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Although nitrate stimulated the capacity of Clostridium thermoautotrophicum and Clostridium thermoaceticum
to oxidize (utilize) substrates under heterotrophic conditions, it inhibited autotrophic H,-CO,-dependent
growth. Under basal medium conditions, nitrate was also inhibitory to the use of one-carbon substrates (i.e.,
CO, formate, methanol, or the O-methyl groups of vanillate or syringate) as sole carbon energy sources. This
inhibitory effect of nitrate was bypassed when both O-methyl groups and CO were provided concomitantly;
H,-CO, did not replace CO. These results indicated that nitrate blocked the reduction of CO, to the methyl
and carbonyl levels. On the basis of the inability of acetogenic cells (i.e., cells cultivated without nitrate) to
consume or reduce nitrate in resting-cell assays, the capacity to dissimilate nitrate was not constitutive. Nitrate
had no appreciable effect on the specific activities of enzymes central to the acetyl-coenzyme A (CoA) pathway.
However, membranes obtained from cells cultivated under nitrate-dissimilating conditions were deficient in the
b-type cytochrome that was typical of membranes from acetogenic cells, i.e., cells dependent upon the synthesis
of acetate for the conservation of energy. Collectively, these findings indicated that (i) C. thermoautotrophicum
and C. thermoaceticum cannot engage the carbon-fixing capacities of the acetyl-CoA pathway in the presence of

nitrate and (ii) the nitrate block on the acetyl-CoA pathway occurs via an alteration in electron transport.

Most investigations of the CO,-fixing acetyl-coenzyme A
(CoA) pathway of acetogenic bacteria have focused on the
dissimilatory and energy-conserving features of the pathway
(13, 16, 61). However, the anabolic and catabolic functions of
the pathway are conceived to be integrated (Fig. 1). The con-
cept that acetogens use the acetyl-CoA pathway for the au-
totrophic assimilation of carbon is based on a relatively limited
number of observations, mainly the absence of other autotro-
phic CO,-assimilating enzymes in Acetobacterium woodii and
carbon-labeling patterns obtained with Clostridium thermoace-
ticum (22, 37). Under heterotrophic conditions (i.e., conditions
which do not require obligatory use of the acetyl-CoA pathway
for the assimilation of carbon), acetogens may not be strictly
dependent on this process, since a number of alternative en-
ergy-conserving electron acceptors can be utilized, including
fumarate (14, 42), aromatic acrylates (1, 43, 57), inorganic
sulfur compounds (2, 3, 27), pyruvate (44), or nitrate (52).
Because the use of alternative electron acceptors by acetogens
has been examined primarily under heterotrophic conditions,
the potential impact of competing reductant sinks on the au-
totrophic potentials of acetogens is largely unknown. The ace-
togens C. thermoaceticum (20) and Clostridium thermoautotro-
phicum (60) are phylogenically very closely related (55) and
dissimilate nitrate preferentially to the reduction of CO, under
heterotrophic conditions (21, 52). The main objective of the
present study was to resolve the impact of nitrate on the one-
carbon metabolism and autotrophic capacities of these two
acetogens.
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MATERIALS AND METHODS

Culture media and growth conditions. C. thermoautotrophicum (ATCC 33924)
and C. thermoaceticum (ATCC 39073) were cultivated at 55°C in butyl rubber-
stoppered, aluminum crimp-sealed tubes (18 by 150 mm; approximately 27-ml
stoppered volume at atmospheric pressure; 7 ml of medium per tube). The basal
medium contained the following (in milligrams per liter): NaHCO;, 7,500;
KH,PO,, 500; NaCl, 400; NH,CI, 160; MgCl, - 6H,0, 50; CaCl, - 2H,0, 10;
nicotinic acid, 2; cyanocobalamin, 0.25; p-aminobenzoic acid, 0.25; calcium D-
pantothenate, 0.25; thiamine - HCI, 0.25; riboflavin, 0.25; lipoic acid, 0.25; folic
acid, 0.1; biotin, 0.1; pyridoxal - HCI, 0.1; sodium nitrilotriacetate, 7.5;
MnSO, - H,0, 2.5; FeSO, - 7TH,0, 0.5; Co(NOj;), - 6H,0, 0.5; ZnCl,, 0.5;
NiCl, - 6H,0, 0.25; H,SeO,, 0.25; CuSO, - 5SH,0, 0.05; AIK(SO,), - 12H,0,
0.05; H3BO;3, 0.05; Na,MoO, - 2H,0, 0.05; Na,WO, - 2H,0, 0.05; Na,S - 9H,0
(reducer), 500; and resazurin (redox indicator), 1. Undefined medium was basal
medium that lacked NH,Cl but was supplemented with yeast extract (1 g/liter).
Unless otherwise indicated, the cultivation gas phase was 100% CO,; the pH of
both basal and undefined media approximated 6.8. Supplemental substrates were
as indicated elsewhere. Growth was initiated with 0.5 ml of inoculum. When
larger quantities of cells were required for assays of resting cells, cell extracts,
and membranes, cultivation was done in 1.2-liter infusion flasks (Miiller-
Krempel, Biilach, Switzerland) containing 500 ml of medium. Unless otherwise
indicated, culture tubes and bottles were incubated horizontally without shaking.

