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steps by citryl-CoA synthase (citrate ⫹ ATP ⫹ CoASH 3
citryl-CoA ⫹ ADP ⫹ Pi) and citryl-CoA lyase (citryl-CoA 3
oxaloacetate ⫹ acetyl-CoA) (3, 4).
Pyrobaculum islandicum is an archaeon that grows optimally
at 100°C and is a facultative autotroph (20). All eight citric acid
cycle enzyme activities and pyruvate synthase activity were
measured previously in P. islandicum cultures grown on peptides (36). The presence of ATP citrate synthase, pyruvate
synthase, and 2-oxoglutarate synthase activities and the absence of other CO2 fixation enzyme activities in autotrophically
grown P. islandicum cultures led to the suggestion that this
organism fixes CO2 via the reductive citric acid cycle (21). This
was consistent with the operation of this pathway in Thermoproteus neutrophilus, a member of the same family, as determined by 13C nuclear magnetic resonance and enzyme activity
studies (6, 32, 33, 39). However, for both P. islandicum and T.
neutrophilus, the activities of ATP citrate synthase were estimated to be too low to account for the activity needed to
maintain CO2 fixation (6, 21). It was also reported previously
that some Pyrobaculum species (e.g., Pyrobaculum aerophilum)
can oxidize acetate for growth (42), while other species (e.g., P.
islandicum) cannot (20). Other workers have since reported
that they were unable to grow either P. aerophilum or P. islandicum via acetate oxidation (1, 40).
In this study, we defined conditions for the growth of P.
islandicum on H2 and CO2 and on H2, acetate, and low concentrations of organic compounds. The activities of the eight

The citric acid cycle consists of eight enzymatic steps that
oxidize acetyl coenzyme A (acetyl-CoA) into two molecules of
CO2 per turn of the cycle (Fig. 1). The reductive citric acid
cycle reverses this process and is an alternative to the Calvin
cycle for CO2 fixation in many anaerobic autotrophic prokaryotes. One of the key steps in the reductive cycle is the
conversion of citrate into oxaloacetate and acetyl-CoA. This
step complements the irreversible citrate synthase step of the
oxidative cycle, which controls the direction of carbon flow
(Fig. 1). In Chlorobium limicola and Desulfobacter hydrogenophilus, the step is catalyzed by ATP citrate synthase (Fig. 1) (2,
24, 34). Alternatively, it has been proposed that this conversion
is also catalyzed by some photosynthetic bacteria in two enzyme steps (Fig. 1), using citrate lyase and AMP-forming
acetate:CoA ligase (http://www.genome.jp/kegg/pathway/map
/map00720.html). AMP-forming acetate:CoA ligase was characterized from Rhodospirillum rubrum (13), which uses the
reductive citric acid cycle for CO2 fixation (10), and the genome sequence of this organism contains genes encoding two
homologs of the catalytic ␤ subunit of citrate lyase (RruA0217
and RruA1200; accession number NC007643). In Hydrogenobacter thermophilus, the conversion is catalyzed in two other
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The hyperthermophilic archaeon Pyrobaculum islandicum uses the citric acid cycle in the oxidative and
reductive directions for heterotrophic and autotrophic growth, respectively, but the control of carbon flow is
poorly understood. P. islandicum was grown at 95°C autotrophically, heterotrophically, and mixotrophically
with acetate, H2, and small amounts of yeast extract and with thiosulfate as the terminal electron acceptor. The
autotrophic growth rates and maximum concentrations of cells were significantly lower than those in other
media. The growth rates on H2 and 0.001% yeast extract with and without 0.05% acetate were the same, but the
maximum concentration of cells was fourfold higher with acetate. There was no growth with acetate if 0.001%
yeast extract was not present, and addition of H2 to acetate-containing medium greatly increased the growth
rates and maximum concentrations of cells. P. islandicum cultures assimilated 14C-labeled acetate in the
presence of H2 and yeast extract with an efficiency of 55%. The activities of 11 of 19 enzymes involved in the
central metabolism of P. islandicum were regulated under the three different growth conditions. Pyruvate
synthase and acetate:coenzyme A (CoA) ligase (ADP-forming) activities were detected only in heterotrophically
grown cultures. Citrate synthase activity decreased in autotrophic and acetate-containing cultures compared
to the activity in heterotrophic cultures. Acetylated citrate lyase, acetate:CoA ligase (AMP forming), and
phosphoenolpyruvate carboxylase activities increased in autotrophic and acetate-containing cultures. Citrate
lyase activity was higher than ATP citrate synthase activity in autotrophic cultures. These data suggest that
citrate lyase and AMP-forming acetate:CoA ligase, but not ATP citrate synthase, work opposite citrate synthase
to control the direction of carbon flow in the citric acid cycle.
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citric acid cycle enzymes and 11 other central metabolic enzymes (Fig. 1) in P. islandicum cultures grown under autotrophic, mixotrophic, and heterotrophic conditions were measured. The data suggest that citrate is converted into
oxaloacetate and acetyl-CoA primarily in two steps, using
acetylated citrate lyase and an AMP-forming acetate:CoA ligase. Pyruvate synthase activity was found only in heterotrophically grown cultures, suggesting that there was an alternative
but unknown mechanism for pyruvate synthesis in acetategrown and autotrophically grown cultures.
MATERIALS AND METHODS
Organisms used. P. islandicum DSM 4184 was used for this study and was a
gift from Kazem Kashefi and Derek Lovley (Department of Microbiology, University of Massachusetts, Amherst). Sulfolobus acidocaldarius DSM 639 was
grown and used as a positive control for measurement of isocitrate lyase activity.
Growth conditions. P. islandicum was grown in a 20-liter fermentor in medium
described previously unless indicated otherwise (36). With all media, cultures
were grown anaerobically using 0.2% (wt/vol) Na2S2O3 as the terminal electron
acceptor (36). For heterotrophic growth, 0.05% (wt/vol) casein hydrolysate (enzymatic; Difco) and 0.02% (wt/vol) yeast extract (Difco) were added, and the
medium was sparged throughout growth with Ar at a rate of 30 ml min⫺1. For
growth with acetate, 0.05% (wt/vol) sodium acetate plus 0.001% yeast extract

