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The recently discovered heliobacteria are the only Gram-pos-
itive photosynthetic bacteria that have been cultured. One of the
unique features of heliobacteria is that they have properties of
both the photosynthetic green sulfur bacteria (containing the
type I reaction center) and Clostridia (forming heat-resistant
endospores). Most of the previous studies of heliobacteria,
which are strict anaerobes and have the simplest known photo-
synthetic apparatus, have focused on energy and electron trans-
fer processes. It has been assumed that like green sulfur bacteria,
the major carbon flow in heliobacteria is through the (incom-
plete) reductive (reverse) tricarboxylic acid cycle, whereas the
lack of CO,-enhanced growth has not been understood. Here,
we report studies to fill the knowledge gap of heliobacterial car-
bon metabolism. We confirm that the CO,-anaplerotic pathway
is active during phototrophic growth and that isoleucine is
mainly synthesized from the citramalate pathway. Furthermore,
to our surprise, our results suggest that the oxidative (forward)
TCA cycle is operative and more active than the previously
reported reductive (reverse) tricarboxylic acid cycle. Both isoto-
pomer analysis and activity assays suggest that citrate is pro-
duced by a putative (Re)-citrate synthase and then enters the
oxidative (forward) TCA cycle. Moreover, in contrast to (Si)-
citrate synthase, (Re)-citrate synthase produces a different iso-
mer of 2-fluorocitrate that is not expected to inhibit the activity
of aconitase.

Heliobacteria are a relatively newly discovered group of
anaerobic photosynthetic bacteria. All of the cultured heliobac-
teria require organic carbon for anoxygenic growth, and several
of the species can fix nitrogen (1, 2). Heliobacteria are the only
cultured Gram-positive photosynthetic bacteria and are phylo-
genetically related to the bacterial phylum Firmicutes, such as
the aerobic Bacillus and anaerobic Clostridia (1). Among 10
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cultured heliobacteria (2), Heliobacterium modesticaldum is
the only one that can grow at temperatures of >50 °C. Madigan
and co-workers (1, 3) reported that pyruvate, lactate, acetate
(+HCOy), or yeast extract can support the phototrophic
growth of H. modesticaldum, and our recent studies demon-
strated that p-sugars can also support the growth of H. modes-
ticaldum (4).

An unusual feature of heliobacteria is that they have proper-
ties of both green sulfur bacteria (containing the type I reaction
center) and Clostridia (forming heat-resistant endospores) (1).
Heliobacteria have the simplest photosynthetic apparatus
among the photosynthetic organisms (5), and most of the
research on them has been focused on understanding the pho-
tosynthetic machinery and energy transfer processes (1, 6—8).
In contrast, our knowledge of phototrophic carbon metabolism
by heliobacteria is still poorly developed.

Only two reported studies have experimentally probed the
carbon metabolism of heliobacteria; one is our recent study
with H. modesticaldum (4), and the other is the 1994 report by
Kelly and co-workers (9) on Heliobacterium strain HY-3. Our
studies highlighted the critical roles that pyruvate plays during
phototrophic and chemotrophic growth of H. modesticaldum,
reported on three new carbon sources for H. modesticaldum,
and verified the genomic information. Kelly and co-workers (9)
assayed activity for the enzymes in the TCA cycle and employed
13C NMR to analyze "*C-labeled protein-based amino acids
using [2-'3C]pyruvate or [2-'3Clacetate. Furthermore, the
genes aclAB, encoding ATP citrate lyase (ACL),* and gltA,
encoding citrate synthase (CS), have not been annotated in the
H. modesticaldum genome (5), and neither we (4) nor Kelly and
co-workers (9) detected the enzymatic activities for ACL or CS.
Together, previous studies suggested that the RTCA cycle is not
complete in H. modesticaldum (Fig. 1A) (4, 5) and Heliobacte-
rium strain HY-3 (9).

Note that '*C NMR may be insufficient for generating com-
plete labeling information of key metabolites, as *>*C NMR can-
not directly detect labeled carbon on the carboxyl group of an
amino acid if its a-carbon is not labeled (10). More importantly,
essential questions remain unresolved for carbon metabolism
of heliobacteria. () If the (incomplete) RT CA cycle is employed

“The abbreviations used are: ACL, ATP citrate lyase; CS, citrate synthase; FAc,
fluoroacetate; 2-FC, 2-fluorocitrate; a-KG, a-ketoglutarate; OAA, oxaloace-
tate; OTCA cycle, oxidative (forward) TCA cycle; PEP, phosphoenolpyru-
vate; RTCA cycle, reductive (reverse) TCA cycle; BChl g, bacteriochlorophyll
g; 8'-OH-Chl ag, 8'-hydroxychlorophyll a with a farnesol tail.
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FIGURE 1. A, previously proposed carbon flow in H. modesticaldum from
genomic information and enzymatic activity assays. B, phototrophic growth
curve of H. modesticaldum grown on pyruvate, HCO;, or pyruvate and HCO3
as the defined carbon source. Cell density was estimated by measuring
the optical density (OD) at 625 nm (see the “Experimental Procedures”).
PFOR, pyruvate:ferredoxin oxidoreductase; PEPCK, phosphoenolpyruvate
carboxykinase; KFOR, a-KG:ferredoxin oxidoreductase; IDH, isocitrate
dehydrogenase.

for biomass production in heliobacteria (Fig. 14), then CO, is
essential for phototrophic growth (a metabolic type similar to
the green sulfur bacteria that employ an RTCA cycle) (11).
However, no apparent CO,-enhanced growth has been ob-
served for pyruvate-grown heliobacterial cultures. (b) Some
13C-labeled patterns in the study by Kelly and co-workers (9)
suggested that the oxidative (forward) TCA (OTCA) cycle is
operative. If this is the case, it is difficult to understand how the
OTCA cycle could possibly be initiated without the encoding
genes or enzymatic activities of ACL or CS.

This study is intended to apply both biochemical methods
and '*C-based metabolite analysis via mass spectrometry to
address those essential questions by investigating how the TCA
cycle and amino acid biosynthesis are performed by H. modes-
ticaldum. Our results identify the missing link for the carbon
metabolism of H. modesticaldum (and perhaps Heliobacterium
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strain HY-3) and suggest that the carbon flow of H. modestical-
dum is more akin to Clostridia than to the green sulfur bacteria.

EXPERIMENTAL PROCEDURES

Materials—Chemicals and enzymes were obtained from
Sigma. The '3C-labeled sodium bicarbonate, [1-'*C]- and
[3-'*C]pyruvate were obtained from Cambridge Isotope Labo-
ratories, Inc. The DNA oligomers were obtained from Inte-
grated DNA Technology without further purification.

