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The phototrophic bacterium Chloroflexus aurantiacus does not use any of the known autotrophic
CO, fixation pathways. There is evidence for a new cyclic autotrophic pathway in which acetyl-
CoA is converted to 3-hydroxypropionate and further to succinate and malate. This hypothesis was
tested by feeding growing cultures during several generations with 3-hydroxy[1-"*C]propionate, [1-
*Clacetate, or [2-"*CJacetate, in addition to unlabeled CO,. The relative '*C content of individual
carbon atoms in biosynthetic amino acids and nucleosides was determined by 'H- and "*C-NMR
spectroscopy. '*C coupling patterns were analyzed by two-dimensional *C-TOCSY experiments
which were optimized for the analysis of multiply '*C-labeled biosynthetic samples. From the "*C
enrichments of amino acids and nucleosides, the labeling patterns of central metabolic intermediates
were evaluated by a retrobiosynthetic approach. Both 3-hydroxypropionate and acetate were incor-
porated into all central metabolic pools. The '*C labeling and coupling patterns suggest a novel
carbon fixation pathway via 3-hydroxypropionate. Specifically, we propose that acetyl-CoA is car-
boxylated to malonyl-CoA which is reduced under formation of 3-hydroxypropionyl-CoA. Dehydra-
tion and reduction yield propionyl-CoA which is converted to succinate by a second carboxylation
reaction. The net product of autotrophic carbon fixation appears to be glyoxylate. However, it is not
yet known how glyoxylate is channeled into anabolic metabolism. Assimilation of acetate can pro-

ceed via the CO, fixation pathway, but also via the glyoxylate pathway.

In bacteria, three pathways of autotrophic CO, fixation
have been evaluated: the reductive pentose phosphate cycle
(Calvin cycle) found in aerobic eubacteria, the reductive ci-
tric acid cycle, and the reductive acetyl-CoA/carbon mon-
oxide dehydrogenase pathway found in anaerobic eubacteria
and archaebacteria [1].

Evidence for a fourth autotrophic CO, fixation pathway
has recently been presented for Chloroflexus aurantiacus [2,
3], an anaerobic thermophilic phototrophic eubacterium [4,
5]. This organism excretes substantial concentrations (5 mM)
of 3-hydroxypropionate at the end of autotrophic growth on
CO. plus H, [2]; this proves that the bacterium is able to
synthesize 3-hydroxypropionate from CO, and H, alone. The
question is whether 3-hydroxypropionate is a dead-end pro-
duct formed from CO, in a side path (e.g. by a peculiar fer-
mentation of storage polyglucose during light limitation in
the late growth stage) or whether it is a true intermediate of
the novel autotrophic carbon cycle which has not yet been
investigated in detail. In the first case, exogenous 3-hydroxy-
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propionate should act as a limited biosynthetic precursor, if
at all; in the second case, it should act as precursor for all
cellular compounds.

It has been proposed that 3-hydroxypropionate is formed
via carboxylation of acetyl-CoA and subsequent reduction of
the carboxylation product, malonyl-CoA [2]. 3-Hydroxy-
propionate may be further reduced to propionate which may
be converted to succinate by carboxylation. If this hypothesis
is correct, 3-hydroxypropionate should serve as precursor for
all cell compounds. In order to test this hypothesis we syn-
thesized 3-hydroxy[1-"*C]propionate and fed it to growing
cultures during several generations. Similarly, cells were
long-term labeled with [1-'*CJacetate or [2-"*Clacetate in or-
der to follow the metabolic fate of acetyl-CoA which is also
thought to be an intermediate in the autotrophic cycle. The
relative *C enrichment of the individual carbon atoms in
amino acids and nucleosides was determined by '*C NMR
and 'H-NMR spectroscopy. Coupling between '*C was ana-
lyzed by two-dimensional "*C total correlation spectroscopy
(TOCSY).

Traditionally, isotope incorporation studies are interpre-
ted in the forward metabolic direction. In this case, the essen-
tial question is whether a given precursor can or can not
serve as a precursor for the down-stream product of interest.
A different approach was used in the present study. The fed
C-labeled compounds were incorporated into all amino
acids and nucleosides leading to complex *C-labeling and
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Fig. 1. Growth of C. aurantiacus with CO, and additional carbon sources. (A) Supplemented with 10 mM [1-"*Clacetate (99% enrich-
ment) and tracer amounts of [U-"*Clacetate (100 kBq - 17"). (B) Supplemented with 10 mM ([2-"*Clacetate (99% enrichment) and tracer
amounts of [U-"Clacetate (100 kBg - 17'). (C) supplemented with 1 mM 3-hydroxy[1-'>*Clpropionate (99% enrichment), 4 mM unlabeled
3-hydroxypropionate and tracer amounts of 3-hydroxy[1-"*C]propionate (20 kBq - 17'). Cell harvest was immediately after the last time
point of these experiments. (O) Growth; (l) “C in washed cells; (@) "“C in cell-free culture supernatant (including *CO,)
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Fig. 2. Partial *C-NMR spectra of cytidine. (A) sample from growth experiment with 3-hydroxy[1-'*Clpropionate, (B) sample from
growth experiment with [1-**Clacetate, (C) sample from growth experiment with [2-'*Clacetate, (D) sample with natural '*C abundance.
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Fig. 3. Partial "H-NMR spectrum of cytidine from growth experiment with [2-**Clacetate. Satellite signals from coupling with *C are

indicated by arrows.

coupling patterns. Using these data and available knowledge
on the pathways of amino acid and nucleoside biosynthesis,
the “*C-labeling and coupling patterns of central metabolic
pools, such as trioses and dicarboxylic acids, could be de-
duced with considerable accuracy. These data confirm the
proposed role of 3-hydroxypropionate as an intermediate in
the novel carbon fixation cycle.