were added, and the medium was sparged with H2 at a rate of 40 ml min⫺1. For
autotrophic growth, no organic compounds were added, and the medium was
sparged with an H2-CO2 mixture (80:20) at a rate of 30 ml min⫺1. Cysteine-HCl
(0.5 mM) was added as the reducing agent to remove residual O2. There was no
cell growth in autotrophic medium lacking CO2 and containing cysteine as the
reducing agent (i.e., there was no growth on cysteine). The pH of the medium
was adjusted to 6.00 ⫾ 0.05, and the medium was heated to 95°C and stirred at
120 to 150 rpm throughout growth. At 95°C, the pH values of the heterotrophic
and autotrophic media were maintained at 5.7 ⫾ 0.1 by automatic addition of 1
N H2SO4 (which inhibited growth with acetate).
The fermentor was inoculated with a logarithmic-phase culture that had been
grown and transferred at least three times in bottles containing the medium used.
At various times during growth, a sample was removed to determine the concentration of cells using a Petroff-Hausser counting chamber and phase-contrast
light microscopy. The specific growth rate (k) of the culture was determined by
using a best-fit curve for the logarithmic portion of the growth data. Cells were
harvested from the fermentor when they reached the late logarithmic growth
phase, as described previously (16). Cultures were grown four times in the
autotrophic medium, three times with acetate, and four times in the heterotrophic medium.
Serum bottle experiments. The headspace of cultures grown heterotrophically
in sealed serum bottles was checked for H2 following growth using a gas chromatograph (GC-8A; Shimadzu) fitted with a 5A 80/100 molecular sieve column
(Alltech) and Ar as the carrier and reference gas. Cultures were grown on
0.001% yeast extract with and without 0.05% acetate and with either H2 or Ar in
the headspace to determine the effects of these compounds on growth. The
proportion of acetate that was either oxidized to CO2 or assimilated into biomass
was determined by adding 1 Ci (1.2 M) of 14CH3COONa (Sigma Chemical
Co.) to 20 ml of acetate medium in a 60-ml serum bottle. After the cultures were
incubated at 95°C until they reached the late logarithmic growth phase, 0.1 ml of
5 N NaOH (enough to bring the pH of the samples to 10) was added to a pair
of bottles. To measure the amount of 14CO2 produced, a plastic center well
(Kontes Glass Co.) containing a folded strip of Whatman no. 1 chromatography
paper soaked with 0.2 ml of ␤-phenethylamine was suspended from a stopper
above each sample, and 0.2 ml of 4 N H2SO4 (enough to bring the pH of the
sample to 1) was added to the sample (18). After the samples were gently shaken
in the dark for 90 min, the chromatography paper was removed, and the amount
of radioactive carbon was determined using a scintillation counter. To determine
the amount of radiolabeled carbon assimilated into cell biomass, the liquid from
a separate pair of bottles incubated without acid or base added (the acid caused
cell lysis) was filtered through a 0.45-m-pore-size membrane filter and rinsed
with 2 volumes of sterile medium salts solution, and the amount of radioactivity
was determined as described above.
Enzyme assays. All sample transfers and manipulations were performed in an