Acetogenium kivui (ATCC 33488), A. woodii (DSM 1030), and Peptostrepto-
coccus productus (ATCC 35244) were cultivated at 55, 30, and 37°C, respectively,
in the undefined medium described above. Clostridium aceticum (DSM 1496)
and Clostridium formicoaceticum (DSM 92) were cultivated in a similar unde-
fined medium at pH 8 and 37°C (42).

Preparation of resting-cell assay. Cells (cultivated in undefined medium [5 g
of yeast extract per liter] with 60 mM methanol and 10 mM nitrate as indicated)
were harvested during mid-growth (an optical density at 660 nm of approximately
0.25) by centrifugation and washed with 50 mM potassium phosphate buffer (pH
7) under a gas atmosphere of 100% N,. The cells were resuspended to a final
optical density at 660 nm of 7 in 100 mM potassium phosphate buffer (pH 7)
containing 10 mM MgCl, and 0.05% Na,S (to maintain reduced conditions).
Five-milliliter cell suspensions were preincubated for 5 min at 55°C in closed,
N,-flushed tubes (28 ml); reactions were initiated by injecting CO,, methanol,
and nitrate (final concentrations of 20, 60, and 5 mM, respectively). Aliquots
were removed for analysis; the reaction was terminated by icing and aerobically
vortexing the collected sample.

Preparation of cell extracts and enzyme activity assays. Cells were harvested
anaerobically and digested with lysozyme as outlined previously (40). All enzyme
activity assays were carried out under anaerobic conditions (100% N,) at 55°C.
Cells used for the assessment of acetyl-CoA synthase activity were obtained from
cultures grown in defined medium supplemented with pyruvate, ethanol, and
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FIG. 1. Pathway for the autotrophic synthesis of acetate and biomass via the
acetyl-CoA pathway (modified from reference 16). Abbreviations: THF, tetra-
hydrofolate; [Co-protein], corrinoid protein.

vanillate (10 mM each); this combination of substrates yielded maximal growth
under defined conditions. Cells used for the assessment of all other enzyme
activities were obtained from cultures grown in methanol (60 mM)-supple-
mented undefined medium (modified with 5 g of yeast extract and 0.4 g of NH,CI
per liter). These media were supplemented with 10 mM nitrate as indicated.

Reactions were initiated by the addition of cell extract (containing 20 to 30 mg
of protein per ml). Hydrogenase, CO dehydrogenase, and formate dehydroge-
nase activities were determined by following the H,-dependent, CO-dependent,
or formate-dependent reduction of benzyl viologen at 578 nm, respectively (15).
The assay buffer was 50 mM Tris HCI (pH 8.5) plus 5 mM benzyl viologen; assay
tubes containing 5 ml of assay buffer were supplemented with 125 wmol of H,,
125 pmol of CO, or 50 pwmol of formate for the respective enzyme assay.
Formyltetrahydrofolate synthetase (47, 49), methylenetetrahydrofolate dehydro-
genase (59), and methylenetetrahydrofolate reductase (7) activities were assayed
spectrophotometrically according to published protocols. For hydrogenase, CO
dehydrogenase, formate dehydrogenase, methylenetetrahydrofolate reductase,
and methylenetetrahydrofolate dehydrogenase, 1 U of activity was defined as 1
wmol of reductant pair equivalent consumed per min. For formyltetrahydrofo-
late synthetase, 1 U of activity was defined as 1 pmol of formyltetrahydrofolate
synthesized per min.