MATERIALS AND METHODS
Organism

Chloroflexus aurantiacus (DSM 636) was obtained from
the Deutsche Sammlung von Mikroorganismen (Braun-
schweig, Germany). Growth conditions and media have been
described earlier [3). Briefly, C. aurantiacus was grown un-
der anaerobic conditions under gassing with H./CO, (80/20,
by vol.). The sodium salts of [1-"’Clacetate, [2-'*Clacetate
(99% '*C), or 3-hydroxy[1-"*C]propionate (20% '*C) were
added as sterile solutions to a final concentration of 10 mM
acetate or S mM 3-hydroxypropionate, respectively, when the
cell density had reached a value of 30—100 mg protein - 17'. In
addition, 100—200kBq of filter-sterilized 3-hydroxy[1-
“Clpropionate or [U-"*Clacetate was added/l in order to
monitor 3-hydroxypropionate and acetate metabolism and to
facilitate the isolation of cellular components. Samples were
retrieved at intervals to determine growth and the "“*C content
of celis and supernatant. Cell growth was continued as indi-
cated in Fig. 1. Cells were harvested aerobically by centrifu-
gation. 3-Hydroxypropionate and succinate were determined
in the medium of C. aurantiacus by gas chromatography.

Chemicals

[CJKCN was from Amersham Buchler (Braunschweig,
Germany), ["*CJKCN, [1-"*CJacetate and [2-'*CJacetate were
from MSD-Isotopes (IC-Chemikalien, Miinchen, Germany).
Gases were purchased from Linde (Hollriegelskreuth, Ger-
many).

Synthesis of 3-hydroxy[1-'*C]propionate

The compound was prepared by the following sequence
of reactions [6, 7]:

HO-CH,-CH,-Cl + K"*CN — HO-CH,-CH,-"*CN + KCl

HO-CH,-CH,-"*CN + NaOH + H,0O
— HO-CH,-CH,-"*COONa + NH,

A small amount of K"*CN (185 kBq) was added to the reac-
tion mixture containing 5 g K"*CN.

Derivatization of isolated amino acids

Isolated amino acid (0.14 nmol) and sodium bicarbonate
(1.4 nmol) were dissolved in 1 ml water. Benzoyl chioride
(0.4 mmol) was added in small portions and the reaction mix-
ture was stirred at room temperature for 45 min. The mixture
was then adjusted to pH 3 by the addition of 2 M hydrochlo-
ric acid and was kept at 4 °C overnight. The residue was
removed by filtration, and the filtrate was purified by prepar-
ative HPLC on a column of Lichrosorb RP (16 X250 mm;
eluent, 100 mM formic acid in 30% methanol; flow, 10 ml/
min). The effluent was monitored photometrically (280 nm).
Fractions were pooled and evaporated to dryness under re-
duced pressure. .

NMR Spectroscopy

'H- and "*C-NMR spectra were recorded at 360 MHz and
90.6 MHz, respectively, with a Bruker AM 360 NMR spec-
trometer equipped with fast power switching of the transmit-
ter output (Fast-TLO) and with an external pulse amplifier
(BFX5, Bruker).

'H-NMR spectra were measured as follows: 50° pulse
(4 ps); repetition time, 2.5 s; spectral width, 5.3 kHz: 16 000
data set; temperature, 25°C; 0.2 Hz line broadening. "*C-
NMR spectra were measured as follows: 30° pulse (2 ps);
repetition time, 2.8 s; spectral width, 20.8 kHz, 32 000 data
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Table 1. Relative "*C enrichments in amino acids and nucleosides isolated from cells of C. aurantiacus grown for several generations
with CO, (natural ®C abundance) in the presence of 5mM 3-hydroxy[1-*C]propionate (20% "C enrichment), or 10 mM {1-
BClacetate (99% “C enrichment), or 10 mM {2-"*CJacetate (99 % '>C enrichment). ’C enrichments obtained from 'H-NMR spectra
are marked by asterisks. 'J.. values were obtained from one-dimensional '*C-NMR spectra. The percentage coupling is the fraction of *C.
3C coupled satellites; carbon atoms involved in **C coupling are indicated in brackets. n.d., not determined; r = ring.

