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The glyoxylate cycle discovered by Kornberg and
Krebs [1] enables bacteria to utilize acetate and meta-
bolically related compounds as a sole growth substrate
(Fig. 1A). In the glyoxylate cycle, the key enzymes of
which are isocitrate lyase and malate synthase, acetyl-
CoA is oxidized to glyoxylate. Further condensation of
glyoxylate with another molecule of acetyl-CoA results
in the formation of malate, and oxidation of the latter
results in regeneration of oxaloacetate, which is an
acceptor of acetyl-CoA in the tricarboxylic acid cycle
(TCA cycle). Thus, the glyoxylate cycle fills up the
pool of TCA cycle intermediates consumed for the bio-
synthesis of cell components.

However, there is a large group of organisms that
can grow on acetate or substrates metabolized through
acetate in the absence of isocitrate lyase. Some repre-
sentatives of the alphaproteobacteria 

 

Rhodospirillum
rubrum, Rhodobacter sphaeroides, Phaeospirillum ful-
vum, Paracoccus versutus

 

, and 

 

Methylobacterium
extorquens

 

 belong to this group [2–5]. It also includes
some streptomycetes [6].

The mechanism of acetate assimilation in these
microorganisms has remained obscure for a long time.
However, recently different groups of researchers have
suggested several pathways of acetate utilization. For
example, we have suggested the functioning in

 

R

 

. 

 

rubrum

 

 of a citramalate cycle (CM cycle) [7–10],
where acetyl-CoA is oxidized to glyoxylate in the fol-
lowing reaction sequence: acetyl-CoA + pyruvate 
citramalate  mesaconate  mesaconyl-CoA 

 

3

 

-methylmalyl-CoA  propionyl-CoA + glyoxylate
(Fig. 1B). Regeneration of pyruvate, which is an accep-
tor of acetyl-CoA in the citramalate synthase reaction,
involves propionyl-CoA carboxylase. For 

 

M

 

. 

 

extor-
quens

 

, the group of Lidstrom [11] suggested another
pathway of acetate assimilation, including the enzymes
and intermediate compounds of the pathways of poly-

 

β

 

-hydroxybutyrate (PHB) biosynthesis, valine degrada-
tion, and biosynthesis of polyketide antibiotics. Finally,
an ethylmalonyl-CoA pathway (EM pathway) of ace-
tate assimilation has been recently demonstrated in

 

Rb

 

. 

 

sphaeroides

 

. Besides unique reactions, this pathway
includes a series of enzymes of both the CM cycle and
the pathway suggested for 

 

Methylobacterium

 

 (Fig. 1B)
[12, 13]. In the EM pathway, acetoacetyl-CoA formed
by condensation of two acetyl-CoA molecules is con-
verted into crotonyl-CoA, which is then carboxylated
with the involvement of crotonyl-CoA carboxy-
lase/reductase to form ethylmalonyl-CoA. The latter is
isomerized to methylsuccinyl-CoA, and oxidized to
mesaconyl-CoA. Mesaconyl-CoA is transformed into
3-methylmalyl-CoA, and further to propionyl-CoA and
glyoxylate. Condensation of acetyl-CoA and glyoxy-
late results in the formation of malate, and carboxyla-
tion of propionyl-CoA results in the formation of succi-
nyl-CoA.

Our suggestion about the functioning of the CM
cycle in 

 

R

 

. 

 

rubrum

 

 is based, first of all, on the results of
the study of cell suspensions in vivo [7–10]. Although
the possibility of acetate and pyruvate conversion into
glyoxylate and propionate with citramalate and mesa-
conate as intermediates was also demonstrated in vitro
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[7, 14], a detailed study of reactions of citramalate for-
mation and further conversion into propionyl-CoA and
glyoxylate was not carried out.

The goal of this work was to study the key enzymes
responsible for oxidation of acetyl-CoA into glyoxylate
in 

 

R

 

. 

 

rubrum

 

 and the possibility of functioning in

 

R

 

. 

 

rubrum

 

 of other pathways of acetate assimilation
suggested recently.

MATERIALS AND METHODS

 

Bacteria and cultivation conditions.