Acetyl-CoA synthase activity (note that this enzyme is the same as CO dehy-
drogenase and catalyzes both the synthesis of acetyl-CoA and the reversible
oxidation of CO [50]) was assayed as previously described (18, 48), except the
assessment of acetate (used to assess acetyl-CoA synthesis) was not dependent
on the use of '“C-labeled methyltetrahydrofolate. The assay was performed in
stoppered reaction vials (12 ml) containing 520 .l of the following mixture (in
millimolar except as specified otherwise): sodium phosphate (pH 6.0), 80; ADP,
5; MgCl,, 10; CoA, 2; dithiothreitol, 10; 5-methyltetrahydrofolate, 2; 2-mercap-
toethanol, 9 (present in the 5-methyltetrahydrofolate stock solution); and CO, 19
(10 wmol). The reaction was initiated by injecting 50 pl of cell extract (containing
approximately 1 mg of protein) and terminated at 15 min with 0.2 ml of 2 M
HCIO,. Acetate was analyzed by high-performance liquid chromatography. Con-
trol reactions that were terminated immediately or control reaction mixtures that
lacked either 5-methyltetrahydrofolate or CO yielded negligible or nondetect-
able amounts of acetate. For acetyl-CoA synthase, 1 U of activity was defined as
1 nmol of acetyl-CoA synthesized per min.

Difference spectra of membranes. Cells were cultivated in undefined medium
that contained either methanol (60 mM) or CO (60 mM [these cultures were
shaken on a rotary shaker at 90 rpm]) and that was supplemented with nitrate (10
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mM) as indicated. Cells were disrupted under anaerobic conditions with a
French press, and membranes were prepared and washed by ultracentrifugation
as previously described (17, 30). Washed membranes were resuspended to a final
concentration of 1 mg of protein per ml in 50 mM potassium phosphate buffer
(pH 7) containing 10 mM MgSO, and 10% glycerol. Membranes were reduced
with sodium dithionite, and the reduced-minus-oxidized spectra were obtained
with a Uvikon 930 (Kontron Instruments, Milan, Italy) double-beam recording
spectrophotometer at room temperature.

Analytical methods. Growth was monitored at 660 nm with a Spectronic 501
photometer (Bausch and Lomb, Inc., Rochester, N.Y.). Cell dry weights were
calculated as previously described (51). Protein was estimated by the method of
Bradford (5). Analysis of culture liquid and gas phases was facilitated by high-
performance liquid chromatography and gas chromatography, respectively, as
previously described (9, 10). Gas solubilities were calculated from standard
solubility tables (58), and the amounts of gas consumed or produced were
calculated by taking into account both gas and liquid phases. Millimolar concen-
trations of a specific gas were calculated by dividing the total amount of said gas
present in the culture tube by the volume of the liquid phase. Ammonium (19,
24), nitrite (26), and nitrate (6) were determined spectrophotometrically by
standard methods. All chemicals used were of the highest purity available and
were purchased from Sigma Chemie (Deisenhofen, Germany) or Aldrich Che-
mie (Steinheim, Germany). In this study, no distinctions between (i) carboxylic
acids and their salt forms, (ii) CO, and its carbonate forms, and (iii) ammonia
and its salt form, ammonium, were made. All results and values are represen-
tative of replicate experiments.

RESULTS

Capacity of acetogens to dissimilate nitrate. After 4. kivui,
A. woodii, C. aceticum, C. formicoaceticum, and P. productus
were cultivated in undefined media with a variety of substrates,
their growth rates and cell yields were found not to be appre-
ciably affected by nitrate; in each case, nitrate consumption was
minimal or not apparent (data not shown). These results were
in marked contrast with results attesting to the capacities of C.
thermoautotrophicum and C. thermoaceticum to dissimilate ni-
trate.