Metabolite Carbon Che- Uee Growth with
position mical
shift 3-hydroxy- [1-"*CJacetate [2-"*C]lacetate
[1_!3C]_
propionate '*C 13C coupling 13C coupling
ppm Hz %o
Alanine 1 175.3 59.5 8.0 10.2 4.6 47.8(2)
2 51.4 59.5 1.2 16.3* 52.3 31(1)
34.0 251 (3)
3 18.0 340 1.6* 22.4% 31Q2) 38.5* 39.0 (2)
Threonine 1 172.8 59.6 5.2 8.0 4.2 40.0 (2)
2 61.0 36.2 1.4 26.1 42.1 40.5 (3)
3 67.9 36.3 14 21.9 48.4 39.9 (2)
4 21.7 38.0 4.4* 19.8* 2.3% 473 (3)
Aspartic 1 185.0 53.7 39 13.7 21 42.8 (2)
acid 2 56.6 35.6 1.7* 20.5* 54 (3) 447 389 (3)
53.5 34(1)
3 45.9 35.6 1.7* 19.1 52(2) 47.6* 39.1 (2)
51.1 2.1 4) 1.7 (4)
4 182.9 51.5 4.8 17.7 2.5 44.0 (3)
Glutamic 1 176.2 54.9 6.8 15.9 2.5(12) 33 45.4 (2)
acid 2 56.3 37.7 2.2% 20.6* 73 (3) 52.8* 42.0 (3)
54.2 29 (1) 2.1 (1)
3 28.0 354 22 21.5 15.8 (4,2) 54.3
4 32.5 35.7 2.2 9.4 18.1 3) 80.8 55.9 (3)
54.6 5.3 (5) 2.0(5)
5 179.5 54.2 6.6 43.0 234 3.0 40.0 (5)
Proline 1 174.2 n.d. n.d. n.d.
2 62.0 31.9 17.7 55.8* 435 (3)
3 30.8 30.3 219 17.3 4,2) 67.7 743 (4,4)
4 259 30.9 8.4 27.3 (3.35) 93.7 57.4 (3,5)
5 48.8 33.4 59.9* 2.7 48.1 (4)
Arginine 1 174.2 nd. 18.6 n.d.
2 55.2 33.8 21.5 56.6* 37.8(3)
3 29.7 33.7 214 14.9 2,4) 53.2 74.8 (2,4)
4 26.4 347 7.7 23.4 (3,5 79.0 58.1 (3,5)
5 43.0 36.4 . 53.4% 24 45.8 (4)
6 159.4 0.7 11
Methionine 1 174.3 n.d. 19.9 n.d.
2 54.4 22.8 n.d.
3 31.5 19.2 n.d.
4 31.2 18.8 n.d.
5 16.6 24.0* 45.5*
Lysine 1 174.3 59.2 n.d. 59.3 34 38.2 (2)
2 54.8 331 n.d. 71.7* 55.9 3)
3 31.8 33.4 21.1 152 (2,4) 46.3 71.9 (2,4)
4 24.0 34.4 22.0 13.2 (3.5) 36.3 75.9 (3.5)
5 28.8 343 8.0 27.5 (4,6) 74.7 57.9 (4,6)
6 41.7 56.8%* n.d.
Valine 1 174.0 n.d. 19.5 n.d.
2 60.8 32.6 139 12.2 (3) 54.7% 60.5 (3)
3 31.5 34.7 15.3 56.8 (2.4.5) 574 73.3 (2,4,5)
4 19.9 34.6 26.5* 3.0 (3) 46.3 37.6 (3)
5 19.4 345 26.5% 21.1.(3) 43.3 58.9 (3)
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Table 1. (continued).
Metabolite Carbon Che- Jee Growth with
position mical
shift 3-hydroxy- [1-"*C]acetate [2-'3Clacetate
[1_I3C]_
propionate *C BC coupling 3C coupling
ppm Hz %
Leucine 1 175.2 59.2 4.0 55.9 3.0 60.0 (2)
2 54.2 332 2.0 6.8 25.0 (3) 723 61.1 (3)
60.8 11.7 (1)
3 41.5 333 1.7 19.1 29.8 2,4) 473 67.2 (2,4)
4 26.6 34.6 1.8 19.8 59.1 (3,5,6) 51.2 75.2 (3,5,6)
5 24.3 348 21 29.9 35.6* 38.8 (4)
6 23.6 35.0 2.0* 29.3* 35.6* 60.9 (4)
Isoleucine 1 174.1 n.d. 21.6 n.d.
2 59.9 32.6 21.6 250 (3) 48.8 61.3 (3)
3 384 334, 301 21.6 29.2 (2,4,6) 58.1 74.2 (2,4,6)
4 27.5 343 25.9 25.1 (3,9) 55.6 60.4 (3,5)
5 16.8 34.7 23.7 4.0 (4) 8.1 40.7 (4)
) 6 13.6 34.8 30.2* 4.0 (3) 40.9* 36.7 (3)
Phenylalanine 1 173.7 n.d. 19.1 n.d.
2 56.5 24.1* 58.1%
3 38.0 435 31.6 24.4(r-1) 35.0
r-1 136.4 56.6, 43.9 22.8 44.3(r-2/6,3) 573
' 1-2/6,-3/5 131.9 25.8* 31.4¢
r-4 130.6 19.1 7.8
Tyrosine 1 185.6 53.2 34 10.4 5.7@Q) 5.2 423 (2)
) 2 60.2 331 1.4* 19.7 35(3) 51.6 23.6 (3)
53.1 25(1) 3.1
3 42.5 45.6,35.2 1.8 29.0 27.6(r-1,2) 40.8 63.2(r-1,2)
r-1 126.3 56.6, 46.6 1.1 15.5 50.9(r-2/6,3) 45.0 61.5(r-2/6,3)
1 r-2/6 133.3 56.2 1.7 28.0* 26.1(r-3/5,r- 39.0* 56.1(r-3/5,r-1)
{ 1)
r-3/5 121.2 60.4, 56.4 2.8 19.7 26.9(r-2/6,r- 383 34.5(r-2/6,r-4)
4)
r-4 167.2 61.0 3.7 114 26.3(r-3/5) 4.6 45.6(r-3/5)
! Guanosine 2 153.7 34 274 n.d.
4 151.3 4.6 14.9
S 116.7 n.d. 21.1
6 156.8 1.0 1.0
‘ 8 135.6 2.3% 30.8*
1’ 86.3 2.0 22.0*
2 73.7 375 1.8 17.9 26.9(1°,3")
3 70.4 37.8 5.1 12.7 27.0(2",4%)
4 85.2 1.6 18.4
5 61.4 1.7 224
Cytidine 2 160.1 0.9 ’ n.d. n.d.
4 168.6 3.0 17.0 1.0
5 98.7 68.4 2.4 23.2* 52.3% 39.0 (6)
6 144.1 68.3 2.1 23.2%* 49.4* 38.4 (5)
I 929 429 2.7* 21.0* 31.4* 379 (2)
2 76.6 42.6 3.1 18.0 44.0 30.5 (1',3)
3’ 71.8 379 47 134 7.0 542 (2,49
! g 86.3 41.8 2.6 18.1 54.8 30.4 (3'.5)
5 63.3 42.0 2.2 239 36.9 37.7 (4"
Adenosine 2 154.6 49 22.3 37.7
4 150.6 46 10.5 n.d.
! 5 121.3 n.d. 30.7 58.3
6 157.8 n.d. n.d. n.d.
8 142.8 3.8 23.6 371
1 90.4 42.7 3.0 15.5* 29.4* 344 (2)
[ 2 75.7 42.6 2.8 12.0 19.6 (1°,3) 36.0 29.1 (1,3)
3 72.7 37.9 6.5% 7.0 22.6 (2',4") 6.8 56.4(2' 4")
4’ 879 40.6 1.4 13.0 433 28.9 (3,5
5 63.6 411 23 13.5 26.2 372 (4")

* Averaged due to signal overlapping.
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set zero-filled to 64 000; temperature, 25°C; 'H composite
pulse decoupling; 1 Hz line broadening.

