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The catabolism of the disulfide 3,3’-dithiodipropionic acid (DTDP) is initiated by the reduction of its
disulfide bond. Three independent Tn5::mob-induced mutants of Advenella mimigardefordensis strain DPN7"
were isolated that had lost the ability to utilize DTDP as the sole source of carbon and energy and that
harbored the transposon insertions in three different sites of the same dihydrolipoamide dehydrogenase gene
encoding the E3 subunit of the pyruvate dehydrogenase multi-enzyme complex of this bacterium (LpdA,,,).
LpdA ,,, was analyzed in silico and compared to homologous proteins, thereby revealing high similarities to the
orthologue in Ralstonia eutropha H16 (PdhLj,). Both bacteria are able to cleave DTDP into two molecules of
3-mercaptopropionic acid (3MP). A. mimigardefordensis DPN7" converted 3MP to 3-sulfinopropionic acid,
whereas R. eutropha H16 showed no growth with DTDP as the sole carbon source but was instead capable of
synthesizing heteropolythioesters using the resulting cleavage product 3MP. Subsequently, the genes Ipd4 ,,
and pdhL ,, were cloned, heterologously expressed in Escherichia coli applying the pET23a expression system,
purified, and assayed by monitoring the oxidation of NADH. The physiological substrate lipoamide was
reduced to dihydrolipoamide with specific activities of 1,833 mkat/kg of protein (LpdA,,,) or 1,667 mkat/kg of
protein (PdhL,, ). Reduction of DTDP was also unequivocally detected with the purified enzymes, although the

specific enzyme activities were much lower: 0.7 and 0.5 mkat/kg protein, respectively.

In Advenella mimigardefordensis strain DPN7T (15, 42),
three independent mutants with an insertion of Tn5::mob in
the IpdA gene coding for the E3 component of the pyruvate
dehydrogenase multi-enzyme complex revealed an interesting
phenotype: these mutants were fully impaired in utilizing 3,3'-
dithiodipropionic acid (DTDP) as the sole carbon and energy
source, whereas the growth on no other tested carbon sources
was affected (41). Our main interest in the catabolism of
DTDP is to unravel the pathway and to identify the involved
enzymes. Furthermore, the application of this disulfide as pre-
cursor substrate for biotechnological production of polythio-
esters (PTE) (22) is of interest. Since poly(3-mercaptopropi-
onate) (PMP) biosynthesis depends hitherto on supplying the
harmful thiol 3-mercaptopropionic acid (3MP) (35), an im-
provement of the recombinant Escherichia coli system by het-
erologous expression of enzymes capable of cleaving the less
toxic DTDP symmetrically into two molecules of 3MP, which
are then polymerized, could be an important achievement to-
ward large-scale biotechnological production of PMP.

Two different enzyme systems catalyzing the conversion of
disulfides into the corresponding thiols are already known and
have been described in detail. (i) Enzymes belonging to the
well-characterized family of pyridine-nucleotide disulfide oxi-
doreductases (25) contain a redox center formed by a disulfide
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bridge coupled to a flavin ring. They catalyze a simultaneous
two-electron transfer via the enzymatic active disulfides asso-
ciated with the pyridine nucleotides and flavin, toward the
substrate (39, 40). (ii) An alternative disulfide reduction is
catalyzed by enzymes using iron-sulfur clusters to cleave of
disulfide substrates in two one-electron reduction steps (37).
The disrupted gene in A. mimigardefordensis was designated
IpdA 4, (EC 1.8.1.4), and it encodes a homodimeric flavopro-
tein, the dihydrolipoamide dehydrogenase LpdA ,,, (i.e., the
E3 component of the pyruvate dehydrogenase multi-enzyme
complex of A. mimigardefordensis strain DPN7T) belonging to
the above-mentioned family of pyridine nucleotide-disulfide
oxidoreductases. Enzymes of this class share high sequence
and structural similarities and catalyze reduction of com-
pounds which are linked by disulfide bonds (38). Alkylhy-
droperoxide reductases, coenzyme A disulfide reductases,
glutathione reductases, mycothione reductases, thioredoxin re-
ductases, and trypanothione reductases also, in addition to
dihydrolipoamide dehydrogenases, belong to this family (3,
38). The physiological function of LpdA ,,,, is most probably
the conversion of lipoamide to dihydrolipoamide, but the re-
duction of DTDP into two molecules of 3MP (Fig. 1) is also
predicted, enabling the first step in DTDP catabolism in A.
mimigardefordensis strain DPN7T (41).