Effect of nitrate on one-carbon metabolism and substrate
turnover under heterotrophic conditions. In the presence of
nitrate under yeast extract-enriched conditions (i.e., conditions
that provide the cell with utilizable carbon for biosynthesis
from yeast extract), C. thermoautotrophicum grew with one-
carbon substrates. This growth was coupled to the reduction of
nitrate, and the acetyl-CoA pathway was not engaged, as was
indicated by the cell’s inability to synthesize acetate from H,-
CO,, CO, and formate (Table 1). Similar results were obtained
with C. thermoaceticum (data not shown). The flow of reduc-
tant was shifted towards the reduction of nitrate; nitrite and
ammonium were the main reduced products detected. For-
mate was formed by H, (and to a lesser extent CO) cultures
supplemented with nitrate. The amounts of acetate formed by
glucose and pyruvate cultures were reduced under nitrate-
supplemented basal conditions (data not shown); this result
was consistent with the loss of the function of the acetyl-CoA
pathway relative to the reduction of CO,.

With undefined medium, the amount of biomass formed per
unit of reductant consumed by C. thermoautotrophicum and C.
thermoaceticum was consistently greater under nitrate-supple-
mented conditions (Table 1 and data not shown). For example,
at low H, levels (15 mM), nitrate-coupled growth was eight-
fold greater than acetogenic growth (on the basis of the
amount of biomass formed per unit of reductant consumed). In
addition, although ethanol and n-propanol were only margin-
ally growth supportive in the absence of nitrate, these alcohols
yielded high amounts of biomass per unit of reductant con-
sumed under nitrate-dissimilating conditions (Table 1). These
results demonstrated that certain substrates not readily growth
supportive under acetogenic conditions can nonetheless serve
as growth-supportive sources of reductant via nitrate dissimi-
lation. Reductant recovery in nitrate-dissimilating, undefined,
and basal medium cultures approximated only 60% (Table 1
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TABLE 1. Effect of nitrate on the growth and product profiles of C. thermoautotrophicum cultivated in undefined medium
Concn of  Biomass Concn of b Recove!
Substrate substrate  per 2[H] nitrate Conen of product (mMY (%) Y
(mM) consumed consumed consumed

(mM)  (mg/mmol)* (mM)  Nitritt  Ammonium Acetate Formate Propionate Protocatechuate Catechol N [H]

None (control) NA“ NA (7) 0 0 0.1 0 0 NA NA
NO;~ (5) (control)? NA NA (7) 0.2 0.2 0.1 0 0 95 NA
H, (15)° 13.0 0.6 (14) ND/ ND ND 35 0 NA 108
H, (15) + NO5;™#¢ 8.7 4.8 (49) 34 29 0.6 0 0 102 56
H, (60) 534 0.9 (54) ND ND ND 12.5 0 NA 94
H, (60) + NO5;~ 16.2 2.4 (46) 3.8 2.6 1.1 0 32 96 61
CO (60) 29.4 2.7 (86) ND ND ND 6.4 0 NA 87
CO (60) + NO5~ 18.6 6.8 (133) 4.1 0.7 2.6 0 0.6 81 62
Formate (15) 14.6 0.9 (20) 0 0 0.1 3.6 0 NA 99
Formate (15) + NO5;~ 15.7 3.1 (56) 5.0 32 1.6 0 0 98 61
Vanillate (5) 5.6 2.6 (15) ND ND ND 3.4 0 3.4 0.8 NA 82
Vanillate (5) + NO;~ 33 5.3 (33) 29 1.0 0.8 0 0 0.9 13 71 41
Ethanol (10) 4.8 0.5 (12) ND ND ND 6.2 0 NA 86
Ethanol (10) + NO;™ 4.3 6.5 (64) 34 22 0.8 4.0 0 86 58
n-Propanol (10) 10.0 0.4 (15) 0 0 0.2 4.9 0 10.8 NA 97
n-Propanol (10) + NO;~ 2.4 5.6 (33) 23 22 0.5 0 0 2.6 116 80

“ Values in parentheses are milligrams (dry weight) of cells per liter.

® The values reported were corrected for amounts carried over with inoculum. Inocula were derived from cultures maintained under the growth conditions indicated.

¢ NA, not applicable.
4 When nitrate was added, it was added at 5 mM throughout.

¢ Inoculum was derived from maintained H, (60 mM) culture (undefined medium).

/ND, not determined.

