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Thermoproteus neutrophilus, a hyperthermophilic, chemolithoautotrophic, anaerobic crenarchaeon, uses
a novel autotrophic CO, fixation pathway, the dicarboxylate/hydroxybutyrate cycle. The regulation of the
central carbon metabolism was studied on the level of whole cells, enzyme activity, the proteome, tran-
scription, and gene organization. The organism proved to be a facultative autotroph, which prefers organic
acids as carbon sources that can easily feed into the metabolite pools of this cycle. Addition of the
preferred carbon sources acetate, pyruvate, succinate, and 4-hydroxybutyrate to cultures resulted in
stimulation of the growth rate and a diauxic growth response. The characteristic enzyme activities of the
carbon fixation cycle, fumarate hydratase, fumarate reductase, succinyl coenzyme A (CoA) synthetase, and
enzymes catalyzing the conversion of succinyl-CoA to crotonyl-CoA, were differentially downregulated in
the presence of acetate and, to a lesser extent, in the presence of other organic substrates. This regulation
pattern correlated well with the differential expression profile of the proteome as well as with the
transcription of the encoding genes. The genes encoding phosphoenolpyruvate (PEP) carboxylase, fuma-
rate reductase, and four enzymes catalyzing the conversion of succinyl-CoA to crotonyl-CoA are clustered.
Two putative operons, one comprising succinyl-CoA reductase plus 4-hydroxybutyrate-CoA ligase genes
and the other comprising 4-hydroxybutyryl-CoA dehydratase plus fumarate reductase genes, were diver-
gently transcribed into leaderless mRNAs. The promoter regions were characterized and used for isolating
DNA binding proteins. Besides an Alba protein, a 18-kDa protein characteristic for autotrophic Thermo-
proteales that bound specifically to the promoter region was identified. This system may be suitable for

molecular analysis of the transcriptional regulation of autotrophy-related genes.

Thermoproteales and Desulfurococcales constitute two
branches of mostly anaerobic sulfur-metabolizing thermophilic
crenarchaea that have been isolated from different volcanic
sites (see, e.g., references 24 and 44). They are mostly chemo-
lithoautotrophs and use a new autotrophic CO, fixation cycle,
as studied in Ignicoccus hospitalis, Pyrolobus fumarii (Desulfu-
rococcales) (14, 27, 30), and Thermoproteus neutrophilus (Ther-
moproteales) (6, 46, 49, 50, 51, 57). This autotrophic dicarboxy-
late/hydroxybutyrate cycle uses pyruvate synthase and
phosphoenolpyruvate (PEP) carboxylase to convert acetyl co-
enzyme A (acetyl-CoA) plus two CO, molecules into succinyl-
CoA (27, 46) (Fig. 1). The CO, acceptor molecule acetyl-CoA
is regenerated by converting succinyl-CoA via 4-hydroxybu-
tyrate to two acetyl-CoA molecules. Thus, one additional
acetyl-CoA molecule is formed as the starting material for the
biosynthesis of cellular building blocks. The regeneration of
acetyl-CoA from succinyl-CoA proceeds via the same route as
in the autotrophic hydroxypropionate/hydroxybutyrate cycle
operating in aerobic Sulfolobales (12, 13, 14, 28, 29) and uses
the characteristic enzyme 4-hydroxybutyryl-CoA dehydratase
(20, 38).

Knowledge of the regulation of autotrophy as well as of the
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central carbon metabolism in Archaea, and especially in Ther-
moproteales, is rather limited (67). In Thermoproteus tenax, the
genes encoding anabolic PEP synthase, phosphoglycerate ki-
nase, and the classical phosphorylating glyceraldehyde 3-phos-
phate dehydrogenase, as well as the putative genes encoding
fumarate reductase, are upregulated in autotrophically grown
cells (19, 61, 68). In contrast, the formation of the catabolic
nonphosphorylating glyceraldehyde 3-phosphate dehydroge-
nase (GAPN) is controlled by the cell energy charge and by
intermediates of glycolysis and glucan polymer degradation
(18, 36).

Thermoproteus neutrophilus, as whole-cell studies and en-
zyme activity studies with cell extracts have shown, is a facul-
tative autotroph that actually prefers some organic acids as
carbon sources when they become available (46, 49, 50, 51).
14C- and 'C-labeling studies have shown that organic sub-
strates enter the CO, fixation cycle and are incorporated into
central building blocks according to the positions of the com-
pounds in the cycle (Fig. 1). For instance, the incorporation of
acetate dramatically influences the activity of autotrophy-re-
lated enzymes, causing a shutdown of the cycle (46).

The marked regulation of 7. neutrophilus and the availability
of its genome sequence (http://jgi.doe.gov/) designate it as a
good model for studying the regulation of the central carbon
metabolism in Archaea. This prompted us to investigate in
detail the whole-cell behavior of this organism, the regulation
of enzyme activities in response to the added organic carbon
source, and the transcriptional regulation of autotrophy-re-
lated genes.
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FIG. 1. The autotrophic dicarboxylate/hydroxybutyrate cycle in 7. neutrophilus. Arrows indicate where organic substrates feed into intermediate
pools. Circled numbers represent enzymes as follows (electron carriers are given in parentheses): 1, pyruvate synthase (reduced methyl viologen
[MVY]); 2, pyruvate:water dikinase; 3, PEP carboxylase; 4, malate dehydrogenase (NADH); 5, fumarate hydratase; 6, fumarate reductase (reduced
MV); 7, succinyl-CoA synthetase (ADP forming); 8, succinyl-CoA reductase (NADPH); 9, succinic semialdehyde reductase (NADPH); 10,
4-hydroxybutyrate-CoA ligase (AMP forming); 11, 4-hydroxybutyryl-CoA dehydratase; 12, crotonyl-CoA hydratase; 13, (S)-3-hydroxybutyryl-CoA
dehydrogenase (NAD™); 14, acetoacetyl-CoA B-ketothiolase. Fd, 4, reduced ferredoxin. Reactions 12 and 13 are catalyzed by a bifunctional

enzyme. MV may replace ferredoxin as an electron carrier.

MATERIALS AND METHODS

Materials. Chemicals were obtained from Fluka (Neu-Ulm, Germany), Sigma-
Aldrich (Deisenhofen, Germany), Qiagen (Hilden, Germany), GE Healthcare
(Munich, Germany), VWR (Darmstadt, Germany), and Roth (Karlsruhe, Ger-
many).

Cell material and growth conditions. Thermoproteus neutrophilus (DSM 2338)
was a kind gift of K. O. Stetter and H. Huber from the culture collection of the
Lehrstuhl fiir Mikrobiologie, Universitdt Regensburg. It was grown anaerobically
and autotrophically on a defined mineral medium with elemental sulfur under
gassing with a mixture of 80% H, and 20% CO, (vol/vol) at 85°C and pH 6.8, as
described in reference 49. For comparative studies, cells were grown under the
same conditions with the addition of 7 mM acetate, 4-hydroxybutyrate, succinate,
pyruvate, bL-malate, fumarate, or glycerol. Cells were harvested in the exponen-
tial-growth phase (approximately 1 X 10° cells per ml) by centrifugation and
were stored at —70°C until use. Diauxic growth experiments were carried out in
a 10-liter glass fermentor. For the determination of total enzyme activity, the
cells were grown autotrophically up to a cell density of 3.5 X 108 per ml, and then
5 mM acetate was added.