Ralstonia eutropha H16 synthesizes copolymers of 3-hy-
droxybutyrate and 3MP, if 3SMP (23) or DTDP (22) is supplied
as a precursor in addition to a second utilizable carbon source.
Although R. eutropha is not able to grow with DTDP as the
sole carbon source, it must be capable of cleaving this organic
disulfide symmetrically, because it synthesizes from it hetero-
polymers containing the resulting 3MP. Thus, R. eutropha must
possess at least one gene encoding a DTDP-cleaving enzyme.
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FIG. 1. Reactions catalyzed by LpdA,,, and PdhLg,. Presented are the enzymatic conversions of DTDP into two molecules of 3MP (A),
lipoamide into dihydrolipoamide (B), and DTNB into two molecules of NTB (C). Abbreviations: DTDP, 3,3'-dithiodipropionic acid; 3MP,
3-mercaptopropionic acid; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); NTB, 2-nitro-5-thiobenzoic acid.

Five genes coding for homologues of a dihydrolipoamide de-
hydrogenase (DHLDH), which in A. mimigardefordensis
DPN7" is obviously involved in DTDP degradation, are known
to exist in the genome of R. eutropha H16 (27; M. Raberg, J.
Bechmann, U. Brandt, J. Schliiter, B. Uischner, and A. Stein-
buichel, unpublished data). Therefore, LpdA,,, and the five
DHLDH paralogues of R. eutropha H16 were aligned and
compared (Fig. 2). Subsequently, IpdA 4, and the gene encod-
ing the DHLDH belonging to the pyruvate dehydrogenase
complex of R. eutropha H16 (pdhL,) were cloned, heterolo-
gously expressed in Escherichia coli, purified, and assayed.

MATERIALS AND METHODS

Sulfur-containing chemicals. DTDP was purchased from Acros Organics
(Geel, Belgium). 3MP, DTNB [5,5'-dithiobis-(2-nitrobenzoic acid)], 4,4'-dithio-
dibutyric acid (DTDB), glutathione-disulfide (GSSG) lipoic acid, and lipoamide
were purchased from Sigma-Aldrich Chemie (Steinheim, Germany).

Strains and cultivation conditions. The bacterial strains and plasmids used in
the present study are listed in Table 1. Cells of R. eutropha H16, A. mimigarde-
fordensis strain DPN7" and relevant Tn5::mob-induced mutants were grown
aerobically in 0.8% (wt/vol) nutrient broth (NB) or in mineral salts medium
(MSM) (34) at 30°C containing the indicated carbon source. The latter were
prepared as filter sterilized 20% (wt/vol) stock solutions and adjusted to pH 7.0.
Solid medium contained 1.8% (wt/vol) purified agar-agar. Escherichia coli strains
were cultivated under oxic conditions in Luria-Bertani (LB) medium (31) at 37°C
in the presence of antibiotics at the following concentrations to maintain plas-
mids: ampicillin, 75 pg/ml; carbenicillin, 75 wg/ml; and chloramphenicol, 34
pg/ml.

Isolation, transfer, and amplification of DNA. Chromosomal DNA was iso-
lated as described by Marmur (24). Plasmid DNA was isolated by the method of
Birnboim and Doly (5). Restriction enzymes and ligases were used according to
the instructions of the manufacturers. T,-DNA-ligase and Taq polymerase were
purchased from Invitrogen (Karlsruhe, Germany). E. coli competent cells were
prepared and transformed by the CaCl, procedure (18).

Amplification of DNA was accomplished as described by Innis et al. (20). PCR
was conducted in an Omnigene HBTR3CM DNA thermal cycler (Hybaid, Hei-
delberg, Germany). PCR products were isolated from an agarose gel and purified
by using a NucleoTrap kit (Machery and Nagel, Diiren, Germany) according to
the manufacturer’s instructions. Primers (Table 1) were synthesized by MWG-
Biotech AG (Ebersberg, Germany).