& Inoculum was derived from maintained H, (60 mM) plus NO;~ (5 mM) culture (undefined medium).

and data not shown); with basal medium cultures, reductant
recovery was 80 to 110% after the amounts of reductant the-
oretically in the biomass were taken into account (data not
shown). Because essentially identical results were obtained to
this point with both C. thermoautotrophicum and C. thermoace-
ticum, C. thermoautotrophicum was selected as the primary
model for subsequent evaluations.

Turnover of nitrate during growth and by resting cells. Time
course studies with glucose (Fig. 2) and pyruvate (data not
shown) demonstrated that the reduction of nitrate to nitrite
was correlated with growth. Although these results suggested
that energy was conserved in the reduction of nitrate to nitrite,
it remains unknown if further reduction of nitrite to ammo-
nium was energy conserving.

To determine if the cell’s capacity to dissimilate nitrate was
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FIG. 2. Effect of time on the substrate and product profiles of C. thermoau-
totrophicum cultivated with glucose in nitrate-supplemented basal medium. Sym-
bols: O, growth; ¥, glucose; +, acetate; [, NO;~; @, NO,~; v, NH,"; m, NH,*
corrected for the theoretical nitrate-derived N in the biomass (46).

constitutive, cells that had been cultivated at the expense of
methanol in undefined medium with or without nitrate were
resuspended in methanol-supplemented buffer and challenged
with nitrate. Cells cultivated in the absence of nitrate displayed
no capacity either to consume or to reduce nitrate over a
60-min assay period. In contrast, cells cultivated with nitrate
readily reduced nitrate to nitrite, with the amount of nitrite
formed accounting for approximately 75% of the nitrate con-
sumed. Rates of nitrate consumption by resting nitrate-culti-
vated cells approximated 0.1 pmol of nitrate consumed per
min per mg (dry weight) of cells, which was about one-fourth
of the nitrate consumption rate observed during growth.

Inhibition of chemolithoautotrophic growth by nitrate. Ni-
trate inhibited the H,-CO, chemolithoautotrophic growth of
C. thermoautotrophicum, i.e., cultures could not be maintained
beyond the first transfer in H,-CO, basal medium supple-
mented with nitrate (Table 2). This result suggested that the
loss of the capacity to synthesize acetate via the acetyl-CoA
pathway was coincident with the loss of the cell’s capacity to
assimilate CO,-derived carbon. Although growth could not be
maintained in H,-CO,-nitrate basal medium, initial transfers
of cells into this medium resulted in the formation of large
amounts of formate (Table 2), suggesting that the flow of
reductant and carbon towards acetyl-CoA was blocked beyond
the formate dehydrogenase step in the acetyl-CoA pathway.
Certain acetogens have the specialized capacity to use reverse
acetogenesis for the assimilation of acetate (62). However,
supplemental acetate did not serve as a carbon source (Table
2) and, thus, did not provide the cell with an anabolic bypass
for the apparent block imposed by nitrate on the acetyl-CoA
pathway.

Effect of nitrate on growth at the expense of one-carbon
substrates under basal medium conditions. Under nitrate-
supplemented basal conditions, cultures of C. thermoautotro-
phicum could not be maintained with CO, formate, methanol,
vanillate, or syringate after these one-carbon acetogenic sub-
strates were added singly as medium supplements; in contrast,
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TABLE 2. Effect of nitrate on the H,-dependent growth and
product profiles of initial transfers of C. thermoautotrophicum in
basal medium*

Concn of product
Biomass formed (mM)

Substrate (mg [dry wt}/liter)”
Acetate Formate
None (control) 3 0.1 0
NO;™ (control) 1 0 0
H, 51(44) 14.7 0
H, + NO;~ 33(2) 0 8.1
Acetate 2 0.1 0
Acetate + NO;~ 1 0.1 0
H, + acetate 34 (38) 13.4 0
H, + acetate + NO;~ 19 (0) 0.1 10.6

¢ Inoculum was derived from a culture maintained in H,-supplemented (60
mM) undefined medium. The initial substrate concentrations (millimolar) were
as follows: nitrate, 5; H,, 60; and acetate, 5. Values are the maximum values
observed during growth.

