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Abstract

Desulfovibrio africanus is a strict anaerobic sulfate-reducing organism that can also reduce toxic metals like
Chromium (VI) to non-toxic Chromium (IV).  While a lot of researchers have focused on studying the biochemistry,
isolation and structure of metalloproteins in this organism, not much is known about the physiology of this organism.
Previously, Desulfovibrio africanus strain PCS  (99% similar to the type strain) was isolated from sediments in San
Diego as a lactate oxidizing sulfate reducer. Using lactate as the sole electron donor, this organism could reduce
almost 200mM Chromium(VI)  even when subjected to stress by 50mM nitrate. Strain PCS appears as thin spiral
shaped bacterium in mid log phase but morphs into spherical form later in the growth phase. It was observed that the
spiral morphotype actively utilizes lactate while the spherical morphotype does not. Using 13C-labeled lactate as a
single carbon source, we investigated the metabolic pathways of lactate utilization in mid-log cells of strain PCS with
sulfate as the terminal electron acceptor. The isotopomer analysis of proteinogenic amino acids was performed using
both gas chromatography-mass spectrometry and Fourier transform-ion cyclotron resonance mass spectrometry. Based
on the labeling pattern of 8 key metabolites alanine, histidine, serine, isoleucine, leucine, aspartate, succinate and
glutamate, we observed several unique metabolic pathways in strain PCS. In this organism, a branched tricarboxylic
acid cycle exists due to no activity of ketoglutarate dehydrogenase. Also, the lack of an oxidative functional pentose
phosphate pathway was observed. The results predict presence of a Re-type citrate synthase, similar to the recently
characterized citrate synthase of Clostridia, while isoleucine synthesis seems to be completely via citramalate pathway
rather than via L-threonine dehydratase. The isotope labeling pattern of amino acids allowed a preliminary prediction
of the in vivo metabolic pathways through central pathways especially useful for microbes whose genetic fingerprint
have yet to be completely deciphered.
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An active washed cell suspension of
strain PCS enzymatically reduced 500 mM
Chromium (VI) supplied as potassium
chromate within 5 hours with lactate as the
electron donor. No reduction occurred in
parallel incubations without electron donor.
Further, in the absence of cells, no abiotic
reduction of Cr(VI) took place (data not
shown).

Atypical citrate synthase similar to DvH
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Measured fragment mass distributions for 13C-labeled metabolites from strain PCS hydrolysates.   
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The nitrate MIC was determined to be 50mM. It was observed that even after being exposed to
nitrate stress for 4 hrs, cell suspension of strain PCS reduced Cr(VI) quite efficiently. Strain PCS
was able to reduce Cr(VI) faster than the model SRB, D vulgaris strain Hildenburough

Isotopomer analysis of 13C labeled amino acids

PCS is able to grow in anaerobic minimal
medium, and therefore must contain complete
amino acid and other necessary building block
synthesis pathways. In order to further
investigate central metabolic pathways, cells
were grown in batch cultures and harvested in
the exponential growth phase. The resulting
isotopomer distributions in key amino acids
directly derived from the precursors in central
metabolism were used to profile the PCS
strain’s pathway.

Isotopomer analysis shows alanine and
serine has same labeling pattern (99%
labeling on 1st carbon), indicating that PGA
is mostly from pyruvate.  Over 93% of the
aspartic acid is labeled on both carboxyl
groups, while glutamate is only single
labeled, suggesting the absence of flux
through 2-oxoglutaratesuccinate
oxaloacetate or isocitrateglyoxlate
oxaloacetate; that is, carbon flow through a
complete TCA cycle (including glyoxlate
shunt) does not exist. In a branched TCA
cycle, reactions (pyruvate+CO2  malate
oxaloacetate, pyruvate+CO2 
oxaloacetate, phosphoenolpyruvate 
oxaloacetate) may be present, as both
carboxyl groups of oxaloacetate are labeled
(i.e., α-carboxyl group is from pyruvate and
β -carboxyl group is from 13CO2).

T3P is from PGA and mostly labeled on its first position, so E4P is double labeled.  This explains that most phenylalanine is triple-labeled, one
13C in phenylalanine is from PEP and two 13C is from E4P. The pathway T3P+F6PE4P+C5P brings only one 13C (1st carbon of T3P) into C5P
(precursor of histidine). The pathway E4P+F6PT3P+S7P C5P+C5P results in one single labeled C5P and one triple labeled C5P; while
pathway T3PF6PG6P6PGC5P generates double labeled histidine. Therefore, since histidine’s M2 ion is absent it is obvious the pentose
phosphate pathway is also incomplete (missing G6PC5P), similar to that in Desulfovibrio vulgaris.