Preparation of cell extracts. Cell extracts were prepared under anoxic condi-
tions. Cells were suspended in an equal amount of 10 mM Tris-HCI buffer (pH
7.8), and the cell suspension was passed through a chilled French pressure cell at
137 MPa. The lysate was ultracentrifuged for 1 h (100,000 X g, 4°C), and aliquots
of the supernatant (cell extract) were stored anoxically at —70°C until use.
Protein was determined by the Bradford method (16) using bovine serum albu-
min as the standard.

Enzyme measurements. Spectrophotometric enzyme assays (with a 0.5-ml
assay mixture) were performed in 0.5-ml glass cuvettes at 65°C unless otherwise

indicated. Anoxic assays were conducted with N, as the headspace. Reactions
involving NAD(P)H were measured spectrophotometrically at 365 nm (exapy =
34 X 10° M™' em™!; egappy = 3.5 X 103 M™! em™!) (15). Reactions with
methyl viologen (MV) were measured at 578 nm (gypy = 9.7 X 10° M~ em™1)
(69).

Pyruvate:acceptor oxidoreductase (EC 1.2.7.1) was measured anoxically in a
mixture containing 100 mM potassium phosphate buffer (pH 7.5), 5 mM MgCl,,
4 mM dithiothreitol (DTT), 4 mM MV, 1 mM CoA, and cell extract. Dithionite
was added by syringe until a permanent faint bluish color was obtained. The
addition of pyruvate (3 mM) started the reaction.

Fumarate hydratase (EC 4.2.1.2), fumarate reductase (EC 1.3.99.1), succinyl-
CoA synthetase (EC 6.2.1.5), succinyl-CoA reductase (EC 1.2.1.-), succinic semi-
aldehyde reductase (E. C. 1.1.1.-), 4-hydroxybutyrate-CoA ligase (EC 6.2.1.-),
and 4-hydroxybutyryl-CoA dehydratase (EC 4.2.1.-) were measured as described
previously (46).

RT-PCR. Total RNA from 200 mg cells (wet mass) grown autotrophically or
grown on acetate and CO, was used for reverse transcription-PCR (RT-PCR).
RNA was extracted using the TRIzol reagent (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s instructions. To remove any genomic DNA
present in the samples, 10 pg RNA was treated with 10 U RNase-free DNase I
(Fermentas, St. Leon-Rot, Germany) for 30 min at 37°C according to the man-
ufacturer’s instructions. RNA was purified by phenol-chloroform-isoamyl alcohol
extraction and was resuspended in diethylpyrocarbonate-treated water as de-
scribed previously (4). RNA concentrations were determined by dilution in water
at 260 nm using a Varian Cary 100 Bio UV-vis spectrophotometer. Complete
removal of genomic DNA from RNA preparations was verified by amplifying a
noncoding region of the genome with cDNA as the template, as follows. Fifty
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nanograms of purified total RNA was used to prepare cDNA by using the
Sensiscript reverse transcriptase kit (Qiagen) and 10 mM random hexamers for
random priming (Applied Biosystems, Darmstadt, Germany). RT-PCR was per-
formed according to the manufacturer’s instructions. Gene expression was stud-
ied by amplification of gene fragments with cDNA as the template. For analysis
of the transcription level, cDNA was diluted in water up to 1,000-fold. PCRs
were performed with equal volumes of diluted cDNA (2 pl/50-pl reaction mix-
ture), and the products were analyzed via agarose gel electrophoresis (4). The
sequences of the primers used are shown in Table S1 in the supplemental
material.

Mapping of the 5’ end of mRNA via primer extension. The transcriptional start
sites of the scr and 4hbd genes, encoding succinyl-CoA reductase and 4-hydroxy-
butyryl-CoA dehydratase, respectively, were analyzed by primer extension.
DNA-free total RNA was prepared from autotrophically grown cells as described
above for RT-PCR. Primer extension reactions were performed using the primer
extension system with avian myeloblastosis virus (AMV) reverse transcriptase
(Promega, Mannheim, Germany). The corresponding 5’-Cy5-labeled primer (0.2
pmol) was annealed with total RNA (40 pg) and extended with the reverse
transcriptase by following the kit protocol. The lengths of primer extension
products were determined by J. Alt-Mérbe (Labor fiir DNA-Analytik, Freiburg,
Germany) using an ALFexpress sequencer. The DNA ladder was produced using
primers Cy5-TCTATGGCCCTCCTCACGTCTTCTC and Cy5-CATGAACAG
GTTGGTGGTTACG, with T. neutrophilus genomic DNA as the template.

Two-dimensional gel electrophoresis and peptide mass fingerprinting. The
proteome of T. neutrophilus (soluble proteins) was analyzed using conventional
2-dimensional (2-D) gel electrophoresis. Isoelectric focusing (IEF) was per-
formed in an IPGphor isoelectric focusing system (GE Healthcare) using linear
gradients of pH 3 to 10, pH 5 to 8, and pH 6 to 11 (Immobiline Dry Strip system
|GE Healthcare]; ReadyStrip IPG-Strip [Bio-Rad, Munich, Germany]). Per sep-
aration, 0.5 mg protein was applied. Separation in the second dimension was
carried out by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using a 9% or 11% polyacrylamide gel (dimensions, 20 by 20 by 0.1 cm)
(34). The protein spots were excised from Coomassie brilliant blue R-stained
gels, digested with trypsin, and identified by peptide mass fingerprinting using
matrix-assisted laser desorption ionization—time-of-flight mass spectrometry
(MALDI-TOF MS) at Toplab (Munich, Germany).

Determination of acetate and succinate levels. Acetate levels were determined
spectrophotometrically in a mixture (0.5 ml) containing 100 mM Tris-HCI (pH
7.8), 5 mM MgCl,, 1 mM ATP, 1 mM CoA, 0.4 mM NADH, 1 mM phosphoenol-
pyruvate (PEP), 2 mM DTT, 1 enzyme unit each of myokinase, lactate dehydro-
genase, and pyruvate kinase from rabbit muscle, and 1 enzyme unit of acetyl-
CoA synthetase from Saccharomyces cerevisiae. The reaction was started with
cell-free medium. Succinate levels were determined by high-performance liquid
chromatography (HPLC) using an Aminex HPX-87H column (Bio-Rad) with 5
mM H,S0O, as the solvent. The Aminex column was equilibrated for 1 h at a flow
rate of 0.2 ml min~!, followed by 0.6 ml min~'. Succinate was detected by UV
absorbance at 210 nm with a photodiode array detector (Waters, Eschborn,
Germany).

DNA affinity purification. DNA binding proteins were purified at room tem-
perature essentially as described previously (22). Cells grown autotrophically or
in the presence of acetate were washed with 5 volumes of 50 mM Tris-HCI (pH
7.6) and 50 mM NaCl. After centrifugation, the cells were suspended in 1 volume
of 50 mM Tris-HCI (pH 7.6), 1 mM DTT, 10 mM MgCl,, 1 mM EDTA, 10%
glycerol (wt/vol), and 10 uM phenylmethylsulfonyl fluoride. The cell suspension
was passed through a chilled French pressure cell at 137 MPa. After centrifu-
gation for 1 h (45,000 X g, 4°C), the supernatant (cell extract) was stored at
—70°C until use.