® The values in parentheses are second-transfer values.

these substrates were growth supportive when nitrate was
omitted from the basal medium (data not shown). (Vanillate
and syringate are referred to as one-carbon substrates because
C. thermoaceticum and C. thermoautotrophicum only make use
of one-carbon substituent groups of these aromatic compounds
[references 11 and 28 and data not shown].) After either va-
nillate or syringate was combined with CO in basal medium,
maintainable growth was obtained in the presence of nitrate
(Table 3 and data not shown). Thus, the apparent nitrate-
dependent blockage of the assimilatory function of the acetyl-
CoA pathway was bypassed when both preformed methyl- and
carbonyl-level precursors were available for growth, indicating
that the acetyl-CoA formed under these conditions was used
exclusively for the anabolic assimilation of carbon rather than
the synthesis of acetate. H, may enhance the capacity of cer-
tain acetogens to use aromatic O-methyl groups (35, 36). How-
ever, growth was not obtained in the presence of nitrate with
vanillate- or syringate-supplemented basal medium after CO
was replaced with H,, indicating that H,-dependent reduction
of CO, to the carbonyl level did not occur in the presence of
nitrate. Experiments with C. thermoaceticum yielded essen-
tially identical results (data not shown).

Effect of nitrate on enzyme activities in cell extracts. En-
zyme activities central to the acetyl-CoA pathway were present
in cell extracts of C. thermoautotrophicum obtained from cul-
tures grown in the presence of nitrate (Table 4). The difference
in the specific activities of cultures cultivated with and without
nitrate was minimal; activity levels in both cases were similar to
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those previously observed with C. thermoautotrophicum (8, 30).
Although they were not measured directly, the methyl trans-
ferase (18) and corrinoid protein (29) that collectively facilitate
the transmethylation of acetyl-CoA synthase from methyltet-
rahydrofolate (16, 50, 61) appeared also to be present in an
active form in nitrate-grown cells (since both enzymes were
required for the synthesis of acetyl-CoA from methyltetrahy-
drofolate and CO). The addition of nitrate or nitrite in enzyme
assays had no appreciable effect on CO dehydrogenase and
formyltetrahydrofolate synthetase activities in cell extracts
(data not shown). The specific activity of hydrogenase de-
creased in cells cultivated under nitrate-dissimilating condi-
tions (Table 4).

Effect of nitrate on the occurrence of cytochrome b in cell
membranes. The difference spectrum of membranes obtained
from C. thermoautotrophicum cultivated with either CO or
methanol under nitrate-dissimilating conditions indicated that
membranes from such cells were dissimilar to those obtained
from cells cultivated in the absence of nitrate (Fig. 3). In
particular, cytochrome b (previously reported with glucose-
and methanol-cultivated cells) (25, 30) with absorption peaks
at approximately 430 and 560 nm decreased to nondetectable
levels. Similar results were obtained with C. thermoaceticum,
i.e., membranous cytochrome b was present in cells cultivated
without nitrate but was not detected in the membranes of
nitrate-cultivated cells.

DISCUSSION

The acetyl-CoA pathway is conceived to have both dissimi-
latory and assimilatory functions relative to carbon and energy
flow (Fig. 1). The collective findings of the present study pro-
vide confirmatory evidence (22, 37) that the acetyl-CoA path-
way is indeed central to the autotrophic assimilation of carbon
for C. thermoautotrophicum and C. thermoaceticum. Further-
more, because a shift in the flow of reductant towards the
dissimilation of nitrate altered the routing of CO, to both
acetate and biomass, the findings also provide evidence that
the primary dissimilatory and assimilatory reductive functions
of the acetyl-CoA pathway of these two acetogens are not
regulated separately during nitrate dissimilation. Both the dis-
similatory and assimilatory CO,-reducing functions of the
pathway appear to have been short circuited by nitrate, and the
cell consequently lost its capacity to grow autotrophically.