Cell Cultures—The cell cultures employed in this study are
listed below. Cell density was estimated by measuring the opti-
cal density (OD) of a suspension of cells at 625 nm (OD,;) for
the cell growth of both H. modesticaldum and Roseobacter
denitrificans because absorbance of photosynthetic pigments is
minimal around 625 nm (4), and OD,, was measured to esti-
mate the growth of Desulfovibrio vulgaris Hildenborough
(DvH), in which no photosynthetic pigment was present. Auto-
claved subcultures were used as negative controls, and all of the
experiments were performed in triplicate.

H. modesticaldum—The H. modesticaldum strain Icel” cul-
ture was provided by Dr. Michael T. Madigan (Southern Illinois
University, Carbondale) and was grown phototrophically in a
minimal medium (1, 4) with pyruvate (20 mm) and (£)HCO;
(20 mm) as the carbon sources. The fresh medium was inocu-
lated with 1-2% cell culture in the late exponential growth
phase. Physiological studies with fluoroacetate (FAc) for the
pyruvate-grown cultures were performed with 20 mm pyruvate
and 20 mMm FAc included in the growth medium. The cultures
were grown inside the anaerobic chamber (Coy) in low intensity
light (100 = 10 wmol/m?/s) at 4648 °C.

R. denitrificans—The R. denitrificans OCh114 culture,
obtained from Dr. J. T. Beatty (University of British Columbia,
Vancouver, Canada), was grown aerobically in a defined
medium with pyruvate (20 mm), FAc (20 mm), or pyruvate (20
mMm) + FAc (20 mm) as the sole carbon sources. The defined
growth medium was prepared as reported (12). The cultures
were grown at 28 °C (20-30%-filled Erlenmeyer flask) with
shaking at 150 rpm in the dark.

D. vulgaris Hildenborough (DvH)—DvH was kindly provided
by Dr. Terry C. Hazen (Lawrence Berkeley National Labora-
tory, Berkeley, CA). DvH was grown in a defined growth
medium containing (per liter) NaCl (1.0 g), MgCl,-6H,O (0.5 g),
KH,PO, (0.2 g), NH,CI (0.3 g), KCI (0.3 g), CaCl,-2H,O (0.015
g), MgSO,7H,0 (0.2 g), a trace element solution (1 ml) (13), a
Na,SeO,/Na, WO, solution (1 ml) (14), resazurin (10 mg), lac-
tate (5 mm), Na,SO, (5 mm), and with a N,/CO,, (80:20, v/v)
headspace. After autoclaving and cooling to room temperature,
the medium was supplied with a vitamin mixture solution (0.5
ml) (15). DvH was subcultured into fresh medium in triplicate
with 1% (v/v) inoculate, and cell cultures were grown at 30 °C
anaerobically. FAc amended cultures were prepared in the
same content except FAc (1.5 mm) was added before
inoculation.

RNA Extraction and Quantitative Real Time PCR—The tran-
scriptomic profiling data were generated using the approaches
described elsewhere (16). The primer sequences for QRT-PCR
are listed in supplemental Table S1.
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Isotopomer Analysis via GC-MS—The isotopomer analysis
was performed using the methods reported previously (17) and
is described in the supplemental material.

Activity Assays for Citrate Synthase—Enzymatic activities
were performed in triplicate with cell-free extracts that were
prepared using the procedure as described earlier (4). Protein
concentration in cell extracts was determined by the Bradford
assay (18) using bovine serum albumin as the standard. The
reaction turnover for the reaction catalyzed by CS was followed
by the formation of 5,5'-dithiobis-2-nitrobenzoic acid or Ell-
man’s reagent-modified CoA using the method reported previ-
ously (9, 19) with minor modification. To minimize oxygen in
the assay mixture for measuring CS activity, all of the reagents
(5,5'-dithiobis-2-nitrobenzoic acid, metal ions), substrates
(acetyl-CoA, oxaloacetate), and buffer were prepared with oxy-
gen-free water in an anaerobic chamber (Coy), and the assay
components were mixed in a tightly sealed cuvette inside the
anaerobic chamber prior to removal for the spectral measure-
ments. The reaction was initiated by the addition of oxaloace-
tate (OAA) (0.5 mm), and the increase at A,;, was followed to
monitor the activity. The amount of CoA production was esti-
mated using a standard calibration curve with B-mercaptoeth-
anol. The control experiment was performed with the same
procedure with water rather than OAA added to initiate the
reaction.

RESULTS
Carbon Metabolism in H. modesticaldum

In this study, we probed the central carbon metabolic path-
way with the following approaches: (i) physiological studies
with fluoroacetate; (ii) isotopomer data; (iii) mass spectrum of
photosynthetic pigments; and (iv) transcriptomic profiles.
Pyruvate is the best known organic carbon source for support-
ing the phototrophic growth of H. modesticaldum (3, 4) and
several other heliobacteria (1), and it was used for probing the
carbon metabolism of H. modesticaldum.

Physiological Studies with Fluoroacetate—FAc has been re-
ported as a metabolic toxin. The toxicity of FAc is generally
recognized to arise from the fact that the carbon flow in the
OTCA cycle is blocked through the inhibition of aconitase by
(—)-erythro-(2R,3R)-2-F-citrate (2-FC), which is synthesized
from F-acetyl-CoA and OAA by CS (20). Consistent with this
hypothesis, an aerobic anoxygenic photoheterotrophic bacte-
rium R. denitrificans, which has been known to have an active
OTCA cycle (12), was notably inhibited by FAc (Fig. 24). In
contrast, the growth of H. modesticaldum on pyruvate was sim-
ilar with FAc versus without FAc (Fig. 2B). It is known that FAc,
an acetate analog, can be taken up by H. modesticaldum and
converted into F-acetyl-CoA, because the acsA gene, encoding
acetyl-CoA synthetase (ACS), has been annotated and the
enzymatic activity of ACS has been reported (4). Furthermore,
acetate (+HCOg)) is also known to support the phototrophic
growth of H. modesticaldum (1, 3, 4). Consistent with the phys-
iological studies, the transcript levels of genes for carbon
metabolism are similar (within ~2 AAC,) for cultures grown
on pyruvate (20 mMm) and with or without the addition of FAc
(20 mm) (Table 1). Together, our studies indicate little effect of
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FIGURE 2. Effect of FAc for the growth of R. denitrificans, H. modestical-
dum, and D. vulgaris Hildenborough (DvH). A, growth curve of R. denitrifi-
cans grown on pyruvate, FAc, or pyruvate and FAc as the carbon source;
B, growth curve of H. modesticaldum during photoheterotrophic growth on
pyruvate with or without FAc; C, growth curve of DvH grown on lactate with
or without FAc.
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TABLE 1

Carbon Flow in Heliobacteria

The transcript level of the genes for carbon metabolism of H. modesticaldum during photoheterotrophic growth on pyruvate with or without

FAc

The genes encoding the enzymes in the (R)TCA cycle are highlighted in boldface italic.