DNA seq ing and seq e data analysis. For DNA sequencing (32) the
BigDye Terminator v3.1 cycle sequencing kit was used according to the manu-
facturer’s instructions (Applied Biosystems, Darmstadt, Germany). Samples
were submitted to the Universititsklinikum Miinster for purification of the
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FIG. 2. Phylogenetic relationships of the A. mimigardefordensis
strain DPN7" LpdA (boldface), R. eutropha H16 PdhL (boldface),
and homologues. The neighbor-joining plot was derived from a
CLUSTAL X alignment of amino acid sequences closely related to
LpdA ,,,. The amino acid sequence of the outer membrane protein
P64K from Neisseria meningitidis was used as the outgroup.
GenBank accession numbers are given in parentheses. Scale bar,
10% sequence divergence.
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TABLE 1. Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer

Relevant characteristic”

Source or reference”

Strains
A. mimigardefordensis strain DPN7"
Tn5::mob-induced mutants of A.
mimigardefordensis (JHW51c,
JHW90a, and JHW101b)
R. eutropha H16
E. coli TOP10

Wild type, DTDP-degrading
No growth with DTDP as the sole carbon source; 41
insertion of TnS::mob in IpdA 4,

Wild type, produces polythioester
F~ mcrA A(mrr-hsdRMS-mcrBC) rpsL nupG

42; DSM 17166; LMG 22922

DSM 428
Invitrogen, Carlsbad, CA

$&80lacZAM15 AlacX74 deoR recAl araD139
A(ara-lew)7697 galU galK endAl

E. coli One-Shot Mach 1-T1
E. coli (DE3)BL21/pLysS

Plasmids
pGEM-T Easy Ap*, lac POZ'
pCR2.1TOPO pUCori lacZ, f1 ori; Km" Ap*
pET23a(+) pBR322 ori, {1 ori Hisg; Ap* T7lac
Primers

Forward-IpdA g
Reverse-IpdA xp,o1
Forward-pdhL g
Reverse-pdhL o

lacZAM15 hsdR lacX74 recA endA tonA
F~ ompT hsdSg (rg~ mg~) gal dem (DE3)/pLysS (Cm")

CATATGAGTCAAGTAGAAATCAAGGTG
CTCGAGCTTGCGTTTGACCGGAGGC
AAAAACATATGAGTGTGATCGAAGTCAAGGTGCC
AAAAACTCGAGGCGCTTGCGCGGCGGC

Invitrogen, Carlsbad, CA
Novagen, Madison, WI

Promega, Madison, WI
Invitrogen, Carlsbad, CA
Novagen, Madison, WI

MWG-Biotech AG
MWG-Biotech AG
MWG-Biotech AG
MWG-Biotech AG

“ Cm", chloramphenicol resistance; Ap’, ampicillin resistance. For E. coli genotypes, see reference 4; LMG, Laboratorium Microbiologie Universiteit Gent.
> DSM, Deutsche Sammlung von Mikroorganismen. Start codons are in boldface type and introduced restriction sites are underlined.

extension products and sequencing in an ABI Prism 3700 DNA Analyzer (Ap-
plied Biosystems). Sequences were analyzed by using the program BLAST (Na-
tional Centre for Biotechnology Information; http:/www.ncbi.nlm.nih.gov
/BLAST/) (2). The program BioEdit (17) was used for multiple alignments and
contig assembly. Phylogenetic trees of deduced amino acid sequences were
generated with CLUSTAL X (36), displayed with TreeView (26), and calculated
by using the neighbor-joining method (30). The DNA sequence and deduced
amino acid sequence of IpdA ,,, have been deposited in the GenBank database
under accession number EU423868.

Cloning of IpdA and pdhL from A. mimigardefordensis strain DPN7 and R.
eutropha H16, respectively. [pdA was amplified from genomic DNA of A. mimi-
gardefordensis strain DPN7 (IpdA 4,,) by PCR using Tag DNA polymerase (In-
vitrogen, Karlsruhe, Germany) and the oligonucleotides Forward-lpdAyg.; and
Reverse-lpdAxy,o; (Table 1). The PCR product was isolated from agarose gels by
using the NucleoTrap kit (Machery and Nagel) and ligated with pGEM-T Easy
DNA (Promega, Madison, WI). E. coli TOP10 cells were transformed with the
ligation products, and transformants were selected on LB agar plates containing
IPTG (isopropyl-B-p-thiogalactopyranoside), X-Gal (5-bromo-4-chloro-3-indo-
lyl-B-p-galactopyranoside), and ampicillin. For heterologous expression in the T7
promoter/polymerase-based expression vector pET23a, IpdA 4,, was obtained by
restriction of plasmid pGEM-T Easy::lpdA 4,,, with Ndel and Xhol and purified
from an agarose gel by using a NucleoTrap kit. After ligation into expression
vector pET23a, which was linearized with the same restriction endonucleases, the
ligation product was used for transformation of cells of E. coli TOP10. Trans-
formants were selected on LB medium containing ampicillin, and hybrid plas-
mids were isolated, analyzed by sequencing, and used for the transformation of
cells of E. coli (DE3) strain BL21/pLysS.