Two-dimensional *C TOCSY experiments were per-
formed with the MLEV-17-based two-dimensional magne-
tization transfer procedure [8]. The '*C-excitation pulse was
generated in the transmitter high power output level (THI;
90° pulse, S ps). *C-mixing pulses were generated in the
transmitter low power output level amplified with a BFXS
unit (TLO; 90° puise, 50 ps). The MLEV-17 mixing period
was 60 ms and was preceded and followed by 2.5-ms trim
pulses. The data were acquired in the phase-sensitive mode
using time proportional phase increments (TPPI). Other data
acquisition and processing parameters were as follows: 32
scans per f, increment; 2.0 s relaxation delay; 400 X2048
raw data matrix size zero-filled to 2048 in ¢, and processed
with 45° shifted squared sine bell functions in ¢, and ¢,.

Alanine, threonine, proline, methionine, valine, leucine,
isoleucine, arginine, and phenylalanine were measured in
D,0/NaOD (pH 13), aspartic acid and tyrosine in 0.1 M
NaOD, adenosine, cytidine and glutamic acid in D,O (pH 5),
and guanosine in (D)dimethylsulfoxide. Signal assignments
have been reported earlier [9].

RESULTS
Growth experiments

Chloroflexus aurantiacus was grown anaerobically in 11
on pure mineral medium under an atmosphere of H,/CO,
(4/1, by vol.). When the cell density had reached a protein
content of 30—100 mg/l, [1-"*CJacetate or [2-'*Clacetate
(99% '*C) was added to a final concentration of 10 mM. In
order to monitor the fate of acetate, a small amount of [U-
"“*Clacetate was included (Fig. 1A and B). The mean genera-
tion time decreased from 32 h under pure autotrophic growth
conditions to 17 h. Cells were harvested when approximately
95% of "C had disappeared from the culture medium. Ap-
proximately 65% of the radiolabel from acetate were incor-
porated into cell material, and 17% of label was lost, proba-
bly as "CO.. Acetate contributed 14 mmol carbon/l or
170 mg carbon out of approximately 380 mg cell carbon/l.
Thus, about 40% of cell carbon was derived from acetate
carbon. and 60% was fixed from CO..

Alternatively, C. aurantiacus was grown with addition of
5 mM 3-hydroxy[1-'*Clpropionate (20% "*C enrichment) and

a trace amount of 3-hydroxy[1-"*C]propionate (Fig. 1C). The '

mean generation time was 13 h. The cells were harvested
in the logarithmic growth phase. 45% of proffered *C was
incorporated into cell material; about 50% of "“*C was lost
as "*CO,. Hence, 2.2 mmol 3-hydroxypropionate contributed
6.7 mmol of carbon/l or 81 mg carbon to a cell mass of
500 mg dry matter (250 mg carbon)/1. It follows that approxi-
mately one third of total cell carbon was from 3-hydroxy-
propionate and two thirds from CO,.

Amino acids and nucleosides were isolated after hydroly-
sis of cellular proteins and RNA, and were purified by ion-
exchange chromatography and preparative HPLC as de-
scribed earlier 3, 10].

NMR experiments

*C abundance in amino acids and nucleosides from
growth experiments of C. aurantiacus was analyzed by quan-
titative NMR spectroscopy [3]. Briefly, *C-NMR spectra of
biosynthetic samples and of samples with natural '*C abun-

Table 2. *C enrichment of N-benzoyl-glutamate synthesized
from benzoyl chloride with natural *C abundance and glutamic
acid from the growth experiment with [2-'*Clacetate. The '*C-
NMR signals at 131.3 and 129.7 ppm (ring carbons 2, 3, 5, and 6)
were used as internal reference of 1.1% '"*C abundance. *C enrich-
ments calculated by analysis of *C-coupled satellite signals in the
'H-NMR spectrum are in brackets. Bz = benzoyl

Position ) 3C abundance
ppm %
1 179.5 2.6 (3.3)
5 171.7 2.6 (3.0)
Bz carbonyl 173.4 1.0
Bz ring 1 1354 1.0
Bz ring 4 1349 12
Bz ring 2,3,5,6 131.3 1.1
129.7 1.1
2 55.0 54.8 (52.8)
4 32.8 76.0 (80.8)
3 28.2 56.4 (54.3)

dance (1.1% '*C) were recorded under identical conditions.
Relative '*C abundance of individual carbon atoms was then
calculated from the integrals of "’C signals of biosynthetic
samples by comparison with the "*C integrals of natural
abundance samples (Fig. 2). In earlier studies [3] it was
found that at least one carbon atom of each metabolite
studied was derived from a carbon source with the natural
*C abundance of 1.1%. In the present experiments, it be-
came obvious that *C enrichment above the natural abun-
dance level was present in most or all carbon atoms of indivi-
dual metabolites, and it was therefore not possible to estimate
absolute "*C enrichment values from the '*C NMR spectra
alone.

To determine absolute '*C abundance, we used two dif-
ferent methods. (a) Quantitative analysis of '*C-coupled sat-
ellite signals in '"H-NMR spectra gave absolute '*C enrich-
ments for at least one carbon atom of each metabolite under
study (Fig. 3). Based on these data, absolute '*C abundance
for the other carbon atoms was then calculated from the rela-
tive '*C enrichment values obtained from the '*C-NMR inte-
grals (Table 1). This approach requires that at least one '*C-
coupled satellite signal lies in a non-crowded region of the
'H-NMR spectrum. (b) The *C-NMR integrals were in-
ternally referenced by chemical derivatization of the metabo-
lites under study. Specifically, amino acids were converted
to the respective N-benzoyl derivatives using benzoyl chlo-
ride with natural *C abundance. The *C-NMR integrals of
the benzoyl signals were then used as an internal reference
of 1.1% "*C abundance. As shown in Table 2, both methods
yield comparable '*C enrichment values.

The present study used singly '*C-labeled precursors
throughout. However, the initial analysis of the "*C spectrz
revealed the diversion of label to virtually all carbon atoms
in some metabolites. This could mean that the metabolites
under study were a mixture of molecular species with labe
in different position. Alternatively, the findings could mear
that multiple isotope labels had been contributed to adjacen
carbon atoms in a single molecular species.