AAC, (AC;in relative expression level
Gene AC,” (pyruvate)  AC,” (pyruvate + FAc) pyruvate — AC,. (pyruvate vs. pyruvate
in pyruvate + FAc) + FAc) = 224¢T
pykA (HM1_0076, pyruvate kinase) 11.0 =02 127 =02 1.7 04 32*13
acn (HM1_0105, aconitase) 10.7 = 0.1 12.6 = 0.1 1.8 0.2 35+ 1.1
fdxR (HM1_0289, Fd-NADP™ reductase, FNR) 122+ 0.0 142 + 0.1 20*0.1 40=*1.0
porA (HM1_0807, pyruvate, Fd oxidoreductase, PFOR) 9.8 0.2 11.7 £ 0.1 1.8+0.3 35*+1.2
acsA (HM1_0951, acetyl-CoA synthetase) 12.1 = 0.0 14.3 = 0.2 2.1+0.2 43*1.1
icd (HM1_1471, isocitrate dehydrogenase) 10.7 = 0.2 124+ 0.0 1.6 =02 3.0x1.1
mdh (HM1_1472, malate dehydrogenase 10.9 £ 0.0 124 £ 0.0 1.5*+0.0 2.8 £ 0.0
ackA (HM1_2157, acetate kinase) 11.6 = 0.1 13.6 = 0.0 2.0 £0.1 40*+1.0
ppdK (HM1_2461, pyruvate phosphate dikinase) 113+ 0.1 132+ 0.1 1.9+02 37*1.1
korC (HM1_2762, KFOR, vy subunit) 9.9 £0.0 10.8 = 0.2 09*0.2 19*+11
oorB (HM1_2763, KFOR, 3 subunit) 9.2*00 109 = 0.1 1.7 £0.1 32*1.0
korA (HM1_2766, KFOR, a subunit) 89 *0.1 10.7 £ 0.0 1.8 *+0.1 35*10
korD (HM1_2767, KFOR, 8 subunit) 89 *0.0 11.0 £ 0.1 21*01 43*1.0
nifV (HM1_0858, homocitrate synthase) 15.0 = 0.1 154 = 0.2 0.4 *0.3 13+12
aksA (HM1_2993, homocitrate synthase) 10.5 + 0.2 12.0 0.2 1.5+ 0.4 28+ 1.3
pckA (HM1_2773, PEP carboxykinase) 11.9 = 0.0 135+ 0.1 1.6 0.1 3.0*x1.0

“ AC = Cy (the threshold cycle) of the target gene —C of the 16 S rRNA gene.

FAc on the growth of H. modesticaldum, implying that (—)-
erythro-2-FC cannot be synthesized in H. modesticaldum, in
agreement with the findings that no genes encoding CS and
ACL have been annotated in the genome (5), and no enzymatic
activities of CS or ACL have been detected for H. modestical-
dum (4).

Moreover, when the anaerobic sulfate-reducing bacterium
D. vulgaris Hildenborough (DvH) was grown with a 1:1 molar
ratio of [2-'*Clacetate and nonlabeled lactate, significant
amounts of labeled carbon were detected in the biomass (sup-
plemental Table S2), indicating that DvH can utilize acetate for
producing biomass. Furthermore, isotopomer analysis using
[2-'3C]Jacetate (supplemental Table S2) and a previous DvH
flux analysis (21) indicate that acetate <> acetyl-CoA is revers-
ible in DvH. No FAc inhibition was detected during the growth
of DvH (Fig. 2C).

Isotopomer Analysis by GC-MS—Previous studies have
established that the cell growth of H. modesticaldum is best
supported by pyruvate (1, 3, 4). We used '*C-labeled pyruvate
and characterized the protein-based amino acids for probing
the central carbon metabolic pathways. H. modesticaldum is
recognized as a photoheterotrophic bacterium (3, 4), and CO,
neither supports nor enhances its phototrophic growth (Fig.
1B). When H. modesticaldum was grown on [1-'*C]pyruvate,
aspartate was mainly double-labeled, and glutamate was pri-
marily single-labeled (Table 2). In the (incomplete) RTCA cycle
(Fig. 1), a-KG, the precursor of glutamate, is synthesized from
OAA, the precursor of aspartate, which results in the incorpo-
ration of all the carbons from aspartate into the carbon back-
bones of glutamate. Also, assuming that some of the CO, mol-
ecules assimilated through the RTCA cycle are 3CO,
generated from the reaction [1-'3*C]pyruvate + CoA — acetyl-
CoA + '3CO, (Fig. 1), *C-labeled content is expected to be
higher for glutamate than for aspartate. Consequently, the mul-
tiply labeled instead of the singly labeled glutamate would even-
tually become dominant through the (incomplete) RTCA cycle.
However, in this study, the observed lower **C-labeled content
of glutamate compared with aspartate with [1-'*C]pyruvate-
grown cells cannot have been generated by cells utilizing solely
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the (incomplete) RTCA cycle. Furthermore, the carbon flux of
H. modesticaldum cannot primarily go through the (incom-
plete) RTCA cycle but must instead mainly transform via the
OTCA cycle. Moreover, aspartate was dominantly single-la-
beled (M1 >0.8), and glutamate was mostly double-labeled (M2
>0.75) for cells using [3-'*C]pyruvate (supplemental Table S3),
in agreement with significant carbon flow through the OTCA
cycle.

Mass Spectrum of Photosynthetic Pigments—W e further ana-
lyzed the mass spectrum of BChls we reported earlier using
MALDI-TOF (matrix-assisted laser desorption ionization
time-of-flight) mass spectrometry (4), in which '*C-labeled
photosynthetic pigments (bacteriochlorophyll g (BChl g) and
8'-hydroxychlorophyll @ with a farnesol tail (8'-OH-Chl a;))
were detected using [3-'>C]pyruvate. Both BChl g and 8'-OH-
Chl a; were synthesized from eight molecules of glutamate and
eight molecules of acetyl-CoA (for generating the farnesyl tail
with a 15-carbon unit at C17° position), and thus **C-labeled
BChl g and 8'-OH-Chl a; are expected using [3-'*C]pyruvate.
The m/e for BChl g and 8'-OH-Chl a; is 796.7 and 812.7,
respectively, with unlabeled pyruvate, and for BChl g and
8'-OH-Chl a. is 816.8 and 832.8, respectively, with
[3-'3C]pyruvate. The number of labeled carbons for the labeled
BChl g or 8'-OH-Chl a; was estimated to be 21-22 using the
program IsoPro 3.1. Using [3-'3C]pyruvate as the carbon
source, glutamate is expected to be double-labeled through the
OTCA cycle because citrate is double-labeled via condensation
of [3-1*C]OAA and [2-'3*C]acetyl-CoA, where glutamate is sin-
gle-labeled through the RTCA cycle (from [3-'3*C]JOAA). Thus,
16 carbons are labeled through the RTCA cycle (eight single-
labeled glutamates and eight single-labeled acetyl-CoAs) and
24-labeled carbons through the OTCA cycle (eight double-la-
beled glutamates and eight single-labeled acetyl-CoAs) using
[3-'3C]pyruvate. Thus, observations of higher '>C contents on
BChl g and 8'-OH-Chl 4. in the mass spectrum than expected
from the RTCA cycle would suggest that the OTCA cycle con-
tributes to the formation of glutamate and a-KG. Consistent
with this hypothesis, glutamate was found to be mostly double-