Citrate is a symmetrical molecule, but aconitase is known to be stereospecific for the pro-chiral structure
of citrate, providing the stereochemical bias of the reaction. In a normal citrate synthase, the labeled carbon
of β-carboxyl group of oxaloacetate (precursor of aspartic acid) is incorporated into the 1st carbon of 2-
oxoglutarate (precursor of 2-oxoglutarate).   However, via an in vivo non-radioactive 13C tracer experiment,
the results from the FT-ICR MS analysis of aspartic acid  and glutamate suggest a unique carbon transition
route, i.e., β-carboxyl group of oxaloacetate is incorporated into the 5th carbon of 2-oxoglutarate instead.
Thus, the citrate synthase in PCS has an atypical stereochemical propensity.

H2N

NH2

O

85.04761

56.04941

72.20054

Artifact peak detected even with sample
not injected.

SORI-CID (MS3) of m/z 85

85.04758 NH2

O

13
C

N
H2

O
OH

O

13
C

N
H2

O
OH

O

131.05285

149.0639 

OH

O

H2N

13
C

O OH

H

OH

O

H2N

13
C

O OH

H

H2N
13
C

OH

O

H2N
13
C

OH

O

103.05865

SORI-CID (MS3) of [13C-Glu+H]+ generated by ESI. 

Pyruvate acetyl-CoA is a
key reaction in PCS
metabolism, and the first
carbon of pyruvate (labeled) is
lost in this step and thus
leucine is mostly labeled on its
carboxyl group (>95%).  The
labeling of leucine and
isoleucine is similar.  Thereby,
the isoleucine and leucine
share same precursors
(pyruvate and acetylCoA)

By further investigation and cell sorting by differential
cetrifugation, it was possible to separate the 2 dominant
morphotypes.Once inoculated into fresh media, cell density along
with substrate utilization measurements revealed that the spiral
morphotype actively utilizes lactate while the spherical
morphotype does not. Lactate utilization corresponds to change in
cell morphotype as revealed by microscopy (data not shown)

Cells of strain PCS exhibits several morphotypes during its growth cycle. During
midlog phase of growth, curved/spiral cells dominate, while during stationery phase,
spherical cells are the dominant kind. Intermediary shaped cells as shown below are
seen in different stages throughout the growth period.

Desulfovibrio africanus strain PCS isolated from Paleta Creek sediments (San Diego) is very
efficient in reducing toxic metals like Cr(VI) to Cr(IV) under anaerobic conditions.

Mass spectrometry techniques were used for predicting central metabolism in Desulfovibrio
strain PCS when grown on lactate and sulfate as electron donor and acceptor respectively using
13C-labeled carbon source.

A branched tricarboxylic acid cycle exists due to no activity of ketoglutarate dehydrogenase.

The lack of an oxidative functional pentose phosphate pathway was observed.

The results predict presence of a Re-type citrate synthase.

Isoleucine synthesis is via citramalate pathway rather than via L-threonine dehydratase. This
result is similar to that observed in the model organism, D vulgaris strain Hildenburough

PP pathway

SUC

TCA pathway

   Biomass
(Phe, Tyr, Trp)

Pyruvate

Acetyl-CoA

CIT

ICT

OXO

FUM

OAA

MAL

CO2+NADH/NADPH

Lactate

NADH2

Glyoxylate

Acetate
ATP

Biomass
(Asp, Asn, Thr, Lys, Met, RNA
and DNA)

          Biomass
     (Glu, Gln,  Pro, Arg)

Biomass
(Lipid, Leu)

Pyr + Biomass
  (Val, Ala, Leu, Ile)

PEP

Biomass
(Carbohydrate)

 T3P

 F6P

G6P C5P

E4P

S7P

  Biomass
   (RNA,DNA, His)

CO2

PGA

 6PG

NADPH

Gluconeogenesis

CO2

   C1 pool

Glycine

Serine

Biomass
(Ser, Gly, Cys)

GC-MS based metabolic network analysis

 Conclusions 

Cr (VI) reduction and morphology

Pyruvate
acetyl-CoA is a
key reaction in
metabolism. The
first carbon of
pyruvate (labeled)
is lost in this step
and thus leucine is
mostly labeled on
its carboxyl group
(>95%).

The presence of an atypical citrate synthase
has been also shown in several anaerobic
bacteria, including Desulfovibrio spp. and
Clostridium kluyveri, and was named (R)-
citrate synthase.

The labeling of leucine
and isoleucine is
similar.  Thereby, the
isoleucine and leucine
share same precursors
(pyruvate and
acetylCoA)
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