The presence of C label in pairs of adjacent carbor
atoms is easily detected by '*C-"*C coupling in one-dimen:
sional *C-NMR spectra which allows the quantitative assess
ment of the double-labeled species (Table 1). Moreover, the
presence of double-labeled molecules can be observed by
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Fig.4. *C-TOCSY of a mixture containing proline (P) and valine (V) from the growth experiment with [2-’Clacetate. '*C spin
systems indicating contiguous *C coupled atoms are connected by lines. The one-dimensional *C-NMR spectrum of proline and valine
from the growth experiment with [2-'*CJacetate is shown at the top of the figure.

INADEQUATE spectroscopy (data not shown). As shown
below, metabolites with double labeling in adjacent carbon
atoms were indeed generated in appreciable quantity.

The presence of multiple labeling in three or more conti-
guous carbon atoms can not be detected by one-dimensional
spectroscopy due to the small size of multiple bond *C-"*C
coupling. However, it can be detected by two-dimensional
TOCSY spectroscopy which permits the transfer of magne-
tization along a series of uninterrupted '*C atoms (Fig. 4, Ta-
ble 3). TOCSY transfer has been used extensively in 'H
spectroscopy [8] and has recently been adapted for studies of
totally "*C-labeled proteins {11]. However, the technique has

not been applied previously to the study of biosynthetic prob-
lems.

Fig. 4 shows a two-dimensional *C-TOCSY spectrum of
proline and valine from the growth experiment with [2-'*C]
acetate. Valine exhibited multiple *C coupling between C2,
C3, C4, and CS reflecting its formation by standard biosyn-
thetic pathways (Fig. 5). The combination of two '*C-labeled
pyruvate molecules leads to multiple "*C coupling in 2-aceto-
lactate. 2-Oxoisovalerate is subsequently formed by methyl
migration and is finally transaminated yielding the observed
C2/C3/C4/C5 multiple *C-coupled valine species. *C cou-
pling between C2, C3, and C4 of proline directly reflects the
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Table 3. *C-"*C-correlation pattern from two-dimensional *C-
TOCSY experiments.

Amino Position Growth experiment with
acid
[1-1*C,lacetate  [2-'*C,Jacetate
Proline 2 3 34
3 4 24
4 3 3
5
Valine 2 3 34,5
3 25 245
4 3,2
5 4 32
Leucine 2 3456
3 4 24,56
4 3,6 2,356
5 2,3,4,6
6 4 2,345
Isoleucine 2 34,6
3 4 2,46
4 3 2,3,6
5
6 234
2 " S
H,C-(I: + 'CI—COOH —_— HJC—C-(I:—COOH
COOH o] OH
HsC HsCy
,CH—(?H— COOH —— ’CH—ﬁ-COOH
HsC " HyC S

Fig. 5. Biosynthesis and labeling pattern of valine formed in C.
aurantiacus grown in the presence of [2-*Clacetate. Bold lines
indicate '*C-"*C coupling as shown by two-dimensional *C-TOCSY
experiments (see also Fig. 4).

coupling pattern of its biosynthetic precursor, 2-oxoglutarate,
which is discussed below.

Retrobiosynthetic analysis

Labeling patterns of central metabolic intermediates,
such as pyruvate, oxaloacetate, and 2-oxoglutarate were de-
duced by a retrobiosynthetic approach. Previous studies
using "“C- and "*C-labeled precursors had indicated that ala-
nine, aspartate and glutamate are conventionally formed by
transamination from pyruvate, oxaloacetate, and 2-oxogluta-
rate, respectively [3]. Therefore, the labeling patterns of pyr-
uvate, oxaloacetate, and 2-oxoglutarate are directly reflected
in the labeling patterns of their corresponding transamination
products.

Moreover, information on the labeling patterns of the
central metabolic intermediates is also reflected by the label-
ing patterns of various other amino acids and nucleosides on
the basis of known biosynthetic pathways. Thus, the labeling
pattern of 2-oxoglutarate is not only reflected in glutamate
but also in arginine. proline, and lysine, as indicated in Table

1 and Fig. 6. The labeling pattern of pyruvate is reflected in
the side chains of aromatic amino acids in line with their
formation via chorismate. The labeling pattern of oxaloace-
tate is reflected in aspartate but also in threonine and methio-
nine via aspartate semialdehyde [12]. Moreover, the labeling
of C5 and C6 of cytidine corresponds with C3 and C2 of
oxaloacetate, suggesting conventional biosynthesis of pyri-
midines via orotate. The labeling patterns of acetyl-CoA and
ribose were also reconstructed from known biosynthetic
pathways (Fig. 6, Table 4). Since a large number of meta-
bolic products have been analyzed, the labeling patterns of
the central intermediates were overdetermined and could thus
be obtained with high statistical significance (Tables 4—6).
For example, the *>C enrichment of C3 of oxaloacetate based
on evaluation of eight metabolites from the growth experi-
ment with [1-*CJacetate had a value of 21.1 £2.6% (Table
5). Moreover, the data also confirm that the formation of
primary metabolites studied proceeds via standard pathways
in C. aurantiacus.

13C pattern after feeding of [1-'*Clacetate

C enrichments of metabolites formed during growth
with [1-"*C]acetate are shown in Table 5. Labeling patterns
of central metabolites deduced from these values are summa-
rized in Fig. 7. If two adjacent carbon atoms show significant
labeling in combination with a high level of coupling be-
tween them, it can be concluded that a significant amount of
double-labeled molecules is present. The presence of double-
labeled species is indicated in Fig. 7 by a bold line between
the respective carbon atoms.

As expected, C1 of acetyl-CoA showed a high level of
enrichment (55%) in the experiment with [1-'*Clacetate.
However, a significant amount of label (8%) was also di-
verted to C2 of acetyl-CoA. There was no evidence for the
formation of double-labeled acetyl-CoA.

The labeling of all carbon atoms in pyruvate and oxalo-
acetate was rather uniform with values ranging over 15—
28%. Double-labeled or multiple-labeled molecules were not
detected in appreciable amounts. The carbon atoms 1-3 of
2-oxoglutarate were all labeled with enrichment values
around 20%.