A 1-ml HiTrap streptavidin HP column (GE Healthcare) was coupled with
biotin-labeled DNA, which was generated by PCR using primers 421-422-for-
biotin and 421-422-rev (see Table S1 in the supplemental material). Primer
421-422-for-biotin was tagged with biotin by Biomers.net (Ulm, Germany). PCR
conditions for the biotin-labeled DNA (promoter DNA) are described below.
The PCR product was purified with a QIAquick PCR purification kit. About 130
pmol DNA was coupled to the column. Uncoupled DNA was removed by
washing with 10 ml binding buffer containing 20 mM Tris-HCI (pH 7.5), 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerin (vol/vol), and 0.05% Triton X-100
(vol/vol). Directly before incubation with the cell extract, the column was equil-
ibrated with 10 volumes of binding buffer at a flow rate of 0.5 ml min~'. Soluble
proteins (50 mg) were incubated for 10 min with 100 pg herring sperm DNA
(Sigma-Aldrich) and were then applied to the column. After a washing step with
10 ml of binding buffer, bound proteins were eluted with 0.3 and 1 M NaCl in the
same buffer. Elution fractions (1 ml) were dialyzed for 24 h in 1 liter of 20 mM
Tris-HCI (pH 7.5) at 4°C by using a membrane with a molecular weight cutoff
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(MWCO) of 3,500 (VWR). The samples were incubated with 12% trichloroace-
tic acid for 30 min on ice and were then centrifuged for 15 min (16,000 X g, 4°C).
The pellets were suspended in SDS buffer and were subsequently subjected to
SDS-PAGE.

LC-MS-MS and data analysis of the purified DNA binding proteins. For
in-gel digestion, the excised gel bands were destained with 30% acetonitrile,
shrunk with 100% acetonitrile, and dried in a Eppendorf vacuum concentrator.
Digestions with trypsin and elastase were performed overnight at 37°C in 0.05 M
NH,HCO; (pH 8). Digestions with thermolysin were performed for 2 h at 60°C
in 0.05 M NH,HCOj; (pH 8). About 0.1 ng of protease was used for one gel band.
Peptides were extracted from the gel slices with 5% formic acid. All liquid
chromatography-tandem mass spectrometry (LC-MS-MS) analyses were per-
formed on a quadrupole time-of-flight (Q-TOF) mass spectrometer (Agilent
6520; Agilent Technologies, Boblingen, Germany) coupled to an Agilent 1200
nanoflow system via an HPLC-Chip cube electrospray ionization (ESI) interface.
Peptides were separated on an HPLC-Chip system with a 150-mm-long analytical
column (inner diameter, 75 pum) and a 40-nl trap column, both packed with
Zorbax 300SB C,g bonded phase (particle size, 5 wm). Peptides were eluted with
a linear acetonitrile gradient of 1%/min at a flow rate of 300 nl/min (starting with
3% acetonitrile). The Q-TOF mass spectrometer was operated in the 2-Ghz ex-
tended-dynamic-range mode. MS-MS analyses were performed using data-de-
pendent acquisition mode. After an MS scan (2 spectra/s), a maximum of three
peptides were selected for MS-MS (2 spectra/s). Singly charged precursor ions
were excluded from selection. Internal calibration was applied using two refer-
ence masses. Mascot Distiller, version 2.1, was used for raw data processing and
for generating peak lists, essentially with standard settings for the Agilent Q-
TOF MS. Mascot Server, version 2.2, was used for database searching with the
following parameters: peptide mass tolerance, 15 ppm; MS-MS mass tolerance,
0.02 Da, '3C, 1; enzyme, “trypsin,” with 2 uncleaved sites allowed for trypsin, and
“none” for elastase and thermolysin; variable modifications, Gln — pyroGlu
(N-terminal Glu) and oxidation (methionine). For protein identification, the
National Center for Biotechnology Information (NCBI) protein database was
used. For protein modification (PTM) analysis, a small custom database con-
taining the protein sequences of the chromatin Alba protein Tneu_1396 was
used. All relevant MS-MS spectra were validated manually.

Heterologous expression of Tneu_0751 and Tneu_1396 from T. neutrophilus
and production of the proteins in Escherichia coli. Standard protocols were used
for purification, preparation, cloning, transformation, and amplification of DNA
(4). Chromosomal DNA was isolated using the illustra Bacteria genomicPrep
Mini Spin kit (GE Healthcare). Plasmid DNA was isolated with the QIAprep
Spin Miniprep kit (Qiagen). The Tneu_0751 and Tneu_1396 genes were ampli-
fied by PCR. Primers are listed in Table S1 in the supplemental material. PCR
conditions were as follows: 35 cycles consisting of 30 s of denaturation at 94°C,
30 s of primer annealing at 51°C, and 40 s of elongation at 72°C for Tneu_0751,
and 35 cycles consisting of 30 s of denaturation at 94°C, 30 s of primer annealing
at 55°C, and 30 s of elongation at 72°C for Tneu_1396. After purification with a
QIAquick PCR purification kit, PCR products were treated with restriction
enzymes (see Table S1 in the supplemental material) and ligated into the pt7-7
expression vector (58). The constructs were transformed into Escherichia coli
DHS5a. The inserts were sequenced by GATC-Biotech (Konstanz, Germany).
The proteins were heterologously expressed in E. coli Rosetta 2(DE3) in lysog-
eny broth medium containing ampicillin and chloramphenicol (100 pg ml~' and
34 ug ml™ !, respectively). The culture was induced with 0.1 mM isopropyl-8-p-
thiogalactopyranoside at an optical density at 578 nm of 1.8 for Tneu_0751 and
0.5 for Tneu_1396. Cells were grown for an additional 4 h and were harvested by
centrifugation for 10 min (12,000 X g, 4°C).

Purification of Tneu_0751 and Tneu_1396 from E. coli. Cells from the respec-
tive overexpression experiment were resuspended in 20 mM Tris-HCI (pH 7.5)
containing 50 pg/ml DNase I and were disrupted using a French pressure cell at
137 MPa. The cell lysate was heat precipitated at 92°C for 15 min, incubated for
15 min on ice, and centrifuged (15 min, 16,000 X g, 4°C). The supernatant
containing Tneu_0751 was dialyzed for 24 h in 1 liter of 10 mM Tris-HCI (pH
7.5) plus 1 mM EDTA using a membrane with an MWCO of 12,000 to 14,000
(Roth). Tneu_0751 was purified using DNA affinity purification as described
above. The streptavidin column was coupled with 1.3 nmol biotin-labeled DNA.
The 1 M NaCl fractions containing Tneu_0751 were dialyzed for 24 h in 1 liter
of 20 mM Tris-HCI (pH 7.5) using an MWCO 3,500 membrane (VWR). Aliquots
were stored at —70°C until use. Tneu_1396 was incubated at 37°C for 30 min in
100 mM Tris-HCI (pH 7.5) containing 2.5 mM MgCl,, 0.1 mM CaCl,, DNase 1
(10 pg/ml), and RNase A (10 pg/ml). After an additional heat precipitation
followed by centrifugation, the supernatant was stored at —70°C until use.