anoxic chamber, and all sample buffers were degassed and flushed with Ar and
contained 2 mM sodium dithionite and 2 mM dithiothreitol. Each cell suspension
was thawed, and DNase I was added to a final concentration of 0.0002% (wt/vol).
The cells were then disrupted on ice by sonication in an anoxic chamber. Cell lysis
was verified using phase-contrast light microscopy, and an aliquot of the solution was
used as the whole-cell extract. The remainder was spun at 100,000 ⫻ g for 45 min
in a centrifuge, and the supernatant was used for the assays unless indicated
otherwise. Protein fractions that were not used immediately for enzyme assays
were frozen in liquid N2 and stored at ⫺80°C. The protein concentrations in the
whole-cell extract and spun fractions were determined spectrophotometrically
using a protein determination kit (Bio-Rad) based on the Bradford assay (7).
Bovine serum albumin was used as a protein standard.
Twenty-two different enzyme activities were assayed for each of the 11 fermentor runs. All enzyme activities were measured at 80°C unless indicated
otherwise. The activities of the following enzymes were measured under anaerobic conditions in rubber stopper-sealed glass and quartz cuvettes that were
degassed and flushed with Ar: citrate lyase (30, 31), ATP citrate synthase (21),
citryl-CoA synthetase (3), aconitate hydratase and isocitrate lyase (41), 2-oxoglutarate synthase and pyruvate synthase (35), succinate dehydrogenase (6),
fumarate hydratase (27), malate synthase (37), hydrogenase with H2 in the
headspace (25), and formate dehydrogenase (26). The activities of the following
enzymes were measured under aerobic conditions: citrate synthase at 55°C (12),
isocitrate dehydrogenase and malate dehydrogenase (38), succinate:CoA ligase
(ADP forming) and pyruvate-water dikinase (19, 22), decarboxylating malate
dehydrogenase (5), phosphoenolpyruvate carboxylase (14), pyruvate carboxykinase (29), and ADP- and AMP-forming acetate:CoA ligases (8, 9).
Statistical analyses. The culture growth rate data and each enzyme activity
measurement were subjected to statistical analyses as described previously (43).
The growth rates were compared using a linear regression analysis, analysis of
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FIG. 1. Proposed citric acid cycle and related enzyme reactions in
P. islandicum. The enzymes are as follows: 1, citrate synthase; 2, aconitate hydratase; 3, isocitrate dehydrogenase; 4, 2-oxoglutarate synthase; 5, succinate:CoA ligase (ADP forming); 6, succinate dehydrogenase; 7, fumarate hydratase; 8, malate dehydrogenase; 9, citrate
lyase; 10, ATP citrate synthase; 11, acetate:CoA ligase (ADP forming);
12, acetate:CoA ligase (AMP forming); 13, pyruvate synthase; 14,
pyruvate-water dikinase; 15, phosphoenolpyruvate carboxylase; 16,
malate dehydrogenase (decarboxylating); 17, malate synthase; and 18,
isocitrate lyase. Fd, electron carrier ferredoxin; FAD, flavin adenine
dinucleotide; FADH2, reduced flavin adenine dinucleotide.
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TABLE 1. Specific activities of citric acid cycle enzymes and other enzymes in cells grown on various media
Sp act (nmol min⫺1 mg⫺1) on the following growth mediaa:
Enzyme

