion plasmids (pSUCA or
pSUCAAP) were measured under the same conditions of ox-
ygen availability used in the experiments with the wild-type
strain B10. The results, shown in Fig. 5, indicate that transcrip-
tion of the sucA gene is not affected by RegA and RegB, since
the B-galactosidase activities in both mutant strains were
equivalent to that in the parental wild-type strain SB1003 un-
der the conditions tested. Strain SB1003 yielded lower absolute
B-galactosidase activities and a greater H/P ratio than did B10,
which we attribute to strain differences. Therefore, oxygen-
dependent modulation of sucA transcription initiation is con-
trolled by a process independent of the RegB/RegA sensor
kinase/response regulator system.

Concluding remarks. This paper reports the cloning and
sequencing of the R. capsulatus sucA, sucB, and Ipd genes,
which encode the Elo, E20, and E3 components of the KGD
complex, respectively, and the use of the cloned sucA gene to
evaluate mechanisms operative in oxygen control of KGD ac-
tivity. The DNA sequence of the sucA 3’'-flanking region re-
vealed the close linkage and order of the sucAB Ipd genes. The
gross organization of the sucA gene with respect to the position
of its promoter (and/or essential cis-active control sequences)
in R capsulatus appears to be different from that in other
bacteria, because these sequences in R. capsulatus are located
at least 4 kb upstream of the 5’ end of the sucA structural gene.
Preliminary data reveal the presence of sucC and sucD genes
between sucAB Ipd and the promoter, as well as the location of
the downstream cilB gene (Fig. 3). The DNA sequence, RNA
blot, and lacZ fusion data indicate that the sucA gene is ex-
pressed as part of a large (>9.5-kb) primary transcript which is
rapidly degraded to give smaller segments. Our results indicate
that regulation of transcription initiation is the primary mech-
anism for modulation of KGD activity and perhaps of the
overall activity of the CAC in response to the environmental
signal of O, concentration. There could also be different rates
of decay of mRNA segments under aerobic respiratory relative
to anaerobic photosynthetic growth conditions, although we
did not directly address this possibility. However, the different
stoichiometries of Elo, E20, and E3 in the KGD complex (29)
invite speculation that in R. capsulatus this stoichiometry is
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achieved by differential decay rates of segments of a primary
transcript that contains sucA, sucB, and Ipd.

The R. capsulatus RegB/RegA sensor kinase/response regu-
lator system does not regulate transcription initiation at the
sucA promoter, which indicates that oxygen control of photo-
synthesis and CAC genes is carried out by separate, indepen-
dent systems. Our cloning of these CAC genes and location of
cis-active oxygen control sequences open the door to more
detailed genetic and biochemical analyses of the processes
required for the regulation of respiratory metabolic pathways
in response to changes in O, concentration.
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