EMSA. For electrophoretic mobility shift assays (EMSAs), two DNA probes
were generated by PCR. A DNA fragment (127 bp) containing the promoter
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regions of the scr-4hbl and 4hbd-frd operons was amplified from T. neutrophilus
genomic DNA using primers 421-422-for-biotin and 421-422-rev (see Table S1 in
the supplemental material). For checking purposes, a DNA fragment (127 bp)
was amplified from a region inside the scr gene using primers 421-for-biotin and
421-rev. PCR conditions were as follows: 35 cycles consisting of 30 s of dena-
turation at 94°C, 30 s of primer annealing at 60°C, and 20 s of elongation at 72°C.
The PCR products were purified with a QIAquick PCR purification kit. EMSAs
were carried out in 20 wl of 10 mM Tris-HCI (pH 7.6) containing 50 mM NaCl,
1 mM DTT, 1 mM EDTA, 10% (wt/vol) glycerol, 100 to 200 ng of DNA, and
protein at the indicated concentrations (see Fig. 5). The reaction mixtures were
incubated for 30 min at 65°C before separation on an 8% polyacrylamide gel in
40 mM Tris-acetate (pH 8.0)-1 mM EDTA for 3 h at 60 V at room temperature.
Subsequently, the gels were poststained for 1 h with 3X GelRed solution
(VWR).

The EMSAs were also performed in the presence of either 5 mM adenine
nucleotides (AMP, ADP, AMP-PNP, NAD", NADH, NADP", or NADPH); 1
mM CoA, acetyl-CoA, or crotonyl-CoA; or 3 mM acetate, succinate, 4-hydroxy-
butyrate, pyruvate, phosphoenolpyruvate, pL-malate, or fumarate.

Database search. Query sequences were obtained from the NCBI database.
BLAST searches were performed with the NCBI BLAST server (http://www.ncbi
.nlm.nih.gov/BLASTY/) (1).

RESULTS

Autotrophic growth and growth in the presence of organic
substrates. T. neutrophilus was cultivated autotrophically as
well as in the presence of 7 mM acetate, 4-hydroxybutyrate,
succinate, pyruvate, fumarate, pL-malate, or glycerol. Energy
sources were hydrogen gas and elemental sulfur; CO, was
added as a carbon source in each case. Acetate, 4-hydroxybu-
tyrate, succinate, and pyruvate significantly increased the
growth rates. The generation time of 8 to 9 h for autotrophic
growth was lowered to 5 h for 4-hydroxybutyrate, succinate,
and pyruvate, and to 3 h for acetate. This indicates that these
organic substrates served as additional carbon sources. DL-
Malate, fumarate, and glycerol had no effect on the growth
rate, suggesting that they were not assimilated to a great ex-
tent.

During growth on acetate, the cultures, when grown to a
density of 8.2 X 10% cells per ml, consumed 2.7 mM acetate,
which corresponds to 85% of cell carbon. This calculation is
based on the cell count of the culture, which was compared to
an experimentally determined cell count/cell mass ratio of 1 X
10? cells per ml to 1 mg fresh cell mass per ml. The dry mass
content of fresh cells was determined to be 20%; a 50% carbon
content of the cells (dry mass) was presupposed. Similarly,
succinate cultures consumed 1.4 mM substrate (90% of cell
carbon). The remaining cell carbon obviously was obtained
from CO,, the second source of carbon. It has been shown
previously that acetate and succinate were not oxidized to
volatile CO,, but served as additional carbon sources (49). This
clearly demonstrates the potential of the organism for using
external carbon sources, which demands that autotrophic car-
bon fixation was downregulated by some organic compounds.

Diauxic growth and possible regulation mechanisms. When
cells were grown with a limiting amount of acetate (2 to 3.3
mM), diauxic growth was observed (Fig. 2A). The expected
typical lag phase, which is observed due to the induced pro-
duction of enzymes for the second pathway (autotrophy), was
quite short. When acetate was used up (<0.1 mM), the growth
rate decreased immediately, and enzyme activities required for
autotrophic growth appeared in short order (Fig. 2B). Fuma-
rate reductase was chosen as the reporter enzyme for the
autotrophic status, since it was strongly regulated (Table 1),
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FIG. 2. Relation of the diauxic growth of 7. neutrophilus and total
fumarate reductase activity in 2-liter cultures to the level of acetate in
the growth medium. (A) Diauxic growth with CO, and H, in the
presence of limiting amounts of acetate (2 mM). (B) Growth with
acetate (3.3 mM) plus CO, and H,. When acetate was consumed, the
formation of fumarate reductase set in. (C) Growth with CO, and H,.
The arrow marks the time of addition of acetate (5 mM). The total
fumarate reductase activity remained nearly constant. Symbols: H,
growth; @, acetate concentration; A, total fumarate reductase activity
in the 2-liter culture.

but succinyl-CoA reductase behaved similarly. They were vir-
tually lacking during the acetate growth phase and appeared
immediately after acetate depletion. In contrast, pyruvate syn-
thase activity was present before acetate consumption and
stayed nearly constant afterwards (not shown). In another ex-
periment, acetate (5 mM) was added to autotrophically grow-
ing cells at the mid-exponential-growth phase (Fig. 2C). The
addition of acetate almost immediately increased the growth
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TABLE 1. Enzymes involved in autotrophic CO, assimilation in 7. neutrophilus®

Sp act (nmol min~! mg of protein™') in cells
grown with the following cosubstrate‘:

Enzyme® temA;S(%’}éj)b Gene(s)?
None  Acetate bu_tyrat_e Succinate  Pyruvate

Pyruvate synthase (oxidized methyl viologen) 65 190 400 330 200 60  Tneu_1795/Tneu_1796/Tneu_1797
Fumarate hydratase 65 500 <10 <10 <10 <10  Tneu_1334/Tneu_1335

Fumarate reductase (reduced methyl viologen) 65 130 <10 <10 <10 <10  Tneu_0423/Tneu_0424
Succinyl-CoA synthetase 65 280 20 20 120 80  Tneu_1463/Tneu_1464
Succinyl-CoA reductase (NADPH) 65 260 20 10 100 60  Tneu_0421

Succinic semialdehyde reductase (NADPH) 65 7,000 900 1,300 3,200 1,000  Tneu_0419
4-Hydroxybutyrate-CoA ligase 85 670 110 140 230 170 Tneu_0420
4-Hydroxybutyryl-CoA dehydratase 85 200 <10 20 90 40  Tneu_0422

¢ Extracts from cells grown with CO, as the sole carbon source were compared with extracts from cells grown with CO, and another organic carbon source as the
cosubstrate. The energy source was H, plus S in all cases.

b Because of the use of mesophilic coupling enzymes and the instability of some substrates, the indicated assay temperatures were used; the growth temperature was
85°C.

¢ The generation times were 8 h with no substrate, 3 h with acetate, and 5 h with 4-hydroxybutyrate (4-OH-butyrate), succinate, or pyruvate. Values are means from

at least duplicate determinations using several separately prepared extracts from different batches of cells. The maximal deviations are approximately 20%.

@ Subunits of multicomponent enzymes are separated by slashes.
¢ The electron carrier used is given in parentheses.

rate, whereas the total fumarate reductase activity in the cul-
ture remained nearly constant. Similar results were obtained
with succinyl-CoA reductase and succinic semialdehyde reduc-
tase activities (not shown). These observations are congruent
with a fast downregulation of the formation of those proteins
in the presence of acetate, while the existing proteins are stable
and do not become inactivated or proteolytically degraded.
Therefore, when the transcription of the corresponding genes
was arrested, an increase in cell mass did not contribute to an
increase in the total activity of the encoded enzymes. It cannot
be decided whether autotrophic upregulation (induction by
gene activation) or heterotrophic downregulation (repression
by an organic substrate) underlies this regulation, and there-
fore, both terms are used.