 

 The object of
study was the strain 

 

Rhodospirillum

 

 

 

rubrum

 

 1R from the
collection of the Department of Microbiology, Moscow
State University. The culture was grown under photo-
heterotrophic conditions in the Ormerod’s medium as
described [7].

 

Preparation of cell extracts.

 

 Cells were destroyed
with a French press under anaerobic conditions [15].

 

Enzymes activities were determined

 

 at room tem-
perature. The reaction mixture contained 0.5–1.5 mg
protein/ml.

The activities of pyruvate kinase, pyruvate:phos-
phate dikinase, pyruvate:water dikinase, and pyruvate
carboxylase were determined as described previously
[16]. Propionyl-CoA-carboxylase was measured radio-
chemically by propionyl-CoA-dependent fixation of

 

ëé

 

2

 

 [10].
Phosphoenolpyruvate (PEP) carboxylase, phospho-

enolpyruvate carboxykinase, and phosphoenolpyruvate
carboxytransphosphorylase activities were measured

spectrophotometrically by NADH oxidation in the
presence of malate dehydrogenase in the reaction mix-
ture of the following composition: Tris

 

−

 

HCl (pH 7.8),
50 mM; phosphoenolpyruvate (PEP), 6 mM; NaHCO

 

3

 

,

 

15 mM; NADH, 0.6 mM; MnCl

 

2

 

,

 

 4 mM; DTT, 5 mM;
malate dehydrogenase, 1 U/ml; and the extract. At the
measurement of PEP carboxykinase or PEP carbox-
ytransphosphorylase, the mixture contained 5 mM of
GDP (ADP) or 2 mM of KH

 

2

 

PO

 

4

 

, respectively.

The activity of citramalate synthase was determined
colorimetrically by (1) pyruvate-dependent formation
of CoA from acetyl-CoA (with DTNB) and
(2) decrease of pyruvate depending on the presence of
acetyl-CoA (with phenyl hydrazine) [15].

Mesaconase (mesaconate hydratase) was measured
spectrophotometrically by mesaconate formation from cit-
ramalate at a wavelength of 250 nm (

 

ε

 

250

 

 = 2.26 

 

m

 

M 

 

cm

 

–1

 

)
in the reaction mixture of the following composition:
Tris

 

−

 

HCl (pH 7.8), 50 mM; (L)- or (D)-citramalate,
20 mM; and the extract. The reaction product was iden-
tified as mesaconate by HPLC in an Aminex column
[15]. In the reverse direction, the reaction was mea-
sured in the following mixture: Tris

 

−

 

HCl (pH 7.8),
50 mM; mesaconate (or citraconate), 20 mM; and the
extract.

Mesaconate-CoA ligase and succinate-CoA ligase
were measured by CoA decrease in the following mix-
ture: Tris

 

−

 

HCl (pH 8.0), 100 mM; MgCl

 

2

 

, 2 mM; ATP,
5 mM; CoA, 0.8 mM; mesaconate (succinate), 5 mM;
and the extract (0.1–0.6 mg protein/ml). Samples
(100 

 

µ

 

l) were transferred into 1 ml of 0.5 mM DTNB in
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Fig. 1.

 

 Schematic representations of glyoxylate cycle (A), citramalate cycle (B), and ethylmalonyl-CoA pathway (C). Note that the
formation of malate from acetyl-CoA and glyoxylate in isocitrate lyase-minus bacteria occurs not directly but with the involvement
of malyl-CoA lyase and malyl-CoA-hydrolyzing enzyme [17].
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100 mM Tris

 

−

 

HCl (pH 8.0). CoA concentration was
measured at 412 nm after incubation for 1 min at room
temperature.

The activities of enzymatic condensation of propio-
nyl-CoA and glyoxylate were determined by glyoxy-
late decrease depending on the presence of propionyl-
CoA. Glyoxylate concentration was determined by the
reaction with phenyl hydrazine (

 

ε

 

324

 

 = 17.0 må

 

–1

 

 cm

 

–1

 

)
[15].