EC no.

H2 ⫹ CO2

H2 ⫹ acetate ⫹ yeast extract

Tryptone ⫹ yeast extract

2.3.3.1
4.2.1.3
1.1.1.42
1.2.7.3
6.2.1.5
1.3.99.1
1.3.99.1
4.2.1.2
1.1.1.37

101 ⫾ 21
342 ⫾ 72
430 ⫾ 34
112 ⫾ 23
99 ⫾ 16
192 ⫾ 41
195 ⫾ 77
316 ⫾ 10
1,176 ⫾ 193

137 ⫾ 31
221 ⫾ 28
626 ⫾ 87
148 ⫾ 12
90 ⫾ 1
115 ⫾ 8
148 ⫾ 109
339 ⫾ 96
1,747 ⫾ 646

217 ⴞ 60c
525 ⴞ 140
711 ⫾ 224
130 ⫾ 17
90 ⫾ 11
161 ⫾ 88
201 ⫾ 76
428 ⫾ 52
2,221 ⴞ 118

Other enzymes
Citrate lyase
ATP citrate synthase
Acetate:CoA ligase (ADP forming)
Acetate:CoA ligase (AMP forming)
Pyruvate synthase
Pyruvate-water dikinase
Phosphoenolpyruvate carboxylase
Malate dehydrogenase (decarboxylating)
Hydrogenase
Hydrogenaseb
Formate dehydrogenase
Formate dehydrogenaseb
Malate synthase

4.1.3.6
2.3.3.8
6.2.1.13
6.2.1.1
1.2.7.1
2.7.9.2
4.1.1.31
1.1.1.39
1.12.7.2
1.12.7.2
1.2.2.1.2.2.2.3.3.9

25 ⴞ 6
12 ⫾ 16
0
95 ⴞ 8
0
32 ⫾ 5
123 ⴞ 20
319 ⫾ 49
165 ⫾ 20
474 ⫾ 110
299 ⫾ 199
2,818 ⫾ 1,674
19 ⫾ 12

9⫾3
51 ⴞ 8
0
32 ⴞ 6
0
19 ⫾ 4
126 ⴞ 2
293 ⫾ 33
130 ⫾ 11
1,005 ⴞ 80
245 ⫾ 160
1,842 ⫾ 1,253
30 ⫾ 7

3⫾0
25 ⫾ 3
93 ⴞ 6
0
59 ⴞ 19
22 ⫾ 5
0
558 ⴞ 76
210 ⫾ 34
520 ⫾ 65
524 ⫾ 200
5,743 ⫾ 152
21 ⫾ 9

a
Most enzyme activities were measured using only the cytoplasmic protein fraction. The exceptions were the succinate dehydrogenase, hydrogenase, and formate
dehydrogenase activities, which were also measured using whole-cell extracts. The values are means ⫾ standard deviations.
b
Enzyme activity measured using the whole-cell extract.
c
Boldface type indicates values that are significantly different (P ⬍ 0.05) from one or both values for the same enzyme that are not in boldface type. The statistical
trends are as follows: for citrate synthase, peptides ⬎ H2-CO2; for aconitate hydratase, peptides ⬎ acetate; for malate dehydrogenase, peptides ⬎ H2-CO2; for citrate
lyase, H2-CO2 ⬎ acetate and peptides; for ATP citrate synthase, acetate ⬎ peptides and H2-CO2; for acetate:CoA ligase (ADP forming), peptides ⬎ acetate and
H2-CO2; for acetate:CoA ligase (AMP forming), H2-CO2 ⬎ acetate ⬎ peptides; for pyruvate synthase, peptides ⬎ acetate and H2-CO2; for phosphoenolpyruvate
carboxylase, acetate and H2-CO2 ⬎ peptides; for malate dehydrogenase (decarboxylating), peptides ⬎ acetate and H2-CO2; and for hydrogenase in whole-cell extracts,
acetate ⬎ peptides and H2-CO2.

covariance, and a Tukey test (␣ ⫽ 0.05). The enzyme activities were compared by
using analysis of variance and a Tukey test (␣ ⫽ 0.05). Individual enzyme
activities for each condition were expressed as the mean ⫾ standard deviation.
The results of the enzyme activity Tukey test are shown in Table 1.

RESULTS
P. islandicum growth versus carbon source. P. islandicum
used both H2 and CO2 for autotrophic growth. Cultures did
not grow on acetate alone. Hydrogen significantly enhanced
growth, with and without acetate, when the yeast extract concentration was 0.001% (Fig. 2A). The growth rates of cultures
grown on H2 and 0.001% yeast extract with and without 0.05%
acetate were not significantly different; however, the maximum
concentration of cells was fourfold higher for cultures grown
with acetate (Fig. 2A). Acetate uptake experiments using 14Clabeled acetate showed that acetate was used by the cultures
and that the percentages of acetate assimilated into biomass
and respired as CO2 were 55% and 45%, respectively. No H2
was detected in the headspace of heterotrophically grown cultures.
For cultures grown in the 20-liter fermentor, all growth
curves demonstrated that the cultures were in the logarithmic
growth phase throughout the experiment (Fig. 2B). The doubling times of P. islandicum grown autotrophically, with acetate, and heterotrophically were 6.8 h (k ⫽ 0.102 ⫾ 0.009 h⫺1
[95% confidence interval]), 3.7 h (k ⫽ 0.187 ⫾ 0.032 h⫺1), and