Regulation of enzyme activities. It has been shown previ-
ously that the activities of the characteristic enzymes of the
dicarboxylate/hydroxybutyrate cycle are downregulated when
acetate is present as a substrate (46). A similar regulation was
observed with cells grown in the presence of 4-hydroxybu-
tyrate, succinate, or pyruvate (Table 1). Fumarate hydratase
and fumarate reductase activities were at least 15-fold down-
regulated and were hardly detectable. Succinyl-CoA syn-
thetase, succinyl-CoA reductase, succinic semialdehyde reduc-
tase, 4-hydroxybutyrate-CoA ligase, and 4-hydroxybutyryl-CoA
dehydratase showed approximately 10-fold lower activities in
the presence of the organic carbon source. Pyruvate synthase
was constitutively formed; it was only slightly downregulated
during growth with pyruvate. Acetyl-CoA synthetase was also
formed constitutively (46). pL-Malate, fumarate, and glycerol
in the growth medium did not affect the enzyme activities (data
not shown), a finding in line with the lack of stimulation of the
growth rate. The regulation of enzyme activities quite closely
meets the requirements of the cells when they are grown with
different sources of cell carbon.

Identification of autotrophically upregulated proteins. The
sequenced genome of T. neutrophilus enabled the use of a
proteomic approach to identify proteins specifically involved in
CO, fixation. Proteins (0.5 mg) in extracts from cells grown on
CO, alone or on CO, plus acetate were separated by 2-dimen-

sional (2-D) gel electrophoresis. Extracts were prepared from
different batches of cells. For optimal separation, different
polyacrylamide gels as well as different pH gradients were
used. After staining with Coomassie brilliant blue R, the gels
were scanned, and the protein patterns were visually com-
pared. This allowed the identification of protein spots that
were mainly or exclusively autotrophically induced and that
were reproducibly found in at least three different batches of
cells. All differentially expressed spots from extracts of
autotrophically grown cells were analyzed by tryptic peptide
fragment mass fingerprinting (PMFP) using matrix-assisted la-
ser desorption ionization-time-of-flight (MALDI-TOF) mass
spectrometry. The sequences obtained were mapped to 7. neu-
trophilus proteins with high confidence (Mowse scores, >45).
Most of the enzymes of the CO, fixation cycle were identified
as autotrophically induced (Table 2; see also Fig. S1 in the
supplemental material). More specifically, 4-hydroxybutyrate-
CoA ligase, 4-hydroxybutyryl-CoA dehydratase, and crotonyl-
CoA hydratase/3-hydroxybutyryl-CoA dehydrogenase, which
participate in the regeneration of acetyl-CoA from succinyl-
CoA, were strongly autotrophically induced. PEP synthase and
PEP carboxylase were less pronouncedly autotrophically in-
duced but were also detectable in acetate-grown cells. The
connection to autotrophy of other induced proteins, such as
thermosome proteins and tRNA synthetase, is unclear. Unex-
pectedly, fumarate reductase and fumarate hydratase could
not be identified for all spots, possibly because of overlap with
other strongly expressed proteins. Altogether, the proteome
pattern is in line with the regulation pattern observed in vivo
and in vitro, and it fully supports the proposed role of the
regulated enzymes in the cycle. The proteome data correspond
well with the transcriptome analyses presented below.
Organization of the autotrophy-related gene cluster. The
organization of a cluster of seven genes that are probably
involved in the CO, fixation cycle was examined (Fig. 3A). The
gene orientation indicated that the gene cluster may be orga-
nized in at least two operons and two singly transcribed genes.
To identify likely transcriptional units, we performed reverse
transcription-PCR (RT-PCR) experiments with cDNA librar-
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TABLE 2. Comparative proteome analysis (soluble proteins) of cells grown autotrophically and cells grown in the presence of acetate

Mass Spot Coverage

Gene Enzyme® (kDa) pI o %) Score?
Genes encoding enzymes participating in the
dicarboxylate/hydroxybutyrate cycle
Tneu_1795 Pyruvate:ferredoxin oxidoreductase TPP- 36.8 8.4 1 52 53
binding subunit
Tneu_1204 Pyruvate-water dikinase (PEP synthase) 89.4 5.8 2 55 301
Tneu_0418 PEP carboxylase 51.4 6.4 3 65 209
Tneu_1509 Malate dehydrogenase (NAD™) 33.0 7.0 4 70 185
Tneu_1464 Succinyl-CoA synthetase, alpha subunit 30.1 8.9 5 81 184
Tneu_1463 Succinyl-CoA synthetase, beta subunit 41.6 6.0 6 58 164
Tneu_0420 4-Hydroxybutyrate-CoA ligase (AMP forming) 71.2 6.8 7 58 263
Tneu_0422 4-Hydroxybutyryl-CoA dehydratase 55.4 7.8 8 57 198
Tneu_0541 Crotonyl-CoA hydratase/3-hydroxybutyryl-CoA 723 6.3 9 66 350
dehydrogenase
Genes encoding other proteins
Tneu_0415 CBS-containing domain protein 15.3 6.2 10 81 131
Tneu_1383 Putative RNA-associated protein 25.9 9.0 11 77 250
Tneu_0708 Putative 3-hexulose-6-phosphate synthase 23.7 6.0 12 77 173

“ Enzymes involved in the CO, assimilation of T. neutrophilus, which were induced exclusively under autotrophic growth conditions, as well as some other
autotrophic-growth-induced proteins, are listed. For proteome analysis, see Fig. S1 in the supplemental material. TPP, thiamine pyrophosphate.
b Calculated as —10 X log(P), where P is the probability that the observed match is a random event. Protein scores greater than 45 are considered significant (P <

0.05).

ies of DNase-treated RNA derived from autotrophically grown
and acetate-grown cells. The primer combinations used for
fragments F1 to F5 would amplify DNA fragments containing
parts of two adjacent genes that are expected to be cotrans-
cribed (Fig. 3B; see also Table S1 in the supplemental mate-
rial). All primer pairs yielded a PCR product with genomic
DNA, even primer pairs that did not yield a product with
RT-PCR (Fig. 3C), showing that all primer pairs fitted well. A
noncoding intergene segment (NC) (an arbitrarily chosen
491-bp segment between Tneu_0430 and Tneu_0431) was
not amplified with cDNA, excluding the possibility of
genomic DNA contamination. As a positive control, a frag-
ment of the isocitrate dehydrogenase gene (PC; 580 bp) was
amplified (Fig. 3C).

RT-PCR with cDNA of fragments F1 to F5 indeed gave rise
to single products of the expected lengths. In contrast, the
primer combination that included regions of pepc and ssr (frag-
ment FO) did not yield an RT-PCR product, which was ex-
pected, because these two genes are oriented in opposite di-
rections. Fragments F2 and F5 each contained part of 4hbd
plus the 74-bp intergenic region and, in addition, 380 bp of
frdA. The correct amplification to single products showed that
no leaky terminator for 4hbd existed. The results indicated that
the genes coding for succinyl-CoA reductase (scr) and 4-hy-
droxybutyrate-CoA ligase (4hbl), on one side, and those en-
coding 4-hydroxybutyryl-CoA dehydratase (4hbd) and fuma-
rate reductase subunits A and B (frdA4 and frdB), on the other
side, were cotranscribed. Note that the gene coding for fuma-
rate hydratase is located elsewhere. These data suggest a so-
phisticated organization of autotrophy-related genes, which
should facilitate coordinate regulation in response to the pres-
ence of organic carbon sources.