The gene encoding PdhLy, (H16_A1377; that is, the lipoamide dehydrogenase
E3 component of the pyruvate dehydrogenase multi-enzyme complex of R.
eutropha H16) was amplified from genomic DNA of R. eutropha H16 using the
primers described in Table 1. The resulting PCR product was processed as
described above for IpdA 4, except that subcloning for verification of the error-
free amplification product was done with pCR2.1TOPO (Invitrogen, Carlsbad,
CA). Cells of E. coli One-Shot Mach 1-T1 were transformed with the ligation
constructs of pET23a::;pdhLpg, to isolate, validate, and select the correct expres-
sion vector.

Preparation of crude extracts. Cells from 50- to 500-ml cultures were har-
vested by centrifugation (20 min, 4°C, and 3,400 X g), washed twice, and resus-
pended in an appropriate buffer. For the histidine-tagged fusion proteins, the
binding buffers were prepared as recommended by the manufacturer of the His
Spin-Trap affinity columns (GE Healthcare, Uppsala, Sweden). All cells were
disrupted by a 3-fold passage through a French press (100 X 10° Pa). Lysates

with the soluble protein fractions were obtained after centrifugation (30 min,
4°C, 16,000 X g) of the crude extracts and used for enzyme purifications. Protein
concentrations were determined as described by Bradford (6).

Immobilized metal-chelate affinity chromatography (IMAC). To obtain puri-
fied histidine-tagged fusion proteins, His Spin-Trap affinity columns (GE Health-
care, Uppsala, Sweden) were used according to the instructions of the manufac-
turer.

Enzyme assays. Standard in vitro activity of DHLDH was assayed by incubat-
ing and monitoring 1.0 to 300 pg of purified enzyme or protein of the soluble
fraction from cell extracts for 3 to 10 min at 30°C in the presence of the following
components: 2 mM lipoamide or lipoic acid or 0.1 to 10 mM DTDP or DTDB
(the Cg-analogon of DTDP), 200 uM NADH or NADPH, 2 mM EDTA, and 100
mM BisTris/Tris buffer (pH 6.5). Additional buffers with pH ranges between 5
and 9 were first applied to find optimal conditions: BisTris/Tris buffer, potassium
phosphate buffer, (2-[N-morpholino]ethanesulfonic acid) buffer (MES), and
3-(N-morpholino)propanesulfonic acid (MOPS) buffer. The assays were moni-
tored spectrophotometrically at 340 nm in an Evolution 100 photometer
(Thermo Fisher Scientific, Cambridge, United Kingdom) and evaluated with the
software VISIONIite (Thermo Fisher Scientific, Cambridge, United Kingdom),
using the extinction coefficient for NADH of 6.22 mM ™! cm ™!, In addition,
cleavage of lipoamide and DTDP was measured in the presence of 1.125 mM
DTNB by recording the increase of absorbancy at 412 nm. Controls were done
with inactivated enzyme, without substrate, without enzyme or with inactivated
soluble fraction of cell extracts from A. mimigardefordensis; the slopes of the time
course of decrease or increase of absorption in controls were subtracted from the
slopes of the samples containing active enzymes.

RESULTS

Characterization of the IpdA ,,, translational product and
comparison with orthologues. LpdA ,,, consists of 613 amino
acids and has a calculated molecular mass of 63.849 kDa (iso-
topically averaged) and a calculated pI of 5.54. Sequence align-
ments of LpdA ,,, orthologues from various related species
revealed high similarities of the primary structures. Only the
flexible hinge region showed a significant divergence of the pri-
mary sequence over an extended range. In contrast, the disul-
fide-active site, the NAD-binding motif, and the active-site
amino acid pair “His-Glu” were highly conserved, exhibiting
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100% identical amino acids within the compared sequences
(see Fig. S1 in the supplemental material). As a further con-
solidated characteristic, all orthologous proteins compared in
Fig. 2, excluding four of the five paralogues of R. eutropha H16,
have lipoyl domains. Only PdhL,, which has been previously
identified as a new type of DHLDH (19), also possesses an own
lipoyl domain at the amino-terminal region separated from the
other part of the enzyme by a flexible hinge region. Lipoyl
attachment sites are characterized by a conserved lysine-con-
taining motif to which lipoamide is covalently bound through
an amide linkage (28).