2.7 h (k ⫽ 0.258 ⫾ 0.009 h⫺1), respectively. These values were
all significantly different from each other (P ⬍ 0.05). The
maximum concentrations of cells obtained were highest and
lowest for cultures grown heterotrophically and autotrophically, respectively, and there was a 10-fold difference between
these concentrations (Fig. 2B).
Enzyme activities. The activities of all eight enzymes of the
citric acid cycle plus 11 other central metabolic enzymes in cells
grown under the three growth conditions were measured (Table 1). No activities were detected for pyruvate carboxykinase,
citryl-CoA synthetase, and isocitrate lyase. Notably, for 11 of
the 19 active enzymes there were significant differences (P ⬍
0.05) in activity when there were differences in the growth
conditions. The specific activities of citrate synthase, aconitate
hydratase, malate dehydrogenase, ADP-forming acetate:CoA
ligase, pyruvate synthase, and decarboxylating malate dehydrogenase were significantly higher in cells grown heterotrophically
than in cells grown in one or both of the other media (Fig. 3). The
activities of hydrogenase in the whole-cell extract and ATP
citrate synthase were higher in cells grown with acetate (Fig.
3B). The activities of citrate lyase, AMP-forming acetate:CoA
ligase, and phosphoenolpyruvate carboxylase were higher in
cells grown with acetate and on H2 and CO2 than in cells grown
on peptides (Fig. 3), and the AMP-forming acetate:CoA ligase
activity was higher in cells grown on H2 and CO2 than in cells
grown with acetate. There was no citrate lyase activity if 0.03%
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Citric acid cycle enzymes
Citrate synthase
Aconitate hydratase
Isocitrate dehydrogenase
2-Oxoglutarate synthase
Succinate:CoA ligase (ADP forming)
Succinate dehydrogenase
Succinate dehydrogenaseb
Fumarate hydratase
Malate dehydrogenase
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(vol/vol) acetic anhydride in dimethyl sulfoxide was not added
to activate the enzyme by acetylation (31). The activities that
were essentially the same under the three growth conditions were
the isocitrate dehydrogenase, 2-oxoglutarate synthase, succinate:
CoA ligase, succinate dehydrogenase, fumarate hydratase, pyruvate-water dikinase, formate dehydrogenase, and malate synthase
activities (Fig. 3).
DISCUSSION
It was proposed previously that P. islandicum grows autotrophically using the reductive citric acid cycle based on
measurement of the ATP citrate synthase, pyruvate synthase,
and 2-oxoglutarate synthase activities in cells reportedly grown
autotrophically (21). This was consistent with the operation of
this pathway in T. neutrophilus, a member of the same family
(6, 32, 33, 39). Our results support this idea with the caveat that
the carbon flow appears to be different than the carbon flow at
key regulatory steps suggested previously.
The growth rates and maximum concentrations of cells increased with increasing amounts of organic compounds
present. P. islandicum grew heterotrophically on remarkably
low concentrations of organic compounds (0.001% yeast ex-