Regulation of transcription. The postulated regulation of
the gene cluster was verified by comparative analysis of cDNA
obtained from exponentially grown cells using RT-PCR at dif-
ferent dilutions of the cDNA (Fig. 3D). Cultures were grown

either autotrophically or in the presence of acetate. In cells
grown in the presence of acetate, the transcript levels for
4hbd-frd (4-hydroxybutyryl-CoA dehydratase—fumarate reduc-
tase genes) and for scr-4hbl (succinyl-CoA reductase—4-hy-
droxybutyrate-CoA ligase genes) were approximately 10-fold
downregulated. The unaltered transcript level of the isocitrate
dehydrogenase gene served as a control (PC). This coordi-
nated transcription and the differential transcript levels of
genes involved in the CO, fixation cycle correlate well with the
downregulation of the corresponding enzyme activities in ac-
etate-grown cells (Table 1).

Definition of archaeal promoter regions and transcription
sites. The 5’ termini of the two divergently transcribed putative
operons (the scr-4hbl and 4hbd-frdA-frdB genes) were mapped
using primer extension assays (see Fig. S2 in the supplemental
material). Cy5-labeled primers were derived from the 5’ region
of scr or 4hbd (approximately 100 bases downstream from the
translation start codon) and were used in a reverse transcrip-
tion assay with RNA from autotrophically grown cells. The
products of the primer extension were analyzed on a sequenc-
ing gel. Both mapped transcripts started at the adenine nucle-
otide of the translation start codon (ATG), indicating the pres-
ence of two leaderless transcripts (4hbd-frd and scr-4hbl,
respectively). Further examination revealed archaeal promoter
elements consisting of three parts (Fig. 4). An AT-rich se-
quence located about 25 bp upstream of the transcriptional
start site contained the archaeal TATA box consensus se-
quence YTTAWA (where Y stands for C or T, and W stands
for A or T) (25, 43, 47). The purine-rich transcription factor B
(TFB) recognition element (BRE) was adjacent to the TATA
box (45). The initiator element (INR) was located around the
transcription start site. The minimal requirement for an
archaeal initiation site is a pyrimidine-purine dinucleotide at a
proper distance from the TATA box, purines being preferred
as starting nucleotides (56, 59). Hence, the promoter and tran-
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FIG. 3. Transcriptional organization and regulation of a gene cluster in 7. neutrophilus that is involved in the dicarboxylate/hydroxybutyrate
cycle. (A) Structure of the cluster. Lines F1 to F5 represent fragments amplified by PCR using cDNA as a template (see the text). The FO region
gave no amplified fragment. As a negative control, a noncoding region was tested; no fragment was amplified with cDNA. Genes marked by
asterisks were upregulated under autotrophic conditions, as evidenced by induced protein spots in 2-D gels. cbs, three genes coding for proteins
containing cystathionine B-synthase (CBS) domains, pepc, PEP carboxylase gene; ssr, succinic semialdehyde reductase gene; 4hbl, 4-hydroxybu-
tyrate-CoA ligase gene; scr, succinyl-CoA reductase gene; 4hbd, 4-hydroxybutyryl-CoA dehydratase gene; frdA and frdB, genes encoding fumarate
reductase subunits A and B. Bar, 500 bp. (B and C) Fragments F1 to F5 were amplified using cDNA as a template (B) or using genomic DNA
for the controls (C). Each fragment contained parts of two adjacent genes plus the intergenic region, as follows: FO, pepc-ssr (842 bp; intergenic
region, 113 bp); F1, scr-4hbl (805 bp; intergenic region, 1 bp); F2, 4hbd-frdA (532 bp; intergenic region, 74 bp); F3, frdA-frdB (561 bp; intergenic
region, 1 overlapping bp); F4, scr-4hbl (804 bp; intergenic region, 1 bp); FS, 4hbd-frdA (736 bp; intergenic region, 74 bp). PC, positive-control gene
for isocitrate dehydrogenase (Tneu_0698); NC, negative control; noncoding region between the Tneu_0430 and Tneu_0431 genes. (D) Induction
of genes analyzed via RT-PCR using equal amounts of total RNA isolated from autotrophically (CO, and H,) grown cells or from cells grown in
the presence of acetate (acetate plus CO, and H,). For PCRs, cDNA was diluted 1:1 (a), 1:10 (b), 1:100 (c), or 1:1,000 (d) in water.

scription start site characteristics in 7. neutrophilus conform
with the features of other crenarchaea.

Isolation and identification of DNA binding proteins. To
identify possible regulator proteins that bind to the promoter
regions of the two putative operons (Fig. 4), we enriched pro-
teins binding specifically to the promoter/operator regions by

=1 -10 -20

|
ACTAGGTTTGTCATATGGCGCCCACCTCTCTTTITTTAAAAAGCTTTTCT
TGATCCAAACAGTATACCGCGGGTGGAGAG. TTTTTCGAAAAGAT
scr K K Kk kK Kk

TATA BRE

CATACAATATATATGAGAATCTTTGTAATTATTTAACATTATGAATATTC
GTATGTTATATATACTCTTAGAAACATTAATAAATTGTAATACTTATAAG
BRE TATA -20 -10 -1
* ok ok ok kK| | 1 4hbd
'T‘llllBGPTTTAAATﬁGGGCTGTCGGCGCGGTGTCATGGGGCTACGGACG
ATTTTTCGAAATTTATICCCGACAGCCGCGCCACAGTACCCCGATGCCTGC

FIG. 4. Promoter definition of the divergently transcribed putative
operons scr-4hbl and 4hbd-frd. Arrows indicate the transcription start
sites, which correspond to the translation start codons. Putative TATA
boxes and archaeal transcription factor B recognition elements (BRE)
are boxed. Asterisks indicate the archaeal TATA box consensus se-
quence YITTAWA.

DNA affinity purification. A 127-bp biotinylated promoter/
operator DNA fragment (intergenic region between nucleo-
tide +4 of scr and nucleotide +2 of 4hbd) (Fig. 4) was linked
to a streptavidin column and incubated with extracts from cells
grown autotrophically or in the presence of acetate. Unspecifi-
cally bound proteins were eluted with 0.1 M NaCl, whereas
specifically bound proteins were eluted with buffers containing
0.3 M NaCl and then 1 M NaCl. The eluted fractions were
analyzed by SDS-PAGE (Fig. 5A). There was no significant
difference between the two cell extracts tested. Proteins a to e,
eluting with 1 M NaCl, were analyzed by nano-LC-MS-MS and
were identified by searching in the NCBI protein database.
Proteins a and b represent thermosome subunit Tneu 1525
and secretion system protein Tneu_0027, respectively; both
contain ATP binding sites. Proteins d and e were identified as
small heat shock protein hsp20 (Tneu_1437) and chromatin
protein Tneu_1396 (Alba protein), respectively. An RNA poly-
merase subunit and a 7-kDa chromatin protein (Tneu_1884
and Tneu_1535) were also identified when the whole 1 M NaCl
fractions were analyzed.