Despite this negative effect of nitrate on the in situ function-
ality of the acetyl-CoA pathway, cell yields were enhanced
during the dissimilation of nitrate under heterotrophic growth
conditions (i.e., when the cell could obtain carbon for biomass
synthesis from reduced carbon precursors [e.g., from yeast

TABLE 3. Effect of nitrate on the growth and product profiles of C. thermoautotrophicum cultivated in basal medium supplemented with
vanillate plus CO*

Concn of substrate Biomass Recovery

S Biomass formed consumed (mM) per 2[H] Conen of product (mM) (%)

ubstrate ;
(mg [dry wt]/liter) consumed

Vanillate CO Nitrate (mg/mmol) Nitrite Ammonium Acetate Protocatechuate Catechol H, N [H]
None (control) 6.0 NA®” NA ND¢ NA ND —0.2 0 ND NA NA
NO;™ (control) 5.5 NA NA O NA 0 0 0 ND NA NA
Vanillate + CO 68.0 46 160 0 2.1 0 -1.0 6.7 2.4 1.2 01 NA 90
Vanillate + CO + NO;~ 89.8 36 131 34 35 12 2.0¢ 0 0.2 36 08 92 40

“ The initial substrate concentrations (millimolar) were as follows: nitrate, 5; vanillate, 5; and CO, 15.

> NA, not applicable.

¢ ND, not determined.

@ Values were corrected by including the theoretical amount of ammonium assimilated in the biomass. For 100 mg (dry weight) of biomass, biomass ammonium
equivalents were assumed to approximate 1 mmol (on the basis of a cell N content of 14% [46]).
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TABLE 4. Effect of nitrate on enzyme activities in cell extracts of
C. thermoautotrophicum

Sp act (U/mg)

Enzyme activity Cultures Cultures
without with
nitrate nitrate

Formate dehydrogenase 6.8 3.6
Formyltetrahydrofolate synthetase 1.1 2.0
Methylenetetrahydrofolate dehydrogenase 2.8 0.8
Methylenetetrahydrofolate reductase 3.8 2.3
CO dehydrogenase 7.0 7.1
Acetyl-CoA synthase 0.5 0.3
Hydrogenase 5.4 0.4

extract]). Nitrate dissimilation to ammonium is energetically
more favorable than acetogenesis (for NO;~ + 2H" + 4H, —
NH," + 3H,0, AG®" = —600 kJ per reaction [56], whereas for
2CO, + 4H, — CH;COO™ + H* + 2H,0, AG*” = —95kJ
per reaction [22]). In addition, the higher redox potential of
nitrate compared with that of CO, (note that the redox poten-
tial of the nitrate-nitrite half-cell is +0.42 V [39] while that of
the CO,-acetate half-cell is —0.34 V [23]) may account for the
ability of these acetogens to utilize propanol and ethanol under
nitrate-dissimilating conditions. Relative to the in situ environ-
mental roles of acetogens, it is noteworthy that an acetogen
can engage such a high-redox-potential terminal electron ac-
ceptor. In this regard, of the acetogens evaluated, only C.
thermoautotrophicum and C. thermoaceticum dissimilated ni-
trate. Although this capacity appeared to be restricted to these
two acetogens, other acetogens engage alternative electron-
accepting processes, such as the dissimilation of fumarate, ar-
omatic acrylates, or pyruvate; indeed, many, if not most, ace-
togens are not strictly dependent on the acetyl-CoA pathway
for the conservation of energy (1-3, 14, 42-44, 57).

Although the specific electron carriers engaged in the dis-
similation of nitrate are not resolved, such high-redox-poten-
tial electron carriers as menaquinone and rubredoxin have
been previously identified in the membranes of C. thermoau-
totrophicum (31, 38). The metabolic roles of these carriers are
less than certain from existing data (38). The nitrate-specific
electron transport system would conceivably alter the capacity
of the cell to reduce methylenetetrahydrofolate to methyltet-
rahydrofolate (catalyzed by methylenetetrahydrofolate reduc-
tase), the terminal ion-translocating step in acetogenic electron
transport-mediated phosphorylation (12, 38, 45).

On the basis of resting-cell studies, the capacity of cells to
dissimilate nitrate was not constitutive, suggesting that either
nitrate-dissimilating enzymes or nitrate-specific electron carri-
ers were induced or strongly regulated at the protein level.
Different respiratory components are expressed in response to
electron acceptor availability in denitrifying (e.g., Paracoccus
denitrificans) and nitrate-dissimilating (e.g., Escherichia coli)
bacteria (53). Both the type and levels of cytochromes in the
membranes of the acetogen Sporomusa ovata are regulated by
the substrate (i.e., origin of reductant) used during growth
(32).