3-Methylmalyl-CoA lyase and malyl-CoA lyase
were measured with phenyl hydrazine by 3-methylma-
lyl-CoA (malyl-CoA)-dependent formation of glyoxy-
late at 324 nm in the following reaction mixture:
MOPS

 

−

 

KOH (pH 7.7), 200 mM; phenylhydrzine,
3.5 mM; MgCl

 

2

 

,

 

 10 mM; 3-methylmalyl-CoA (or
0.1 mM malyl-CoA), 0.1 mM; and the extract. Besides,
the possibility of glyoxylate formation was studied in
samples with the reaction mixture containing, instead
of 3-methylmalyl-CoA: 3-methylmalate, 2 mM, ATP,
5 mM, and CoA, 2 mM; succinyl-CoA, 0.5 mM; mesa-
conate, 10 mM, ATP, 5 mM, and CoA, 2 mM; mesacon-
ate, 10 mM, and succinyl-CoA, 0.5 mM.

The activity of crotonyl-CoA carboxylase/reductase
was determined radiochemically by crotonyl-CoA-
dependent fixation of [

 

14

 

C]bicarbonate [13].

 

The products of condensation of [

 

14

 

ë

 

]acetyl-CoA
with pyruvate and [

 

14

 

ë

 

]propionyl-CoA with glyoxy-
late

 

 were analyzed as described [15].

 

Protein assay.

 

 Protein was assayed according to
Bradford, using bovine serum albumin as a control.

 

The synthesis of CoA esters. 

 

U-[

 

14

 

C]Acetyl-CoA
and 

 

2-[

 

14

 

C

 

]

 

propionyl-CoA were synthesized enzymati-
cally [15]. Acetyl-CoA, propionyl-CoA, crotonyl-CoA,
and succinyl-CoA were synthesized from respective
anhydrides according to [18].

RESULTS

 

Condensation of pyruvate and acetyl-CoA.

 

 The
presence of citramalate synthase (the enzyme cata-
lyzing condensation of acetyl-CoA and pyruvate) in the
extracts of 

 

R

 

. 

 

rubrum

 

 cells, was evidenced by acetyl-
CoA-dependent consumption of pyruvate, and stimula-
tion by the latter of CoA release from acetyl-CoA
(Table). The difference in the activities obtained by two
different methods may be due to the high 

 

K

 

M

 

 value of
the enzyme with respect to pyruvate (3.2 mM, deter-
mined by CoA formation). Pyruvate concentration in
the measurements by CoA release was much higher
(20 mM) than the in the measurements by pyruvate
consumption (8 mM). The activity was somewhat
higher in the acetate-grown cells as compared with
malate culture. The reaction depended on the presence
of Mn

 

2+

 

; only 30% activity was observed in the pres-
ence of Mg

 

2+

 

 ions.
The condensation product was identified by HPLC

with an Aminex column separating organic acids. Incu-
bation of [

 

14

 

C]acetyl-CoA and pyruvate resulted in the

 

Enzymes involved in acetate assimilation by 

 

R. rubrum

 

 cells
grown in the medium with acetate or malate (in nmol min

 

–1

 

(mg protein)

 

–1

 

)

 Enzyme

Growth conditions

Acetate + 
NaHCO

 

3

 

Malate

Citramalate synthase
by pyruvate consumption 16 17

by CoA formation 58 32

Mesaconase 
mesaconate formation 350 20

mesaconate consumption 230 ND*

Mesaconate-CoA ligase 11 ND*

Succinate-CoA ligase 130 ND*

Condensation of propionyl-CoA and 
glyoxylate

540 165

3-Methylmalyl-CoA lyase 75 ND*

Malyl-CoA lyase 140 ND*

Propionyl-CoA carboxylase 120 70

Pyruvate carboxylase 65 52

Phosphoenolpyruvate carboxylase 17 10

Phosphoenolpyruvate carboxykinase
ADP-depndent
GDP-dependent

<5
200

<5
90

Phosphoenolpyruvate carboxy-
transphosphorylase

<5 <5

Pyruvate-water dikinase <2 <2

Pyruvate-phosphate dikinase 8 3

Pyruvate kinase 48 55

Crotonyl-CoA carboxylase/reductase 37 42

 

*

 

ND, not determined.
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formation of [

 

14

 

C]citramalate (Fig. 2). At the same
time, the analysis of reaction products with a RP-C

 

18

 

column separating CoA esters revealed no citramalyl-
CoA (data not shown). Thus, condensation of acetyl-
CoA and pyruvate in the extracts of 

 

R

 

. 