JOURNAL OF BIOLOGICAL CHEMISTRY 35107

0T0Z ‘62 1290100 U0 ‘Alsianiun uoibuiysepn re 610°0gf-mmm wolj papeojumoq


http://www.jbc.org/cgi/content/full/M110.163303/DC1
http://www.jbc.org/

Carbon Flow in Heliobacteria

TABLE 2

Isotopomer labeling patterns of protein-based amino acids in the cultures grown on [1-'3*C]pyruvate

Proposed '*C-enriched positions

Amino acid Precursor Ion“ M-57° M-159° £302¢ -
(shown as asterisk)
Ala Pyruvate MO 0.20 0.85 0.20 C-C-*COOH
M1 0.77 0.09 0.79
M2 0.03 0.06 0.01
Gly Serine MO 0.24 0.98 0.12 C-*COOH
M1 0.75 0.02 0.48
M2 0.01 0.40
Val Pyruvate MO 0.20 0.89 0.28 C-C-C-C-*COOH
M1 0.77 0.09 0.72
M2 0.03 0.01 0.00
Leu Pyruvate MO 0.60 0.83 0.63 Nonlabeled
Acetyl-CoA M1 0.36 0.14 0.36
M2 0.03 0.02 0.01
M3 0.00 0.00
Ile Pyruvate MO 0.66 0.83 0.69 Nonlabeled
Threonine M1 0.25 0.16 0.25
M2 0.08 0.01 0.06
M3 0.01 0.00
Met Aspartate MO 0.09 0.22 0.17 C-S-*C-C-C-*COOH
Methyl-THF® M1 0.24 0.58 0.51
M2 0.51 0.20 0.32
M3 0.15 0.01
Ser 3-Phosphoglycerate MO 0.19 0.94 0.21 C-C-*COOH
M1 0.77 0.06 0.78
M2 0.04 0.00 0.01
Thr Aspartate MO 0.11 0.26 0.11 *C-C-C-*COOH
M1 0.29 0.72 0.46
M2 0.59 0.02 0.43
Phe PEP MO 0.08 0.13 0.22 C-C-*C-*C-C-C-C-C-*COOH
Erythrose 4-phosphate M1 0.11 0.29 0.77
M2 0.31 0.53 0.01
M3 0.46 0.04
M4 0.04 0.01
Asp OAA MO 0.11 0.27 0.27 *COOH-C-C-*COOH
M1 0.31 0.71 0.73
M2 0.56 0.01 0.01
Glu a-Ketoglutarate MO 0.26 0.28 0.82 C-C-C-C-*COOH
M1 0.64 0.68 0.18
M2 0.09 0.04 0.00
M3 0.01 0.00
His Ribose 5-phosphate MO 0.13 0.13 0.92 N-C-N-C-*C-*C-C-COOH
M1 0.41 0.41 0.06
M2 0.32 0.34 0.02
M3 0.10 0.07
Lys Aspartate MO 0.14 0.28 0.92 C-C-*C-C-C-*COOH
Pyruvate M1 0.26 0.68 0.08
M2 0.58 0.03 0.00
M3 0.02 0.00
M4 0.00 0.00

“ MO0, M1, M2, M3, and M4 indicate mass fraction of the unlabeled, single-labeled, double-labeled, triple-labeled, and quadruple-labeled amino acid.

£ [M-57]" indicates un-fragmented amino acid detected by GC-MS.

¢[M-159]" indicates an amino acid minus the a—carboxyl group detected by GC-MS.
©£302 is the fragment of the first two carbons in a derivatized amino acid (17).

¢ THF is tetrahydrofolate.

labeled (M2 >75%) using [3-'*C]pyruvate (supplemental Table
S3).

Transcriptomic Profiles—All of the genes encoding the
enzymes in the RTCA cycle, except for ACL, have been anno-
tated in the H. modesticaldum genome (5). Table 1 shows that
genes in the RTCA cycle (highlighted in boldface italic) are
expressed and that the transcript level for the genes responsible
for carbon metabolism is similar (at most a 4-fold difference) in
the pyruvate-grown cultures with and without FAc.

Taking all of the experimental evidence together, our studies
indicate that in addition to the incomplete RTCA cycle, the
OTCA cycle is also employed by H. modesticaldum. Like the
RTCA cycle, the OTCA cycle is not complete but mainly con-
tributes to the formation of «-KG, as indicated by isotopomer
analysis and mass spectrometry of photosynthetic pigments.
The active OTCA cycle is consistent with the observed lack of
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CO,-enhanced pyruvate growth of H. modesticaldum (Fig. 1B),
because CO, is produced through the OTCA cycle.

Citrate Synthase Activity Detected Anaerobically

Table 2 shows that over 50% aspartate and 60% glutamate
were labeled in the B-carboxyl group with [1-*3*C]pyruvate as
the carbon source, implying that citrate formation is possibly
catalyzed by (Re)-citrate synthase ((Re)-CS) (Fig. 3). Both
(Re)-CS and normal CS (i.e. (Si)-CS) catalyze the formation of
citrate through aldol condensation of OAA and acetyl-CoA,
whereas the acetyl-CoA moiety is added to the “pro-R” and
“pro-S” arm of citrate through catalysis of (Re)-CS and (Si)-CS,
respectively (Fig. 3).

We have previously showed that no CoA production was
detected with acetyl-CoA and OAA added in the cell extracts of
H. modesticaldum under aerobic conditions and without diva-
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Alternative Isoleucine Biosynthe-

H,G—COOH HC—GOOH H,c—cooH  Sis Pathway—Isoleucine is typically

i CoA o Soon _aconitase &H, . &, synthesized through the threonine

sCon  (Si)-citrate HyC— GOOH deli)s/gfci:;t:ase o:(';_gOOH HQN—ﬁ—BOOH pathway (Fig. 4). Using [ 1'13C]py.ru'

1 synty (Si)-citrate okEtogluaRats glutamate  vate as the carbon source, threonine

5. 0% was mainly double-labeled (M2

HO™® o . o >58%), so isoleucine would be
] o (m HG—COOH conitase H,C—COOH FATCOM  expected to be double-labeled via

To synthase Ho COOH isocitrate éHz — Cha the threonine pathway. Table 2

CoA H,C—COOH

Y‘l\OH (Re)-citrate

0 [1-*C]pyruvate

FIGURE 3. Reactions catalyzed by the (Re)- versus (Si)-citrate synthase, aconitase, and isocitrate dehydro-
genase. '3C labeling distributions in citrate, a-ketoglutarate, and glutamate using [1-'*Clpyruvate are shown.

lent metal ion supplied, confirming that (Si)-CS is not produced
by H. modesticaldum (4). Anaerobic conditions have not been
reported to be required for the activity of (Si)-CS. To test if
citrate can be produced by H. modesticaldum via the catalysis of
(Re)-CS, rigorous efforts were made to minimize the oxygen
content in the assay mixtures (described under “Experimental
Procedures”), because oxygen-sensitive and divalent metal ion
(Mn>", Mg>", or Co*>") dependences were reported for the
activity measurements of (Re)-CS (19). The increase of A, for
5,5'-dithiobis-2-nitrobenzoic acid-modified CoA can be
detected with Mn?", OAA, and acetyl-CoA under anaerobic
conditions, suggesting the presence of the CS activity in H.
modesticaldum. The catalytic activity of the novel CS, likely
(Re)-CS, was estimated to be 50 + 20 nmol/min/mg protein.