A significant fraction of 2-oxoglutarate molecules
showed evidence for double labeling in C3/C4. This indicates
that 2-oxoglutarate was biosynthesized by condensation of

- two labeled molecules. In line with this observation, we have

shown earlier that 2-oxoglutarate is formed by condensation
of oxaloacetate and acetyl-CoA, namely by a si-stereospe-
cific citrate synthase followed by decarboxylation of isocit-
rate [3].

13C pattern after feeding of [2-*Clacetate

The reconstructed labeling patterns of central intermedi-
ates in the experiment with [2-'*C]acetate are shown in Table
6 and Fig. 7. The carboxy groups of acetyl-CoA, pyruvate
oxaloacetate, and 2-oxoglutarate had only low levels of '*C
enrichment around 3—4%. C2 of acetyl-CoA and C4 of 2
oxoglutarate had about 80% enrichment. All other carbos
atoms showed enrichments of 40—50%. Multiple labeling
was observed for the following carbon atoms: C2/C3 of pyr
uvate, C2/C3 of oxaloacetate, and C2/C3/C4 of 2-oxoglutar
ate. Obviously, the bonds between these carbon atoms ha
been formed by condensation of '*C-labeled precursors. For
mation of the C3/C4 bond of 2-oxoglutarate by condensatio
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Fig. 6. Reconstruction of *C enrichment patterns of central metabolites in C. aurantiacus by a retrobiosynthetic approach. Starting
from "*C enrichments of amino acids and nucleosides, the '*C enrichments of central metabolites were reconstructed by following standard
bacterial pathways (for details see Table 4). The symbol = indicates reconstructed precursors in analogy to the retrosynthesis concept in

organic chemistry.

of two *C-labeled fragments had been already shown in the
experiment with [1-“ClJacetate.

Labeling pattern after feeding of
3-hydroxy[1-"*C]propionate

All amino acids and nucleosides analyzed showed incor-
poration of label into at least one carbon atom. Hence, 3-
hydroxypropionate is a general metabolic precursor for all
metabolites. Labeling of central metabolic pools was calcu-
lated as described above and is shown in Table 4 and Fig. 7.

The carboxy groups of acetyl-CoA, pyruvate, oxaloace-
tate. and 2-oxoglutarate were uniformely labeled with enrich-
ment values around 5—6%. All other carbon atoms showed
values around 2% (i.e. about 1% above the natural abun-
dance level).

This experiment was performed with 20% '*C-enriched
precursor, whereas the acetate experiments were performed
with 99% enriched precursor. For comparison of absolute
incorporation rates, the values of the hydroxypropionate ex-
periment should be multiplied by 5. With this in mind, it
follows that about one third of cell carbon was generated
from fed hydroxypropionate and two thirds from CO,. This
is well in line with the estimate obtained from the '*C mea-
surements described above. As a consequence of the rela-
tively low enrichments, '*C-"*C coupling was not observed
in this experiment.

DISCUSSION

3-Hydroxypropionate is accumulated by C. aurantiacus
in considerable amounts. Earlier studies [2, 3] had suggested

that the compound is an intermediate in the novel carbon
dioxide fixation cycle as shown in Fig. 8. If this hypothesis
is correct, label from 3-hydroxypropionate should be diverted
to all metabolites. This has now been directly confirmed by
the incorporation study with 3-hydroxy[1-"*C]propionate.

The labeling pattern of the 17 metabolites analyzed are
all satisfactorily explained by the sequence of reactions
shown in Fig. 8. Briefly, it is proposed that the proffered 3-
hydroxy[1-"*C]propionate is sequentially converted to [1/4-
*C,]Jsuccinate via [1-'*C]propionate [2] and [1-'*C]succinyl-
CoA. It is further assumed that succinate is converted to
[1/4-*C,]malate. Since succinate is a symmetrical molecule,
the label can end up in the 1 or 4 position of malate as shown
by closed circles in Fig. 8.

Cleavage of malate yields [1-'*Clacetate which can return
into the cycle. However, the label will appear in position 3
of hydroxypropionate in the second round. Moreover, the se-
cond round can now divert label to position 2 and 3 of malate
as indicated by asterisks in Fig. 8.

The net product of CO, fixation should be glyoxylate
which is generated in the malate cleavage reaction. Malyl-
CoA lyase is present in C. aurantiacus (unpublished results).
However, as discussed in [3], it is not yet known how gly-
oxylate is diverted into the general metabolism.

Dehydrogenation of malate yields oxaloacetate which can
react with acetyl-CoA under formation of citrate. As shown
above, acetyl-CoA can be labeled in position 1 (if derived
from the first round of CO, fixation) or in position 2 (if
derived from a subsequent round in the cycle). Citrate can
then yield 2-oxoglutarate by the reactions shown in Fig. 8.
In line with these predictions, 2-oxoglutarate shows rela-
tively high labeling in both carboxyl groups and low, but
significant labeling in all other carbon atoms.
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Table 4. Averaged *C enrichments of central metabolic pools in
C. aurantiacus grown with [3-hydroxy1-'*C]propionate. The '*C
enrichments were deduced by a retrobiosynthetic approach from *C
enrichments of amino acids and nucleosides. *C abundance of ace-
tyl-CoA was calculated from C5 (Glu,Pro,Arg), C6 (Lys), C1 (Leu,-
Lys) = C1 (acetyl-CoA):; C4 (Glu,Pro,Arg), C5 (Lys), C2 (Leu,-
Lys) = C2 (acetyl-CoA). *C abundance of pyruvate/phosphoenol-
pyruvate was calculated from C1 (Ala,Val,Tyr,Phe) = C1 (pyr-
uvate); C2 (Ala,Val, Tyr,Phe), C3 (Leu,lle,Val), C4 (Leu), ring C1
(Tyr,Phe) = C2 (pyruvate); C3 (Ala,Tyr,Phe), C4 (Val), C5 (Leu,-
Val), C6 (Leu,lle) = C3 (pyruvate). '*C abundance of oxaloacetate
was calculated from C1 (Asp,Thr,Met,Ile) = C1 (oxaloacetate); C2
(Asp,Thr,Met,Ile), C3 (Glu,Pro,Arg), C6 (Cyt) = C2 (oxaloacetate);
C3 (Asp,Thr,Met), C2 (Glu,Pro,Arg), C4 (Ile), C5 (Cyt) = C3 (oxa-
loacetate); C4 (Asp,Thr,Met), C1 (Glu,Pro,Arg), C5 (Ille) = C4 (ox-
aloacetate). '>C abundance of 2-oxoglutarate was calculated from C1
(Glu,Pro,Arg) = C1 (oxoglutarate); C2 (Glu,Arg,Pro); C3 (Lys) =
C2 (oxoglutarate); C3 (Glu,Arg,Pro), C4 (Lys) = C3 (oxoglutarate);
C4 (Glu,Pro,Arg), C5 (Lys) = C4 (oxoglutarate); C5 (Glu,Pro,Arg),
C6 (Lys) = CS5 (oxoglutarate). '*C abundance of ribose was calcu-
lated from C1’ (adenosine, guanosine, cytidine) = C1 (ribose), C2’
(adenosine, guanosine, cytidine) = C2 (ribose), C3’ (adenosine, gua-
nosine, cytidine) = C3 (ribose), C4” (adenosine, guanosine, cyti-
dine) = C4 (ribose), C5" (adenosine, guanosine, cytidine) = C5
(ribose). Values are given * SD (standard deviation) with the
number of available values for arithmetic mean value (n) in paren-
theses.