 

rubrum

 

 cells
seems to be catalyzed by citramalate synthase that per-
forms the following reaction: acetyl-CoA + pyruvate 
citramalate + CoA. However, our results do not com-
pletely exclude the possibility of intermediate forma-
tion of citramalyl-CoA, which is further degraded to
citramalate and CoA, as has been shown for malate for-
mation from acetyl-CoA and glyoxylate in 

 

Rb

 

. 

 

capsu-
latus

 

: acetyl-CoA + glyoxylate  malyl-CoA 
malate + CoA [17].

 

Conversion of citramalate to mesaconate.

 

R

 

. 

 

rubrum

 

 was shown to possess mesaconase, cata-
lyzing the reaction of citramalate  mesaconate +
H

 

2

 

O. Its activity is higher in the extracts of cells grown
on acetate (Table). The enzyme is specific to (L)-citra-
malate: the rate of dehydration of (D)-citramalate was
below 10% of that for the (L) isomer. The reaction can
be measured in the reverse direction with mesaconate
as a substrate, but not with citraconate (the product of
(D)-citramalate dehydration).

 

Formation of mesaconyl-CoA.

 

 The extracts of

 

R. rubrum were shown to possess the activity of mesa-
conate-CoA ligase forming mesaconyl-CoA from
mesaconate, Mg2+-Äíê and CoA. However, the mea-
sured activity was low, compared with the activity of
succinate-CoA ligase from the TCA cycle (table).

It is interesting that free mesaconate was one of the
products of [14C]propionyl-CoA and glyoxylate con-
densation (see below). Its formation was readily
observed during the analysis of nonhydrolyzed samples
by HPLC in an Aminex column. The mesaconate peak
was observed in addition to the peak of CoA esters
(mainly mesaconyl-CoA) and propionate during the
experiment in the presence of a large amount of the
extract (2 mg/ml) after 30-min incubation (data not
shown).

Condensation of propionyl-CoA and glyoxylate
and formation of 3-methylmalyl-CoA and mesaco-
nyl-CoA. The extracts of R. rubrum cells catalyze pro-
pionyl-CoA and glyoxylate condensation as measured
by glyoxylate consumption in the presence of propio-
nyl-CoA (Table). Condensation products are CoA
esters, because glyoxylate does not stimulate CoA
release from propionyl-CoA (data not shown). The
activity was much higher in the extracts of acetate-
grown cells. The reaction was completely dependent on
the presence of Mn2+ ions in the mixture. With Mg2+

used instead of Mn2+, the reaction activity decreased
by 30%.

The propionyl-CoA and glyoxylate condensation
products were analyzed by HPLC in a column RP-C18.
In the presence of glyoxylate, [14C]propionyl-CoA gen-
erated two products identified as 3-methylmalyl-CoA
and mesaconyl-CoA (Fig. 3). To verify the identifica-

      

tion of the condensation products, samples were
exposed to alkaline hydrolysis and applied to an
Aminex column. Besides [

 

14

 

C]propionate, the samples
were shown to contain [

 

14

 

C]mesaconate and 

 

[

 

14

 

C

 

]3

 

-
methylmalate (Fig. 4). The maximal formation of
3-methylmalyl-CoA was observed in the samples after
incubation for 15 min. On exhaustion of propionyl-
CoA, the amount of 3-methylmalyl-CoA decreased,
while the peak of mesaconyl-CoA increased (Figs. 3,
4). At the increase of extract amount in the mixture
from 0.2 to 2 mg protein/ml, mesaconyl-CoA became
the main condensation product already after 5 min of
incubation (data not shown). Thus, the extracts of

 

R

 

. 