Anaplerotic-CO, Fixation Pathways

The isotopomer labeling experiment with '*C-labeled
HCO; and unlabeled pyruvate as the carbon source showed
that over 50% alanine was labeled (supplemental Table S4) and
that all the labeled alanine was labeled at the carboxyl group.
The labeling pattern suggests that the reaction catalyzed by
pyruvate:ferredoxin oxidoreductase (acetyl-CoA + CO, +
2Fd,.4 + 2H™" <> pyruvate + CoA + 2Fd, ) is freely reversible
and very active so that the labeled bicarbonate is incorporated
into pyruvate. The isotopomer analysis is in agreement with our
recent physiological studies that pyruvate:ferredoxin oxi-
doreductase plays a central role in carbon metabolism of H.
modesticaldum (4). Moreover, when using [1-'*C]pyruvate as
the carbon source, aspartate can be synthesized either from the
CO,-anaplerotic pathways with pyruvate and/or phosphoenol-
pyruvate (PEP) and '*CO, (from decarboxylation of [1-'3C]
pyruvate), leading to double-labeled aspartate, or through the
OTCA cycle, in which aspartate is not expected to be double
labeled. The predominance of double-labeled aspartate indi-
cates the high carbon flow via the CO,-anaplerotic pathway and
low flux from the OTCA cycle, consistent with observed activ-
ity of PEP carboxykinase illustrated in our recent studies (4),
and confirming that the OTCA cycle is not complete as genes
encoding the enzymes specific for the OTCA cycle have not
been annotated in the genome (5).

Amino Acid Biosynthesis

The isotopomer analysis for biosynthesis of several amino
acids is illustrated as follows.
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dehydrogenase o—¢_cooH
a-ketoglutarate

HZN—,‘L:‘COOH shows that isoleucine was large-
ly nonlabeled (MO >60%) with
[1-'°C]pyruvate, suggesting that
isoleucine was mostly synthesized
through the citramalate pathway,
although all of the genes in the threonine pathway have been
annotated. In the citramalate pathway, citramalate synthase
(CimA) catalyzes the formation of p-erythro-3-methylmalate
(i.e. citramalate) through condensation of pyruvate and acetyl-
CoA (Fig. 4). Two gene loci, HM1_1519 and HM1_1515,
encoding putative CimA in the citramalate pathway have been
annotated in the genome. The amino acid sequence encoding
by gene locus HM1_1519 shows >50% identity to the recently
reported CimA (Teth514_1204) in Thermoanaerobacter sp.
X514 (22), which is a close relative to the genus Clostridium.
The supplemental Table S5 lists the bacteria with the citra-
malate pathway identified.

Normal Pathways for Alanine, Serine, Phenylalanine, and
Lysine Biosynthesis—The isotopomer pattern suggested ala-
nine and serine are synthesized from pyruvate and PEP, respec-
tively. Also, using [3-'3*C]pyruvate as the carbon source, the
labeling pattern in supplemental Table S3 indicates that phenyl-
alanine is synthesized from the common biosynthetic pathway
with erythrose 4-phosphate and PEP as precursors in agree-
ment with the genomic information (5). Furthermore, Pickett ez
al. (9) also reported the same results regarding pathways of
alanine, serine, and phenylalanine biosynthesis for Heliobacte-
rium strain HY-3.

The labeling patterns of lysine in the isotopomer analysis
suggest thatlysine is synthesized through the common diamino-
pimelate pathway with pyruvate and aspartate as the precur-
sors, rather than through the a-amino adipate pathway (sup-
plemental Fig. S1), in which 2-ketoglutarate and acetyl-CoA are
condensed and converted to lysine. This conclusion is consist-
ent with the fact that all genes in the a-aminoadipate pathway
are missing, except for the genes encoding putative homoci-
trate synthase (nifV (HM1_0858) and aksA (HM1_2993)). This
enzyme catalyzes the formation of homocitrate ((R)-2-hy-
droxybutane-1,2,4-tricarboxylate) by condensing «-KG and
acetyl-CoA. Note that the askA gene is expressed with higher
transcript level (Table 1). The possible function of the homoci-
trate synthase for carbon metabolism will be discussed later.

glutamate

DISCUSSION
Growth of H. modesticaldum with FAc

Fig. 2 shows that there is no detectable difference in the
growth of H. modesticaldum with or without FAc, suggesting
that (—)-erythro-2-FC cannot be synthesized by CS or/and ACL
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e Predicted '*C-labeled via the threonine pathway
® Predicted '3C-labeled via the citramalate pathway

® Predicted '3C-labeled via the leucine and valine biosynthesis pathways

ies showing that conversion of pyru-
vate to acetyl-CoA, catalyzed by
pyruvate:ferredoxin  oxidoreduc-
tase, is very active in pyru-
vate-grown H. modesticaldum (4)

© COOH o0
é=0 acetyl-CT:—ﬁ_SCOA I-'3(:_(”:_COOH and the isotopomer data presented
(]3Hz o pyrivats in this report. However, Fig. 24
*COOH shows that the pyruvate-grown R.
OAA citramalate l denitrificans, which is also known to
pathway ©COOH exhibit high flux from pyruvate to
l H3C—(”3—THPP H C—(I:—OH acetyl-CoA (12), was notably
° COOH 3 reduced by the presence of FAc,
HzN-CH-COOH HC-OH =0 suggesting that other factors must
" g:zo i H—(:Z—EOOH ( S)-2-a<(:::1l:g lactate c‘ontribute to the lack of‘FAc—inhibi—
CH, tion on the phototrophic growth of

aspartate D-erythro-3-methylmalate l H. modesticaldum.
l /i H3C—(“:—SCoA Different Stereoisomer of 2-FC Is
l ‘co, o) SCO0H Synthesized—Alternatively, it is
o ©COOH acetyl-CoA ¢=0 possible that the putative CS cata-
HzN—g:-(c:)zOH threonine (::=0 CH-CHs lyies thke1 forzna)tion(;lfa ZéFFCCiS(I)\Imer
B CH; other than (—)-erytnro-2-FC. Note
° (|:H3 deaminage o E:z 2-oxoisovalerate  that only one of four possible 2-FC
threonine threonine 2-ketobu3tyrate COOH isomers, ('—)—ery.thro—Z—FC,. cgtg—
L lyzed by (Si)-CS, is a potent inhibi-
pathway o HGOH tor of aconitase (20). Thus, if the
HOOC—C—H : ?
I putative CS does not catalyze the
H$_CH3 formation of (—)-erythro-2-FCbuta
CH, different 2-FC isomer, then the tox-
(2B, 35)3-lsopropylmalsta icity of FAc is not expected to be
observed for H. modesticaldum.
%o, This hypothesis is further elabo-
rated below.
GOOH Different Isomers of 2-FC Produced
®COOH Hz”'g: ! N’E‘:‘°“ by (Re)- Versus (Si)-CS