Metabolite Position BC n
%

Acetyl-CoA 1 53+13 2)
2 21 £041 2)

Pyruvate/phosphoenolpyruvate 1 57%x23 2)
2 1403 5)
3 1902 (€]

Oxaloacetate 1 46 09 2)
2 1.8 04 4
3 1.9 =04 4)
4 5313 3)

2-Oxoglutarate 1 6.8 (1)
2 22 (¢}
3 22 )
4 22 (§))
5 6.6 (1)

Ribose 1 26 *+05 3)
2 26 £06 3)
3 54+09 3)
4 1.9+ 0.6 3)
5 21+03 3)

The "*C enrichments of C1, C2, and C3 of pyruvate were
in close correspondence to C1, C2, and C3 of oxaloacetate,
respectively. This excludes pyruvate formation by reductive
carboxylation of acetyl-CoA. We suggest that pyruvate is
synthesized from C1—C3 of malate or oxaloacetate. This is
in contrast to the proposal of Kondratieva et al. [13] who
suggested pyruvate formation via reductive carboxylation of
acetyl-CoA. In summary, all labeling patterns are consistent
with the proposed involvement of 3-hydroxypropionate in
the novel carbon fixation cycle.

The incorporation of acetate labeled in position 1 or 2 is
shown in Figs 9 and 10, respectively. Both experiments agree
with the hypothesis that acetate can be introduced into the
CO; fixation cycle as acetyl-CoA [2, 3, 13]. The label of [1-
"Clacetate is redistributed to C2/C3 of the inherently sym-

Table 5. Averaged *C enrichments of central metabolic pools in
C. aurantiacus grown with [1-'*Clacetate. For details see Table 4.

Metabolite Position 13C (n)
%o

Acetyl-CoA 1 54.7 £ 6.2 6)
2 8109 5

Pyruvate/phosphoenolpyruvate 1 148 5.2 @
2 188 34 (10)
3 28229 ®)

Oxaloacetate 1 158 £ 6.2 4)
2 224 +1.7 )
3 211 £ 26 8)
4 19.1 £26 6)

2-Oxoglutarate 1 17319 )
2 202+ 1.7 “)
3 21.7+03 4
4 8407 4
5 533%+73 4)

Ribose 1 19.5 =35 3)
2 160 +34 3)
3 11.0x35 3)
4 16.5 £ 3.0 3)
5 199 £5.6 3

Table 6. Averaged “*C enrichments of central metabolic pools in
C. aurantiacus grown with [2-*CJacetate. For details see Table 4.

Metabolite Position 13C (n)
%

Acetyl-CoA 1 29 04 4
2 787 82 (6)

Pyruvate/phosphoenolpyruvate 1 49+ 04 (2
2 524+ 45 (10)
3 395+ 41 (8)

Oxaloacetate 1 31+ 1.5 (2
2 515 84 (1)
3 527 36 (7)
4 40 27 @)

2-Oxoglutarate 1 33 1)
2 528+ 47 @)
3 51.7 109 @)
4 82.1x 82 (4)
5 27 03 (3)

Ribose 1 304 1.4 (2
2 400=x 56 (2)
3 69+ 01 (2)
4 49.1 = 81 (2)
5 3tex 7.6 (2)

metrical succinate molecule in the first round, indicated as
closed circles in Fig. 9. Cleavage of malate yields [2-'*C]-
acetyl-CoA and [2-'*C]glyoxylate, indicated as asterisks in
Fig. 9. If [2-"*CJacetyl-CoA returns into the cycle, the label
is again returned to C2/C3 of succinate. Following the same
arguments, feeding of [2-'*Clacetate should also introduce
the isotope label exclusively to C2/C3 of succinate, irrespec-
tive of the number of rounds in the cycle (Fig. 10).
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Fig.7. *C enrichment and *C-*C coupling of central metabolites from the growth experiments with *C-labeled acetates and 3-
hydroxy[1-*C]propionate. Averaged '*C enrichments of individual carbons are shown inside the boxes. Fractions of “C-**C coupled
molecular species are shown between the boxes. A significant amount of multiple *C-labeled molecular species is indicated by bold lines.
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Fig. 8. Proposed scheme of carbon fixation in C. aurantiacus explaining the *C enrichment patterns of central metabolites when 3-
hydroxy{1-"*Clpropionate was added. Bold arrows illustrate key steps of carbon flow under the specific conditions of growth. Observed
labeling and coupling patterns are indicated by boxes. '*C enrichment diverted by the first round (@) or subsequent rounds (*) of the

autotrophic fixation cycle are indicated.

Based on the labeling patterns of the amino acids derived
from succinate via oxaloacetate, it can be shown conclusively
that the inner carbons of succinate are indeed labeled effi-
ciently from both 1- and 2-labeled acetate. In this context, it
should be noted that the reconstructed oxaloacetate labeling
patterns does show the symmetrical label distribution ex-
pected on the basis of its origin from succinate.