 

rubrum

 

 cells grown on acetate showed the following
reaction sequence: propionyl-CoA + glyoxylate 
3-methylmalyl-CoA  mesaconyl-CoA.

As CoA esters are not hydrolyzed in these reactions,
they are entirely reversible.

3-Methylmalyl-CoA lyase reaction may also be
measured spectrophotometrically by formation of gly-
oxylate from 3-methylmalyl-CoA (Table). Besides,

 

R

 

. 

 

rubrum

 

 growing on acetate synthesizes malyl-CoA
lyase (Table). Glyoxylate formation was not observed
in the variants with 3-methylmalate + ATP + CoA,
3-methylmalate + succinyl-CoA, mesaconate + ATP +
CoA, or mesaconate + succinyl-CoA used instead of
3-methylmalyl-CoA.

 

Enzymes participating in the oxidation of propi-
onyl-CoA to pyruvate.

 

 The enzyme activities of the
enzymes involved in pyruvate regeneration are pre-
sented in the Table. Participation of propionyl-CoA car-
boxylase reaction in acetate assimilation has been
proved previously in our experiments in vivo [9, 10].
The reaction product is (

 

S

 

)-methylmalonyl-CoA. Its
further metabolism is associated with racemization into
(

 

R

 

)-enantiomer and transformation into succinyl-CoA
catalyzed by B

 

12

 

-dependent mutase. The presence of
respective enzymes was shown for 

 

R

 

. 

 

rubrum

 

 [19]. Fur-
ther oxidation of succinyl-CoA to oxaloacetate is asso-
ciated with TCA cycle reactions [7, 8]. Pyruvate regen-
eration from oxaloacetate is possible with the involve-
ment of GDP-dependent phosphoenolpyruvate
carboxykinase and pyruvate kinase (table).

 

Crotonyl-CoA-carboxylase/reductase.

 

 Under
growth in the medium with acetate as well as in the
medium with succinate, 

 

R

 

. 

 

rubrum

 

 synthesizes croto-
nyl-CoA-carboxylase/reductase, which is the key
enzyme of the EM pathway of acetate assimilation. The
enzyme activity on both media was approximately the
same (table).

DISCUSSION

In this work, we have demonstrated the presence of
all the enzymes CM cycle in cell extracts of 

 

R

 

. 

 

rubrum

 

(table). 

 

R

 

. 

 

rubrum

 

 growth in the medium with acetate
with a generation time of 6 h, which corresponds to a
specific carbon fixation rate of 170 nmol min

 

–1

 

 (mg pro-
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Fig. 2.

 

 The [

 

14

 

C]acetyl-CoA and pyruvate condensation products in the extracts of

 

 R. rubrum

 

 cells grown on acetate. Samples were
taken after 0, 5, and 45 min of incubation and analyzed in an Aminex column separating organic acids. Protein content in reaction
mixture was 2.3 mg/ml. In the control (45 min), reaction mixture contained no pyruvate.
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tein)

 

–1

 

. Since one 

 

ë

 

4

 

 molecule is formed from two mol-
ecules of the C

 

2

 

-substrate per one turn of the CM cycle,
the minimal in vivo specific activity of enzymes in the
cycle is 40 nmol min

 

–1

 

 (mg protein)

 

–1

 

. Since the temper-
ature of bacterial growth (

 

28–30°ë

 

) exceeded the assay
temperature (room temperature, approx. 

 

20°ë

 

), this
value decreases to 20–25 nmol min

 

–1

 

 (mg protein)

 

–1

 

.
Thus, the determined activities of the CM cycle enzyme
are sufficient for explanation of the observed growth
rate (table). These activities are higher in acetate-grown

cells comparing with the cells grown on the medium
with malate.

Citramalate synthesis in 

 

R

 

. 

 

rubrum

 

 most probably
involves citramalate synthase without intermediate for-
mation of citramalyl-CoA. The synthesized citramalate
theoretically may be both an (L)- and a (D)-stereoiso-
mer. (D)-citramalate synthase has been found in 

 

Meth-
anococcus

 

 

 

jannaschii

 

 and the gene encoding this
enzyme is known as well [20]. However, BLAST
search has not revealed its homologues in the genome
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Fig. 3.