H3C-:§2—g: H(I;_(3;|.|3 HiC-(I:H Although there is no difference in
o (I:H3 <|2H3 (I:H_,, the stereochemistry of citrate from
lsolaueitis jotietie valine condensation of acetyl-CoA and

FIGURE 4. Proposed biosynthesis pathways for isoleucine, including the citramalate and threonine path-
ways, leucine, and valine. Predicted '3C labeling distributions using [1-'3C]pyruvate are shown.

in H. modesticaldum. However, the lack of genes encoding ACL
and CS along with the lack of the enzymatic activities is incon-
sistent with our presented isotopomer data, which suggest that
at least a partial OTCA cycle is active and an oxygen-sensitive
novel CS is produced by H. modesticaldum to initiate the
OTCA cycle. If a novel CS is produced by H. modesticaldum,
then the lack of FAc inhibition during the growth of H. modes-
ticaldum needs to be explained. Two working hypotheses can
be considered.

High Flux from Pyruvate to Acetyl-CoA to Compete with
F-acetyl-CoA—Similar activity of F-acetyl-CoA versus acetyl-
CoA for normal CS has been reported previously (23). Assum-
ing that (—)-erythro-2-FC is synthesized by a putative novel CS,
acetyl-CoA from pyruvate could compete with F-acetyl-CoA
from FAc for the interactions of the putative CS. A high flux
from pyruvate to acetyl-CoA is suggested from our recent stud-
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OAA catalyzed by (Si)-CS versus
(Re)-CS (Fig. 3), different isomers of
2-F-citrate (2-FC) are produced
from condensation of F-acetyl-CoA
and OAA catalyzed by (Si)-CS versus (Re)-CS (Fig. 5). Lauble et
al. (20) proposed that interactions of (—)-erythro-2-FC with
aconitase produce an intermediate that inhibits aconitase,
whereas interactions of (+)-erythro-2-FC with aconitase leads
to formation of a-KG, instead of inhibiting aconitase.

To test this hypothesis, we performed physiological studies
with the sulfate-reducing bacterium D. vulgaris Hildenborough
(DvH) using FAc. Acetate can serve as a carbon source for DvH
in the presence of reducing power, which can be generated
during lactate-supported growth (supplemental Table S2).
Thus, FAc, like acetate, can be assimilated by DvH using the
reducing power generated by lactate oxidation. Like H. modes-
ticaldum, no genes encoding ACL and (Si)-CS have been anno-
tated in the DvH genome, whereas the activity of (Re)-CS and
contribution of CS to the carbon flow of the OTCA cycle have
been identified for DvH (24). Fig. 2C shows no inhibition for the
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o CoA F—H— coon genome, homocitrate synthase hgs

been suggested to be phylogeneti-

F\)k (Si)-citrate HO COOH ; cally related to (Re)-CS (19). It is
" W H,C—COOH BEONIES0 possible that homocitrate synthase
F-acetyl-CoA (-)-erythro-2-FC catalyzes not only the formation of
0 o \ H,C— COOH ho;(ngcétrati frzin facetyl—‘CoAfarhltd

. H,C—COOH o- ut also the formation of cit-

HO)UH\/ on (zsi);fr:g:ée Ho ’ GO0H H COOH  rate from acetyl-CoA and OAA (i.e.
& aconitase F—C—cooH  (Re)-CS). Two genes in the H. mod-

CoA F~—HC—COOH OH esticaldum genome possibly encode

(+)-erythro-2-FC homocitrate synthase, nifV (HM1_

HF Jl 0858) and aksA (HMI_2993). A

FIGURE 5. Reaction of F-acetyl-CoA and OAA catalyzed by (Re)- versus (Si)-citrate synthase, and interac-

tions of (—)-erythro-2-FC versus (+)-erythro-2-FC with aconitase.

PPDK
PEP pyruvate
PFOR
CO, co: M co,
PEPCK acetyl-CoA === acetate
ATP (Re)-citrate synthase?
OAA citrate .
/ \ aconitase
malate isocitrate
OTCA cycle IDH
& co, co,
fumarate RTCA cycle oKG
KFOR
CO,

succinate succinyl-CoA

FIGURE 6. New view for carbon flow in H. modesticaldum. The proposed
carbon flow is through the OTCA cycle (red) and the RTCA cycle (blue) with a
stronger flux through the OTCA cycle (acetyl-CoA — a-KG, shown in bold).
The proposed role of the putative (Re)-citrate synthase is shown.

growth of DvH with FAc, consistent with the hypothesis by
Lauble et al. (20). Consequently, we believe that the lack of FAc
inhibition on the growth of H. modesticaldum is in agreement
with generation of (+)-erythro-2-FC, instead of (—)-erythro-2-
EC, by (Re)-CS.

Homocitrate Synthase May Function as (Re)-CS in
H. modesticaldum

(Re)-CS has been identified in Clostridium kiuyveri (19), AND
THE ACTIVITY OF (Re)-CS has been reported in Thermoanaero-
bacter sp. X514 (22), DvH (24), Dehalococcoides ethenogenes
195 (26), Ignicoccus hospitalis (27), and several anaerobic bac-
teria. Because different stereoisomers of citrates are generated
through the catalysis of (Re)- versus (Si)-CS, it is not surprising
that these two types of CS are rather phylogenetically distinct
(19, 28).

As mentioned under “Results,” the product turnover cata-
lyzed by an oxygen-sensitive CS, possibly a putative (Re)-CS,
has been detected with Mn>" ions supplied while minimizing
oxygen content in the assay solution. Although the gene encod-
ing (Re)-CS has not been annotated in the H. modesticaldum

NOVEMBER 5, 2010+VOLUME 285+NUMBER 45

o-ketoglutarate BLAST search shows that proteins
encoded by both genes, particularly
by askA, share high identity with the
reported putative homocitrate syn-
thase/(Re)-CS, in agreement with the observed higher tran-
script level (i.e. lower AC;) of askA compared with that of nifV/
(Table 1). Given the data presented in this study, we propose
that the putative homocitrate synthase, an enzyme that has
been reported to function as (Re)-CS in several bacteria, is likely
responsible for synthesizing citrate in H. modesticaldum.