tract), albeit to low concentrations of cells. Cultures did not
grow on acetate alone, but the maximum concentrations of
cells increased up to fourfold in medium containing 0.001%
yeast extract and H2 when acetate was added. Growth on
acetate without H2 was poor. 14C-labeled acetate uptake studies showed that acetate was used by the cells, but apparently
cells were unable to meet all of their biosynthetic needs without another source of organic compounds, and H2 appeared to
ameliorate the need to use acetate as the sole source of electrons. Similarly, acetate assimilation in R. rubrum was enhanced by addition of pyruvate and was further enhanced by
addition of H2 (23).
The activity of citrate lyase was more than eight times higher
in autotrophically grown cultures than in heterotrophically
grown cultures, suggesting that this activity was regulated. ATP
citrate synthase activities were not significantly different in
autotrophic and heterotrophic samples and were apparently
not regulated by the change in conditions. Citrate lyase activity
was higher than ATP citrate synthase activity in autotrophic
samples. Citrate lyase in mesophilic bacteria requires covalent
modification via acetylation for activation (11, 17, 30). In P.
islandicum, citrate lyase activity was observed only when an
acetylating compound was present in the assay mixture, suggesting that acetylation may further regulate the activity of this
enzyme.
ADP-forming acetate:CoA ligase activity was observed in
heterotrophically grown cultures, but AMP-forming acetate:
CoA ligase activity was not detected. Conversely, AMP-forming acetate:CoA ligase activity was observed in acetate-grown
and autotrophically grown cultures but not in heterotrophically
grown cultures. This suggests that ADP-forming acetate:CoA
ligase could be used in reverse to make ATP and acetate
during heterotrophic growth, but energy in the form of ATP
was required to form acetyl-CoA from acetate during growth
with acetate and autotrophic growth. During autotrophic
growth, the acetate for the reaction came from citrate lyase,
and the AMP-forming acetate:CoA ligase reaction completed
the conversion of citrate into oxaloacetate and acetyl-CoA
(Fig. 3A). The ATP citrate synthase activity was highest in
acetate-grown cells. Therefore, during growth with acetate, the
acetyl-CoA formed by AMP-forming acetate:CoA ligase appeared to enter the citric acid cycle for further oxidation in part
by ATP citrate synthase, perhaps to generate ATP from ADP
(Fig. 3B).
The activities of malate dehydrogenase, decarboxylating
malate dehydrogenase, pyruvate synthase, citrate synthase, and
ADP-forming acetate:CoA ligase, which catalyze adjacent
metabolic steps, were all significantly lower in autotrophically
grown cultures than in cultures grown heterotrophically (Fig.
3A). The activities of citrate lyase, AMP-forming acetate:CoA
ligase, and phosphoenolpyruvate carboxylase were all significantly higher in autotrophically grown cultures (Fig. 3A).
These nine enzymes share many of the same reactants and
products. Therefore, their activities appear to be generally
coordinated to control carbon flow in the citric acid cycle. In
particular, it appeared that acetylated citrate lyase and AMPforming acetate:CoA ligase, but not ATP citrate synthase,
function in a coordinated manner with citrate synthase to regulate the direction of carbon flow. The activities of the other
five enzymes of the citric acid cycle, including two enzymes that
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FIG. 2. (A) P. islandicum growth in 60-ml serum bottles on H2,
0.05% acetate, and 0.001% yeast extract (F), on H2 and 0.001% yeast
extract (E), on Ar, 0.05% acetate, and 0.001% yeast extract (Œ), and
on Ar and 0.001% yeast extract (‚). (B) Growth in the 20-liter fermentor on H2 and CO2 (Œ), on H2, 0.05% acetate, and 0.001% yeast
extract (E), and on 0.05% casein hydrolysate and 0.02% yeast extract
(F).
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use CO2, were not affected by a change in the carbon source.
The hydrogenase and formate dehydrogenase activities were
high in all whole-cell extracts, and phosphoenolpyruvate carboxylase activity was observed only in acetate-grown and autotrophically grown cultures. These results suggest that there
may be CO2 uptake at these steps, as well as CO2 reduction to
formate via the putatively membrane-bound hydrogenase and
formate dehydrogenase. No H2 was detected in the headspace
of heterotrophically grown cultures grown in sealed serum
bottles, suggesting that P. islandicum did not use pyruvateformate lyase.
The lack of pyruvate synthase activity when growth was not
heterotrophic is interesting since this enzyme is a key enzyme
for biosynthesis in the reductive citric acid cycle (10, 15). It is
not known how pyruvate was formed and how biosynthesis
from acetyl-CoA occurred in P. islandicum during autotrophic
growth or during growth with acetate without pyruvate synthase. However, one possibility is that the citramalate cycle was
used; in this cycle acetyl-CoA is converted into glyoxylate,
which enters the citric acid cycle via malate synthase and can
be used to make various biosynthetic precursors. It was
proposed previously that this pathway is used for biosynthesis in R. rubrum, which, like P. islandicum, lacks pyruvate
synthase and isocitrate lyase activities when cultures are
grown with acetate (23).
In conclusion, P. islandicum CO2 fixation via the reductive
citric acid cycle may be more like the pathway proposed for

some purple photosynthetic bacteria than like the pathways
found in green photosynthetic bacteria and Hydrogenobacter
species. The primary enzymes for the formation of oxaloacetate and acetyl-CoA in P. islandicum appear to be citrate lyase
and AMP-forming acetate:CoA ligase and not ATP citrate
synthase. It was suggested previously that the reductive citric
acid cycle was the origin of intermediary metabolism based on
the chemistry of the intermediates (28). Therefore, further
study of this pathway in hyperthermophilic archaea, which
themselves may have many ancient traits, may provide insight
into the natural history of this pathway.
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