 

 The [

 

14

 

C]propionyl-CoA and glyoxylate condensation products in the extracts acetate-grown 

 

R. rubrum 

 

cells. Samples were
taken after 0, 3, 15, and 30 min of incubation and analyzed in an RP

 

18

 

 column separating CoA esters. Protein content in reaction
mixture was 0.2 mg/ml. In the control (30 min), reaction mixture contained no glyoxylate.
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of 

 

R

 

. 

 

rubrum

 

. The genes encoding (L)-citramalate syn-
thase, which seems to be present in 

 

R. rubrum

 

, have not
been identified up to now; thus, the respective search in
the genome is impossible. It is possible, that specific
reactions of the CM cycle (citramalate synthase and
mesaconase reactions) may be catalyzed by promiscu-
ous enzymes. The BLAST search allows unambiguous
identification of only two of the key enzymes of the CM
cycle: mesaconyl-CoA hydratase and 3-methylmalyl-
CoA lyase, which have been purified recently from the
extracts of 

 

Rb

 

. 

 

sphaeroides

 

 [17, 21]. They correspond to
proteins Rru_A1201 and Rru_A0217 in the genome of

 

R

 

. 

 

rubrum

 

. Judging by the presence of both malyl-CoA
lyase and 3-methylmalyl-CoA lyase activities in

 

R

 

. 

 

rubrum

 

 and by the similarity of the corresponding
enzyme with the enzyme from 

 

Rb

 

. 

 

capsulatus

 

 [17],
malate formation from acetyl-CoA and glyoxylate in  
R. rubrum involves not malate synthase but malyl-CoA
lyase/malyl-CoA hydrolyzing enzyme, as it has been
shown for Rb. capsulatus [17].

Mesaconate activation in R. rubrum may be coupled
with ATP hydrolysis (table). It is interesting to note that
the key enzymes responsible for propionyl-CoA oxida-
tion to pyruvate, i.e. propionyl-CoA carboxylase and
phosphoenolpyruvate carboxylase (responsible for
decarboxylation reactions in vivo), have the highest
activities among the studied carboxylases and are max-
imal under growth on the medium with acetate (table).
The activity of enzymes catalyzing in vivo carboxyla-
tion of ë3-substrates (phosphoenolpyruvate carboxy-
lase, phosphoenolpyruvate carboxytransphosphory-
lase, pyruvate carboxylase) was noticeably lower and
weakly regulated by growth substrates (table). Among
the enzymes responsible for pyruvate and phosphoe-
nolpyruvate interconversion, the highest activity was
demonstrated for pyruvate kinase (table), catalyzing the
irreversible reaction of pyruvate formation, i.e. working
in the direction typical of the CM cycle.

The data obtained in our experiments in vivo with
R. rubrum cell suspensions are in agreement with the
functioning of the CM cycle [7–10]. Citramalate has
also been shown as one of the first products of acetate
fixation in R. rubrum [22, 23].

The CM cycle is considered as one of the possible
pathways of acetate assimilation in the hyperthermo-
philic archaeon Pyrobaculum islandicum [24]. More-
over, in Chloroflexus aurantiacus, the reactions similar
to the reactions of the CM cycle, function in the reverse
direction for assimilation of glyoxylate formed during
autotrophic ëé2 fixation [25].

R. rubrum synthesizes crotonyl-CoA carboxy-
lase/reductase (Table), which is the key enzyme of the
EM pathway of acetate assimilation. Besides, mesaco-
nyl-CoA hydratase, malyl-CoA/3-methylmalyl-CoA
lyase, and propionyl-CoA carboxylase demonstrated
here are also enzymes of the EM pathway [12, 13]. The
genes encoding its key enzymes are present in the
genome of R. rubrum [12]. Moreover, R. rubrum groups
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Fig. 4. The [14C]propionyl-CoA and glyoxylate condensa-
tion products in the extracts of R. rubrum cells grown on
acetate. Samples were taken after 0, 3, 15, and 30 min of
incubation, hydrolyzed with 1 M KOH (85°C, 1 h), and ana-
lyzed in an Aminex column separating organic acids. Pro-
tein content in reaction mixture was 0.2 mg/ml. In the con-
trol (30 min), reaction mixture contained no glyoxylate.
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with alphaproteobacteria, which demonstrate a correla-
tion of the presence of the crotonyl-CoA carboxy-
lase/reductase gene and a number of other genes with
the absence of isocitrate lyase [12]. These facts indicate
the possibility of the functioning of the EM pathway.
Here emerges the question as to which of the two path-
ways of acetate assimilation actually functions in this
bacterium.