New View for Carbon Flow of H. modesticaldum

Fig. 6 represents a new model for the carbon flow of H. mod-
esticaldum that reflects improved understanding resulting
from isotopomer and activity assays; the major carbon flux of H.
modesticaldum is through the OTCA cycle. (Re)-citrate syn-
thase, identified in several Clostridia and other anaerobic bac-
teria, is likely employed by H. modesticaldum to produce citrate
for entering the OTCA cycle. The finding of the OTCA cycle
herein fills the knowledge gap for the carbon flow of H. modes-
ticaldum. It is intriguing to learn that the major carbon flux of
H. modesticaldum is switched from the RTCA cycle to the
OTCA cycle when the only gene (ATP citrate lyase) missing in
the RTCA cycle is replaced by a gene with novel function ((Re)-
citrate synthase) in the OTCA cycle. Together, our studies sug-
gest that the carbon flow of H. modesticaldum (and perhaps
Heliobacterium strain HY-3) is more akin to Clostridia than to
the green sulfur bacteria, which employ the RTCA cycle for
CO, assimilation and biomass production (25).
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Supporting Information

Isotopomer analysis. Cell pellets were hydrolyzed in 6 M HCI at 100°C for 24 hrs. After air-
drying overnight, the dried samples containing free amino acids were derivatized with N-(tert-
butyl-dimethylsilyl)-N-methyl-trifluoroacetamide in tetrahydrofuran at 70°C for 1 hr. Isotopomer
measurements were made on a GC (Hewlett-Packard, model 6890, Agilent Technologies, Palo
Alto, CA) equipped with a DB5-MS column (J&W Scientific, Falsom, CA) and a mass
spectrometer (MS) (5975, Agilent Technologies, Palo Alto, CA). Several groups of charged
fragments were detected by GC-MS for the amino acids: the [M-57]" or [M-15]* group, which
contains un-fragmented amino acids; the [M-159]" or [M-85]" group, which contains amino
acids losing a carboxyl group; and the f302 group, which contains the fragments of the first two
carbons from derivatized amino acids. The [M-57]" peaks in leucine and isoleucine overlap with
other peaks. Published algorithms were used to correct the effects of natural isotopes on the mass
distributions of amino acids (1) mass fractions (i.e. MO, M1, M2... which are fractions of
unlabeled, single-labeled, and double-labeled amino acids...).
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Table S1. Sequences of primers described in this report.

Gene (loci number, predicted/ Forward primer (5’2 3°)

reported function)

Reverse primer (5’ 3’)

16S rRNA gene

pykA (HM1_0076, pyruvate
kinase)

acn (HM1_0105, aconitase)

fdxR (HM1_0289, ferredoxin-
NADP* reductase, FNR)
porA (HM1_0807, pyruvate:
Fd oxidoreductase, PFOR)

acsA (HM1_0951, acetyl-CoA
synthetase)

icd (HM1_1471, isocitrate
dehydrogenase)

mdh (HM1_1472, malate
dehydrogenase

ackA (HM1_2157, acetate
kinase)

ppdK (HM1_2461, pyruvate
phosphate dikinase)

korC (HM1_2762, KFOR, y
subunit )

oorB (HM1_2763, KFOR, B
subunit )

korA (HM1_2766, KFOR, o
subunit )

korD (HM1_2767, KFOR, 6
subunit )

nifV (HM1_0858, homocitrate
synthase)

aksA (HM1_2993, homocitrate
synthase)

pckA (HM1_2773, PEP
carboxykinase)

GCAACGCGAAGAACCTT
ACC

GCCCGAATCATCTCCAT
CAG

AATCAGCCTGTGGTCCC
TGT

CCTGCTCCCGGTCAAAA
TC

GAAGCCTGCAACCCCTA
CTATAAG

TCCAAACCTGAAATCCT
ATGAAGAG

TCAACCCCGGATCGGTC

CGGCTATGAGGGCATCT
ACAC

CCCGCGTCGGTGACAT

AGATGTCGTTGCCGGTA
TCC

GGGAAGCCCTCGAAAAA
GC

AAAGGGACCACCGCTCC
T

CGGCGACCATCCTGTCA
T

AAGTGTTGGGCGCTGAC
G

GAAGCCTATCCGCCCGA

CGCTTCCCGTTCTGATAT
TGA

GATGCCATCTTCCACGA
GGTA

GGGCACCCTCGCATCTC

AACGCCCCGCACGAA

CAGAGACACCGCCCGAGT
T

TTCTTCGCGCCGATGAA

GGTGAGTTTGCCGATCTC
CTT

AGAACTCGCGCTCCACAT
CT

CTGCCAGCCGAGGTGTTC

CGGTCAGCTCGATCTCAA
AGA

CGTCAATCCCTCTTTTTCC
ATC

AAGCATTCGGGCAGTTCT
TC

TGTTCATCTCCTCGGTCCC
T

GCCAGGTTGCAGATGTCG
A

CCGTCAGGTTGAAGCATT
CC

TGCACTTGGTACATTTTTT
CGG

GCTGTATTTGCCAAAGGC
GA

CGCCCAGCTTTTTGGCTT

CAGTCCCTGTTACGTGTCG
AAA
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Table S2. Isotopomer labeling patterns of protein-based amino acids in the Desulfovibrio
vulgaris Hildenborough (DvH) cultures grown on non-labeled lactate and [2—13 Clacetate.”

Amino acid Precursor Ion M-57 M-159
MO 0.89 0.85
Ala pyruvate M1 0.10 0.12
M2 0.01 0.03
pyruvate MO 0.34
Leu M1 peaks 0.49
acetyl-CoA M2 overlapped 0.14
Ph phosphoenolpyruvate MO 0.65 0.63
© M1 0.28 0.29
erythrose-4-phosphate M2 0.05 0.06
A oxaloacetate MO 0.85 0.86
P Ml 0.14 0.10
M2 0.01 0.02
Gl a-ketoglutarate MO 0.43 0.42
! M1 0.49 0.50
M2 0.03 0.06
Hi ribose-5-phosphate MO 0.78 0.81
® M1 0.13 0.13

M2 0.06 0.03

“ While DvH cannot grow using acetate as the sole carbon and energy source, DVH can grow
with a mixed-substrate (lactate and acetate). When [2—13 CJacetate and non-labeled lactate with
1:1 molar ratio were presented in DvVH growth medium, a doubling time ~ 9 hours was observed
during the middle-log phase. The labeling carbons were significantly enriched in its protein-
based amino acids for the cultures harvested during the late-log growth phase (see Table above),
indicating that labeled acetate was partially utilized for protein synthesis in the mixed-substrate
culture. The labeling data presented above also illustrates that acetate <> acetyl-CoA < pyruvate
is a reversible pathway. The DvH culture condition was described in the Experimental
Procedures.
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Table S3. Isotopomer labeling patterns of protein-based amino acids in the H. modesticaldum

cultures grown on [3-">C]pyruvate.