The labeling patterns of C3—C5 in ribose were in good
agreement to the labeling patterns of C1—-C3 in pyruvate
(Tables 4—6). These data suggest a conventional formation
of ribose by condensation of two triose phosphates followed
by decarboxylation of glucose 6-phosphate. In line with the

experimental data C3~CS5 of ribose directly stem from C1—
C3 of the triose phosphate/phosphoenolpyruvate pool by
these mechanisms. Notably, the '*C-labeling and coupling
patterns of glucose observed by Holo and Grace [14] after
feeding of [1-"°C]- or [2-"*C]Jacetate to C. aurantiacus were
quite similar to the labeling and coupling patterns of ribose
and pyruvate in this study, confirming carbohydrate synthesis
by gluconeogenesis.

Whereas the predictions based on the CO, fixation cycle
are confirmed by the experimental data, two essential fea-
tures of the experimentally determined labeling have yet to
be explained. (a) The carbon fixation cycle should always
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F yield singly labeled oxaloacetate (i.e. [2/3-'°C,]oxaloacetate)
irrespective of the number of rounds. However, a large
J: amount of doubly labeled [2,3-'°C,]oxaloacetate was formed
é in the experiment with [2-"*CJacetate (Figs 7 and 10). This
5 species must necessarily be explained by condensation of

two '*C-labeled organic molecules. (b) No isotope label can
be delivered to the carboxyl groups of oxaloacetate by pro-
cessing of 1- or 2-labeled acetate in the autotrophic carbon
fixation cycle. Contrary to this expectation, the carboxyl
groups of oxaloacetate were quite appreciably labeled from
[1-"*Clacetate (but not from [2-'*C]acetate). Clearly, these
B data indicate the formation of oxaloacetate from acetate via
% a second pathway (Figs 9 and 10).

: All experimental findings in the acetate incorporation ex-
periments can be explained satisfactorily if we assume that
a significant fraction of malate is formed by the standard
glyoxylate cycle and not by the CO, fixation pathway. The
key enzymes of the glyoxylate cycle in C. aurantiacus have
been demonstrated [15]. As shown in Fig. 10, the condensa-
tion of [2-"*Clacetyl-CoA (exogenous or regenerated in the
carbon fixation cycle) with [2-"’Clglyoxylate (product of the
carbon fixation cycle or the glyoxylate cycle) yields malate
and further oxaloacetate double labeled in C2 and C3. More-
over, the condensation of [2, 3-'*C,]oxaloacetate with [2-
3Clacetyl-CoA yields isocitrate and further 2-oxoglutarate

e T

®*xC=0
|
®*CH, = CH,- COOH
* [ ]

Fig. 9. Proposed scheme of carbon fixation in C. aurantiacus explaining the *C enrichment and coupling patterns of central metabo.
lites when [1-*Clacetate was added. °*C enrichment generated by key steps of the glyoxylate cycle are indicated by A. The presence o
multiple '*C-labeled molecular species is indicated by bold bond lines.

For other details see Fig. 8.

labeled in C2, C3 and C4. Cleavage of this isocitrate specie:
yields [2-"*Clglyoxylate and [2, 3-'*C,]succinate. Passage o
the {2, 3-1*C,]Jsuccinate through the glyoxylate cycle yield:
even more of the observed double-labeled oxaloacetate spe
cies. As described above, this species could not be explaine
on the basis of the CO, fixation cycle.

The same series of arguments explains the formation o
[1, 4-"*C,]oxaloacetate in the experiment with [1-"*Clacetat
(Fig. 9). Briefly, [2/3-'*C,]oxaloacetate generated by the CO
fixation cycle can be condensed with [1-'*CJacetyl-CoA re
sulting in the formation of isocitrate with label in position 1
3, and 4. Cleavage of isocitrate leads then to carboxyl-labele:
succinate and glyoxylate (indicated by A in Fig. 9). Conden
sation of [1-"*CJacetyl-CoA and [1-"°C]glyoxylate yields [1
4-3C,]malate and further the observed [1,4-'*C,]oxaloace
tate. Cycling this species through the glyoxylate cycle yield
multiply '*C-labeled 2-oxoglutarate, as shown in Fig. 9.

All enzymes required for the operation of the carbon fixa
tion cycle have been identified in C. aurantiacus (unpub
lished results). However, enzymatic studies in vitro would b
insufficient for a quantitative description of metabolite fluxe
in the intact organism. This task can be solved by the in viv
studies described in the present paper. Under the experimer
tal conditions, about two thirds of cell carbon is derived frot
CO.. The remaining third was generated from the organi
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Fig. 10. Proposed scheme of carbon fixation in C. aurantiacus explaining the '>C enrichment and coupling patterns of central
metabolites when [2-'*C,acetate was added. For details see Figs 8 and 9.

precursors, acetate or 3-hydroxypropionate. However, it is
found that the metabolite flux is significantly different with
acetate or 3-hydroxypropionate as organic nutrient.

The data show that incorporation of hydroxypropionate
occurs essentially by the carbon fixation cycle. 2-Oxoglutar-
ate is one of the end products of a metabolic side branch
under these experimental conditions.

In contrast, acetate is metabolized in two different direc-
tions. Anterograde metabolism in the 3-hydroxypropionate
cycle allows the fixation of CO,. Retrograde formation of
malate from proffered acetate opens the way into the glyoxy-
late cycle. Succinate can now be formed under regeneration
of glyoxylate which is required for sustained activity of the
glyoxylate cycle.

We have no evidence for retrograde cycling of proffered
3-hydroxypropionate. The retrograde reaction may be ther-
modynamically unfavorable. However, it should be empha-
sized that the factors controlling the direction of metabolite
flow in the fixation are as yet not known in any detail.

According to our hypothesis, the net product of CO, fixa-
tion is glyoxylate. This central intermediate must be chan-
neled into the general metabolism. The pathway for glyoxy-
late utilization in C. aurantiacus remains to be determined.
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