Nitrate dissimilation resulted in a complete loss of the
autotrophic and most C,-assimilating potentials of C. ther-
moautotrophicum and C. thermoaceticum. The formation of
significant amounts of formate by initial transfers into ni-
trate-supplemented, H,-CO, basal medium indicated that
the acetyl-CoA pathway was blocked directly or indirectly by
nitrate subsequent to the reduction of CO, to formate. Simul-
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FIG. 3. Redox difference spectra of C. thermoautotrophicum membranes ob-
tained from cells cultivated in undefined medium with methanol (A and B) or
CO (C and D). Cultivation was in the absence (A and C) or presence (B and D)
of nitrate.

taneous availability of CO and O-methyl groups alleviated the
nitrate-dependent inhibition of autotrophic growth, indicating
that preformed carbonyl- and methyl-level C, units bypassed
the nitrate-dependent block of the acetyl-CoA pathway.
Methyl groups from phenylmethylethers enter the acetyl-CoA
pathway via methyltetrahydrofolate (4, 33, 54), and CO can
enter the pathway directly at the carbonyl level (12, 50). That
preformed carbonyl- and methyl-level C; units bypassed the
nitrate block of carbon assimilation provided additional evi-
dence that acetyl-CoA synthase was indeed present and active
under nitrate-dissimilating basal conditions. These results also
provided evidence that inducible, broad-specificity O-demeth-
ylase (11, 33) was functional in nitrate-dissimilating, O-methyl
group-cultivated cultures.

Cytochrome b was essentially absent in membranes from
nitrate-dissimilating cells. This change in otherwise acetogenic
cells was coincident with the loss of the cell’s capacity to re-
ductively synthesize acetate from CO,. Numerous studies in-
dicate that many of the catalysts and electron acceptors
thought to be central to acetogenesis are localized or associ-
ated with the membrane (30, 31, 38). Membranous cytochrome
b is conceptualized as facilitating the electron flow of methyl-
enetetrahydrofolate reductase (which catalyzes the reductive
conversion of methylenetetrahydrofolate to methyltetrahydro-
folate [38]), and we hypothesize that the loss of membranous
cytochrome b alters this step in the acetyl-CoA pathway. How-
ever, additional steps that may or may not be affected by the
loss of cytochrome b also appear to be altered. In particular,
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nitrate-dissimilating cells appeared to be unable to reduce CO,
to the carbonyl level; exogenous CO bypassed this block. Hy-
drogenase specific activity was reduced 10-fold under nitrate-
dissimilating conditions; this factor might have accounted for
the apparent inability of cells to reduce CO, to the CO level.
In addition, the electron transport system for hydrogenase and
CO dehydrogenase (cytochrome b?) might have also been dis-
rupted by nitrate, or the more favorable energetics of nitrate
reduction to nitrite (0.42 V [39]) by H, may have disallowed
the reduction of CO, to CO (—0.52 V [23]). Although the H,
uptake role of hydrogenase during H,-dependent autotrophic
growth is obvious, the role of hydrogenase during heterotro-
phic acetogenesis is less than certain (10, 18, 34, 41). An open
question is whether hydrogenase (i.e., the enzyme that is as-
sayed as hydrogenase) is involved in the flow of reductant in
the formation of the carbonyl carbon under heterotrophic con-
ditions.

The reduction of CO,-level carbon to the carbonyl level is
conceived to be dependent upon reverse electron transport
(12). Although enzymes of the acetyl-CoA pathway were
present in cell extracts of nitrate-dissimilating cells, it is not
known how nitrate potentially influences the membranous as-
sociation of these catalysts. If their primary in situ function in
acetate synthesis is dependent upon their being membrane
associated, alteration of this association would clearly influ-
ence their functionality in carbon flow. In this regard, it is
noteworthy that the acetyl-CoA theoretically formed by CO
plus vanillate in nitrate-dissimilating basal medium cultures
did not proceed towards acetate but rather was used exclu-
sively for biomass synthesis. In contrast, the acetyl-CoA theo-
retically formed from glucose under nitrate-dissimilating basal
medium conditions (presumably via decarboxylation of pyru-
vate [16] rather than the reduction of CO,) yielded acetate
(Fig. 2). These results indicate that the cell is able to selectively
control the flow of carbon from acetyl-CoA towards either
assimilatory or dissimilatory channels.
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