Proposed 13C enriched

Amino acid Precursor Ion M-57 M-159 £302 .es
positions
Ala pyruvate MO 0.06 0.09 0.13 *C-C-COOH
M1 0.89 0.80 0.85
M2 0.05 0.11 0.02
Gly serine MO 0.70 0.72 0.28 *C-COOH
M1 0.29 0.28 0.35
M2 0.01 0.37
Val pyruvate MO 0.06 0.08 0.73 *C-*C-C-C-COOH
M1 0.03 0.05 0.18
M2 0.87 0.78 0.10
Leu pyruvate MO 0.06 0.08 0.28 *C-*C-C-C-*C-COOH
acetyl-CoA M1 0.02 0.02 0.30
M2 0.15 0.27 0.42
M3 0.75 0.57
Ile pyruvate MO 0.05 0.05 0.22 *C-*C-C-C-*C-COOH
threonine M1 0.02 0.02 0.48
M2 0.27 0.34 0.29
M3 0.64 0.57
Met aspartate MO 0.06 0.06 0.29 *C-S-C-*C-C-COOH
methyl-THF M1 0.37 0.39 0.54
M2 0.52 0.52 0.17
M3 0.05 0.04
Ser 3-phospho- MO 0.09 0.09 0.75 *C-C-COOH
glycerate M1 0.87 0.89 0.24
M2 0.04 0.02 0.01
Thr aspartate MO 0.07 0.08 0.11 C-*C-C-COOH
M1 0.83 0.86 0.64
M2 0.11 0.07 0.25
Phe PEP MO 0.06 0.06 0.76 *C_*C_C_C_C_C_%C_C_COOH
(clockwise)
erythrose-4- M1 0.01 0.01 0.23
phosphate M2 0.04 0.05 0.01
M3 0.74 0.75
M4 0.14 0.13
Asp OAA MO 0.06 0.06 0.58 C-*C-C-COOH
M1 0.82 0.87 0.39
M2 0.12 0.07 0.03
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Glu

His

Lys

ribose-5-
phosphate

aspartate
pyruvate

MO
M1
M2
M3
MO
M1
M2
M3
MO
M1
M2
M3
M4

0.07
0.10
0.76
0.07
0.06
0.12
0.53
0.28
0.07
0.05
0.79
0.09
0.00

0.07
0.22
0.67
0.05
0.13
0.43
0.35
0.08
0.07
0.04
0.81
0.06
0.01

0.71
0.24
0.05

0.14
0.78
0.08

0.91
0.09
0.00

C-*C-C-*C-COOH

N-*C-N-C-C-C-C-*COOH

C-*C-C-*C-C-COOH
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Table S4. Isotopomer labeling patterns of protein-based amino acids in the H. modesticaldum
cultures grown on *C-labeled sodium bicarbonate and non-labeled pyruvate.

Amino acid Precursors

Tons

M-57

M-159

£302

Proposed 13C enriched

positions
Ala pyruvate MO 0.47 0.92 0.47 C-C-*COOH
M1 0.52 0.03 0.53
M2 0.01 0.05 0.00
Gly serine MO 0.49 0.99 0.24 C-*COOH
M1 0.51 0.01 0.29
M2 0.01 0.47
Val pyruvate MO 0.43 0.93 0.51 C-C-C-C-*COOH
M1 0.54 0.05 0.48
M2 0.03 0.01 0.01
Leu pyruvate MO 0.74 0.92 0.80 Non-labeled
acetyl-CoA M1 0.20 0.07 0.19
M2 0.02 0.01 0.01
M3 0.04 0.00
Ile pyruvate MO 0.64 0.86 0.65 Non-labeled
threonine M1 0.29 0.13 0.31
M2 0.07 0.01 0.04
M3 0.00 0.00
Met aspartate MO 0.23 0.42 0.28 C-S-*C-C-C-*COOH
methyl-THF M1 0.45 0.52 0.42
M2 0.29 0.04 0.30
M3 0.03 0.01
Ser 3-phospho- MO 0.45 0.96 0.48 C-C-*COOH
glycerate M1 0.54 0.03 0.51
M2 0.02 0.01 0.01
Thr aspartate MO 0.23 0.43 0.20 *C-C-C-*COOH
M1 0.47 0.57 0.49
M2 0.30 0.02 0.31
Phe PEP MO 0.14 0.27 041 C-C-*C-*C-C-C-C-C-*COOH
erythrose-4- M1 0.32 0.45 0.59
phosphate M2 0.35 0.25 0.00
M3 0.18 0.03
M4 0.01 0.00
Asp OAA MO 0.24 0.47 0.47 *COOH-C-C-*COOH
M1 0.46 0.52 0.53
M2 0.31 0.01 0.00
Glu a-KG MO 0.38 0.43 0.78 C-C-C-C-*COOH

0TO0Z ‘62 1870190 U0 ‘Alsianiun uoiBuiysepn 1e 610°aglmmm wo.ly papeojumod


http://www.jbc.org/

Lys

aspartate
Pyruvate

M1
M2
M3
MO
M1
M2
M3
M4

0.50
0.11
0.00
0.26
0.41
0.34
0.00
0.01

0.54
0.02
0.00
0.42
0.54
0.03
0.01
0.00

0.21
0.01

0.87
0.13
0.00

C-C-*C-C-C-*COOH
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Table S5. List of bacteria with the citramalate pathway reported.

Species References CimA similarity CimA similarity Growth
p (GSU1798) (MJ1392) conditions
Roseobacter ) RDI1_3182,45% RDI_1121, 40% aerobic
denitrifican
Methanobacterium 3) MTH1481,28%  MTH723, 58% anaerobic
thermoautotrophicum
Meth
eInanococeis (4) ND MJ1392, 100%  aerobic (E. coli)
Jjannaschii
Leptospira (5,6), (7) LIC11726,26% LIC11726,41% aerobic (E. coli)
interrogans
Thermoproteus anaerobic,
) ) Tneu_0320, 45% Tneu_0832, 55% .
neutropkilccs thermophilic
. o . . anaerobic,
Ignicoccus hospitalis 9) Igni_0645, 45%  1gni_0983, 52% thermophilic
Geobacter (10) GSU1798, 100% GSU1906, 41% anaerobic
sulfurreducens
Geobacter (11 Gmet_1879, Gmet_1265, anaerobic
metallireducens 92% 42%
Serratia marcescens (12) Spro_0745,26%  Spro_0745, 37% anaerobic
Thermoanaerobacter (13) Teth514_1204 Teth514_0415 anaerobic,
sp. X514 499, 45% thermophilic
Dehalococcoides (14)  DET0825,53% DET0830,41%  anaerobic
ethenogenes 195
Heliobacterium —— (15)and — ppyr 1519 550, HM_1515,45%  anaerobic
modesticaldum this report
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Fig. S1. The normal versus the novel pathway for lysine biosynthesis in the H. modesticaldum
cultures grown on [1-">C]pyruvate. Predicted labeled carbons are marked by asterisks.
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