The Alba protein was highly enriched but eluted mainly at
0.3 M NaCl. Acetylation of the chromatin Alba protein lowers
DNA binding affinity (7, 63). Alba protein was digested with
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FIG. 5. (A) SDS-PAGE of T. neutrophilus proteins eluted from a
DNA affinity chromatography column using scr-4hbl and 4hbd-frd pro-
moter/operator probes. Cells were grown on CO, or in the presence of
acetate. The proteins in lanes 1 and 3 were eluted with 0.3 M NaCl,
and those in lanes 2 and 4 were eluted with 1.0 M NaCl. Assignments
for proteins a to e are given in the text. (B) Electrophoretic mobility
shift assay. (Left) SDS-PAGE of the recombinant Tneu_0751 protein.
(Center and right) EMSAs using promoter DNA or control DNA with
protein at the indicated molar excesses. (C) SDS-PAGE of recombi-
nant Alba protein and EMSAs as described for panel B. Because of a
second start codon inside the gene, a shortened Alba protein was also
overexpressed.

trypsin, elastase, and thermolysin, and the posttranslational
modifications of this protein were analyzed. It existed as
Lys11/12 di- and trimethylated forms, methylated at Lys30/
Arg31 and Lys71, and formylated or acetylated at Lys59 and
Lys63. Modifications that result in the same nominal mass
shift, such as dimethylation and formylation (nominal mass
shift, 28 Da) could be distinguished by using high mass accu-
racy data (65). No significant differences were found between
Alba proteins isolated from cells grown autotrophically and
those isolated from cells grown in the presence of acetate.

Protein c is an uncharacterized 18-kDa protein (Tneu_0751)
that does not contain known conserved domains and is highly
conserved only in the autotrophic members of the Thermopro-
teales.

Binding of purified Tneu_0751 and Tneu_1396 to the scr-
4hbl and 4hbd-frd promoter/operator regions. To analyze the
ability of Tneu_0751 to bind to the scr-4hbl and 4hbd-frd pro-
moter regions, we carried out electrophoretic mobility shift
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assay (EMSA) analysis. Two DNA fragments were chosen: the
127-bp promoter DNA (intergenic region between nucleotide
+4 of scr and nucleotide +2 of 4hbd; also used for DNA
affinity purification) and a 127-bp fragment located inside the
scr gene, used as control DNA. Tneu_0751 was heterologously
produced in E. coli and was purified. Different amounts of
Tneu_0751 were incubated separately with the respective
DNA fragments and were separated by nondenaturing poly-
acrylamide gel electrophoresis. The results of these EMSAs
with the promoter and control DNA are shown in Fig. 5B. The
migration of the promoter DNA was retarded almost com-
pletely by incubation with Tneu_0751 at a molar excess (pro-
tein/DNA) of about 10. Two shifted DNA bands were ob-
served. Apparently two protein/DNA complexes were formed,
suggesting that there are two Tneu_0751 binding sites in the
fragment, corresponding to the two promoter regions. Incuba-
tion with control DNA did not result in shifted DNA bands.
Hence, Tneu_0751 binds specifically to the scr-4hbl and 4hbd-
frd promoters. We tested whether the affinity of Tneu_0751 for
the promoter DNA was affected by low-molecular-mass me-
tabolites (adenine nucleotides, CoA, acetyl-CoA, acetate, and
further intermediates of the dicarboxylate/hydroxybutyrate cy-
cle, each at 1 to 5 mM) but did not observe any significant
effect (not shown).

The chromatin protein Alba (Tneu_1396) was also heterolo-
gously produced in E. coli and used in EMSAs (Fig. 5C). The
migration behaviors of the promoter and control DNAs
showed no differences, indicating unspecific protein/DNA in-
teraction.

DISCUSSION

Regulation of the CO, fixation cycle. The results of this
study show that 7. neutrophilus behaves as a facultative
autotroph that actually prefers organic acids as carbon sources,
if they are available. The autotrophic dicarboxylate/hydroxy-
butyrate cycle is ideally suited for assimilating several common
organic acids. The organism lacks the potential for oxidizing
organic substrates to CO,. This lifestyle requires the concerted
regulation of autotrophy-related enzymes that are not re-
quired, or are only partly required, for the assimilation of the
proffered organic substrates. The regulatory effects can be dra-
matic and at the same time differentiated. For example, growth
on acetate rigorously suppressed autotrophy-related enzymes
by stopping transcription. Acetyl-CoA synthetase was formed
constitutively, allowing immediate trapping of incoming ace-
tate. We showed for fumarate reductase (a strongly regulated
target) that this suppression was not due to inactivation or
degradation of the enzyme (Fig. 2C). The other enzymes of the
cycle that remained present did not interfere with acetate as-
similation.

Growth on acetate and pyruvate resulted in a similar regu-
lation pattern. In contrast, succinate shut off fumarate hy-
dratase and fumarate reductase, required for the conversion of
malate to succinate, whereas the rest of the autotrophy-related
enzymes (notably those required for the conversion of succinyl-
CoA to 2 acetyl-CoA molecules and pyruvate synthase) were
still active. This suggests that succinate was assimilated via
4-hydroxybutyrate, yielding 2 molecules of acetyl-CoA. 4-Hy-
droxybutyrate, in addition, downregulated succinyl-CoA syn-
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thetase and succinyl-CoA reductase synthesis, which were no
longer required for the formation of 4-hydroxybutyrate from
succinate.

Comparative proteome analysis identified characteristic au-
totrophic enzymes as markedly autotrophically induced, except
for PEP synthase and PEP carboxylase. An unexpected finding
was that the Tneu_0708 protein was autotrophically induced.
Its high similarity to 3-hexulose-6-phosphate synthase (HPS)
points to a possible participation in the “reverse” ribulose
monophosphate pathway for the biosynthesis of ribulose
5-phosphate (Ru5P). This pathway operates in some archaeal
strains instead of the oxidative pentose phosphate pathway (32,
42). The relation of this protein and of the induced RNA-
associated protein to autotrophy is unclear (Table 2). Interest-
ingly, a protein containing a cystathionine B-synthase (CBS)
domain (5, 33) that is encoded by one of the genes of the
autotrophy-related gene cluster (Fig. 3) was also induced; this
cluster contains two further similar genes. The CBS domain,
whose function is unknown to date, may participate in the
binding of the adenosyl moiety of coenzymes (adenine and
pyridine nucleotides, CoA [or acyl-CoA thioesters]) and may
have a role as a structural or regulatory component (53, 64).

Simple modeling of metabolic fluxes under different growth
conditions. These observations can be integrated in a simpli-
fied model of the carbon flux, which takes into account the
metabolites of the autotrophic cycle as well as those of the
central carbon metabolism (Fig. 6). Cells grew autotrophically
with a generation time of 8 to 9 h, whereas acetate accelerated
the growth rate almost 3-fold. A generation time of 9 h re-
quires a minimal in vivo specific CO, fixation activity of ap-
proximately 106 nmol of CO, fixed min~' mg of protein!
(46). To generate the universal carbon precursor from 2 CO,
molecules, a minimal specific activity of 53 nmol min~! mg of
protein ! is calculated for the enzymes of the cycle. The mea-
sured specific activities of autotrophy-related enzymes match
the expected minimal activities.