The CM cycle and the EM pathway differ in the
degree of ëé2 participation in their reactions (Fig. 1).
In the CM cycle, ëé2 plays a catalytic role and its func-
tioning must not result in any noticeable fixation of
bicarbonate [7, 9]. It corresponds to the observed effect
of ëé2 on acetate metabolism in R. rubrum. On the con-
trary, the ratio of ëé2 fixation to acetate fixation in the
EM pathway is 2 : 3. Thus, ëé2 fixation must be
observed during the acetate assimilation through the
EM pathway. However, stimulation of acetate metabo-
lism by bicarbonate is observed only in R. rubrum but
not in Rb. sphaeroides. Moreover, the rate of acetate fix-
ation in both bacteria exceeds the rate of ëé2 fixation
by an order of magnitude [7, 9, 26].

When discussing the possibility of the CM cycle
functioning in Rb. sphaeroides, we have suggested the
following hypothesis explaining the differences in the
effect of ëé2 on the metabolism of these two bacteria:
because of the higher rate of acetate oxidation,
Rb. sphaeroides is able to accumulate much larger
amount of ëé2 inside the cells and hold it more effec-
tively due to a mucous capsule (which is absent in
R. rubrum) [15]. This hypothesis can be used for the
consideration of the possibility of the EM pathway
functioning in Rb. sphaeroides: if endogenous ëé2 is
mainly utilized, the effect of the addition of exogenous
bicarbonate (as well its fixation) may be rather insignif-
icant. It settles the contradiction associated with the
presence of carboxylation steps and the absence of ëé2
fixation in the acetate assimilation pathway. Moreover,
it also explains the high percentage of PHB accumula-
tion in Rb. sphaeroides under growth on acetate [27]: if
acetate fixation is directly connected with fixation of
the bicarbonate formed in the TCA cycle, there is a pos-
sibility of formation of the excess of reducing equiva-
lents, which is utilized for PHB synthesis.

R. rubrum also synthesizes PHB when growing on
acetate but in much lower amounts than Rb. sphaeroides
[27]. However, the effect of ëé2 on acetate fixation in
R. rubrum is clearly apparent [7–10]. It implies the
requirement of exogenous ëé2; accordingly, the func-
tioning of a pathway associated with fixation of consid-
erable amounts of ëé2 must be accompanied by notice-
able fixation of bicarbonate, which is however not
observed. Besides, the activity of crotonyl-CoA car-
boxylase/reductase in R. rubrum is low (ca. 40 nmol
min–1 (mg protein)–1) and remains the same in acetate
and malate-grown cultures (table). It differentiates
R. rubrum from Rb. sphaeroides, where the enzyme
activity is much higher (1100 nmol min–1 (mg pro-

tein)−1) in acetate-grown cells and is down-regulated by
more than an order of magnitude in cells grown with
succinate [13]. Besides, R. rubrum synthesizes mesaco-
nase, which is most active under growth on acetate. Our
attempts to measure this enzyme in Rb. sphaeroides
were unsuccessful (Berg and Ivanovsky; unpublished
data). Thus, these data are evidence of a possible differ-
ence between the mechanisms of acetate assimilation in
R. rubrum and Rb. sphaeroides.

One might suppose that R. rubrum switches over
from one pathway of acetate assimilation to another or
uses both of them depending on growth conditions. Cit-
ramalate and crotonyl-CoA can also be utilized for the
biosynthesis of amino acids and PHB, respectively.
Accordingly, preference may be given to one pathway
or another, depending on the physiological status of a
cell, presence of bicarbonate in the medium, and other
factors.
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