In Fig. 6A, the autotrophic situation is shown. The metabolic
fluxes that lead away from the central precursor metabolites
(acetyl-CoA, pyruvate, and oxaloacetate, etc.) to the respective
building blocks (presented as open arrows) add up to 100%
metabolic flux, which reflects the needs of all cellular building
blocks. The magnitudes of the individual fluxes, which divert
from the central metabolites (e.g., acetyl-CoA), are given as
percentages of the total biosynthetic fluxes; the values given
conform to representative bacterial data (41). Since 100% of
cellular building blocks are ultimately derived from the CO,
fixation product acetyl-CoA, running one turn of the cycle adds
another 100% metabolic flux. The further away a central me-
tabolite is from acetyl-CoA, the lower the percentage of the
flux.

Figure 6B shows the situation of acetate-grown cells; here
100% of precursors are derived from the proffered acetate,
which does not need to be regenerated via the cycle. Note,
however, that the growth rate is increased almost 3-fold (gen-
eration time, 3 h), meaning that the 100% carbon fixation rate
is correspondingly higher than that during autotrophic growth.
Figure 6C shows the condition of succinate- or 4-hydroxybu-
tyrate-grown cells. The conversion of succinate to two acetyl-
CoA molecules requires a 50% relative metabolic flux, because
two molecules of this cell carbon precursor are made. The
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situation for 4-hydroxybutyrate grown cells is identical, except
that there is no need to convert succinate to 4-hydroxybutyrate.

When acetate and pyruvate serve as the main carbon
sources, the metabolic flux from oxaloacetate via succinyl-CoA
and 4-hydroxybutyrate back to acetyl-CoA is obviously dis-
pensable. Thermoproteus does not require succinyl-CoA, be-
cause porphyrin biosynthesis does not start with succinyl-CoA
(Shemin pathway) (54). Instead, the genes coding for the al-
ternative Cs pathway (21, 31, 52) are present. Succinate is
probably assimilated, as indicated in the scheme (Fig. 6C),
rather than being oxidized to oxaloacetate. The regulation of
succinyl-CoA reductase and 4-hydroxybutyrate-CoA ligase, on
the one hand, and that of 4-hydroxybutyryl-CoA dehydratase
and fumarate reductase, on the other (Table 1), differ to some
extent. This outcome is unexpected, since the two pairs of
enzymes are encoded by genes that are cotranscribed.

Surprisingly, malate and fumarate were hardly used as car-
bon sources, possibly because they were not taken up. This is
unexpected, considering the fact that they, like succinate, are
C,-dicarboxylic acids. Alternatively, it is possible that they
were taken up and became reductively transformed to succi-
nate to some extent, and that succinate repressed the fumarate
hydratase and fumarate reductase activities (which are re-
quired for the utilization of these compounds) (Table 1). Glyc-
erol is probably not used because of a lack of glycerol kinase.
4-Hydroxybutyrate certainly is not a common substrate; nev-
ertheless, it exerted pronounced regulatory effects on the pro-
duction of some dispensable enzymes, such as fumarate hy-
dratase and fumarate reductase.

Molecular aspects of transcriptional regulation in autotro-
phic Thermoproteales. The archaeal initiation of basal tran-
scription involves a promoter consisting of a TATA box about
25 bp upstream of the transcription start site (25, 47, 48) and
a BRE. The archaeal RNA polymerase is directed to the pro-
moter by the TATA box-binding protein (TBP) and transcrip-
tion factor B (9, 10). Different consensus sequences have been
established for the TATA box in different branches of the
Archaea (e.g., TTTTTAAA in Crenarchaeota such as Sulfolo-
bus species) (59), whereas the BRE is more generally defined
as a purine-rich sequence (11). The TATA boxes and BREs
proposed in Fig. 4 match these characteristics (8, 35, 45, 56,
60). The transcription start sites of scr-4hbl and 4hbd-frd sug-
gest that the translation of genes that are located first in oper-
ons proceeds via leaderless transcripts lacking Shine-Dalgarno
(SD) sequences. Initiation on leaderless transcripts is much
more common in Archaea than in Bacteria or Eukarya (17, 26,
40, 55, 62) and requires the nondissociated ribosome as well as
the initiator tRNA (3, 39). For genes within operons, the SD
sequence appears to be particularly important, as evidenced by
the prevalence of the SD motifs in those genes. However, we
could not identify the SD consensus GGUGA inside the two
putative operons of 7. neutrophilus.

The gene cluster of T. neutrophilus containing seven genes
encoding six autotrophy-related enzymes and three genes en-
coding CBS domain-containing proteins is also present in
other members of the Thermoproteales, such as Pyrobaculum
islandicum and Pyrobaculum calidifontis (see Fig. S3 in the
supplemental material). P. calidifontis is considered to be a
heterotroph (2), but it may be capable of autotrophic growth.
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FIG. 6. Metabolic fluxes in autotrophically (CO, and H,) grown cells (A), in cells grown in the presence of acetate (acetate plus CO, and H,)
(B), and in cells grown in the presence of succinate or 4-hydroxybutyrate (succinate or 4-hydroxybutyrate plus H, and CO,) (C). Sulfur serves as
the electron acceptor in anaerobic respiration. The shaded arrows indicate junctions of organic substrates with the central carbon metabolism. The
open arrows symbolize metabolic fluxes away from central carbon metabolites to building blocks. The numbers (given as percentages) refer to
100% metabolic fluxes to the central intermediates from which all building blocks are made. Numbers in open arrows and squares are percentages
of total biosynthetic fluxes that start from the central metabolites acetyl-CoA, pyruvate, etc. Numbers in ovals are percentages of metabolic fluxes
that are required to supply 100% of the central metabolites. The scheme also shows how pyruvate feeds into this metabolic flux (without giving
figures for the metabolic fluxes). The regulation of the enzyme activities under the different growth conditions reflects the biosynthetic demands

quite well. For explanations, see the text.

In Desulfurococcales, no such gene cluster occurs and no
Tneu_0751-like DNA binding protein (see below) exists.
DNA binding and a possible regulator protein. Tneu 0751
has a high affinity for the promoter/operator regions of the
putative scr-4hbl and 4hbd-frd operons in T. neutrophilus. A
highly similar protein (73 to 84% amino acid sequence iden-
tity) occurs only in autotrophic members of the Thermopro-
teales, including P. islandicum, Pyrobaculum aerophilum,
Pyrobaculum arsenaticum, and P. calidifontis. Therefore, this
small, 18-kDa protein might act as a transcriptional regulator
of key autotrophy-related genes. Because of the constitutive

expression of Tneu_0751, some inductor or effector molecule
that governs its promoter binding may exist.

Heat shock proteins (Hsp) and the chromatin protein Alba
appear to interact with DNA probes in a non-sequence-specific
manner. The methylation of specific lysine residues of certain
histones alters their DNA binding affinity, which, in turn, af-
fects the expression of some genes. Note that crenarchaea do
not possess archaeal histones but have small, basic DNA bind-
ing proteins that are thought to fulfill the same functions as
histones, based on their physical properties (23). The post-
translationally modified chromatin protein Alba may contrib-
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ute to transcriptional regulation to a certain extent (7, 37, 63,
66, 70).

How the diverse organic substrates repress the synthesis of
autotrophy-related enzymes in such a differential manner re-
mains to be studied. One possible transcription regulator was
identified, leaving open the question of how its binding to the
promoter region affects transcription and how its function is
modified by low-molecular-mass metabolites.
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