R. eutropha possesses all five known types of 2-oxoacid
multi-enzyme complexes and five paralogues of DHLDH en-
coding genes, as revealed by in silico genome analysis (Raberg
et al., unpublished). The presence of all genes encoding the
respective E3 subunits of each corresponding oxoacid multi-
enzyme complex is an uncommon observation, considering the
data of completely sequenced organisms. In the R. eutropha
genome the genes encoding the E3 subunits of the pyruvate
dehydrogenase complex (pdhLy.) and the 2-oxoglutarate de-
hydrogenase complex (odhL) are clustered with the corre-
sponding E1 and E2 genes. The other three paralogues ([pdaA,
H16_B1098, and H16_B1765) are singularly spread over the
genome. Comparison of phylogenetic relationship (Fig. 2) and
analyses of the amino acid sequences by multiple sequence
alignment (see Fig. S1 in the supplemental material) confirmed
significant homologies between LpdA,,, and PdhL,. Both
proteins are orthologues with high structural similarities; con-
sequently, pdhL . was further processed and investigated in
the present study.

Enzyme activity assays with the soluble protein fractions of
the mutants JHW51c, JHW90a, JHW101b, and the wild-type
A. mimigardefordensis strain DPN7. Cells were first cultivated
for 48 h in liquid MSM containing 0.5% (wt/vol) sodium glu-
conate and then washed, transferred into fresh MSM with
0.5% (wt/vol) sodium gluconate in addition to 0.6% (wt/vol)
DTDP, and cultivated for another 48 h. The obtained soluble
protein fractions were used for enzyme activity assays with
BisTris/Tris buffer (pH 6.5). Specific enzyme activity of each
soluble protein fraction was determined using lipoamide or
DTDP as substrates. Activities were determined by after the
oxidation of NADH. Applying lipoamide, different specific ac-
tivities of the soluble whole-cell protein fractions between the
wild type and mutants were observed. The soluble protein
extracts of the two mutants JHW51c and JHW101b, whose
LpdA,,,, is disrupted in the interface domain (see Fig. S1 in the
supplemental material), exhibited only ca. 70% of the specific
activity in comparison to the activity in the soluble protein
fraction of wild-type cells. Tn5::mob-insertion disrupted the
LpdA ,,,, of mutant JHW90a at the very beginning of the cen-
tral domain (see Fig. S1 in the supplemental material), result-
ing in a loss of specific activity of slightly more than 50% of the
activity measured in samples obtained from cells of the wild
type (data not shown). In all fractions, no detectable decrease
of the absorbance was apparent with DTDP as a substrate.

Enzyme activity assays of purified LpdA ,,, and PdhL,,. The
DHLDH genes IpdA 4, and pdhL,, were heterologously ex-
pressed by using the T7-promoter/polymerase-based expres-
sion vector pET23a and E. coli (DE3)BL21/pLysS as a host
strain. Both overexpressed enzymes were purified as hexahis-
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TABLE 2. Disulfide reductase activities of purified LpdA,,, and
PdhLj, with different substrates

Mean specific enzyme activity (mkat/kg of

3 b
Disulfide substrate® protein) = SD

LpdA.,, PdhLg,
(=)-a-Lipoamide 18333 + 19.2 1,666.7 = 57.8
(=)-a-Lipoic acid 130.0 + 1.5 783 + 2.8
DTNB 32+05 28+03
DTDP 0.7+02 05+ 0.1
DTDB - -
GSSG - -

“DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); DTDP, 3,3'-dithiodipropionic
acid; DTDB, 4,4’-dithiodibutyric acid; GSSG, glutathione-disulfide.
b Each assay was performed in triplicate. —, below detection limit.

tidine-tagged proteins by IMAC and afterward subjected to in
Vitro enzyme assays.

Specific activities were determined by using lipoamide, lipoic
acid, DTNB, DTDP, DTDB, and GSSG as substrates (Table
2). LpdA ,,,, and PdhL,, were highly specific for NADH, and
no reaction was observed if NADPH was used as a cofactor.
Optimal buffers for enzyme activity were identified by using
different buffers possessing pH values between 5 and 9. The
highest enzyme activity was measured at pH 6.5 with BisTris/
Tris buffer.

Initially, DTNB should be used for the detection of free thiol
groups occurring during the enzyme reaction. However, DTNB
was obviously recognized as a substrate by LpdA ,,,, and also by
PdhL, (Table 2; Fig. 1). Not surprisingly, both enzymes re-
vealed the highest activities with their physiological substrate
lipoamide. Lipoic acid was also reduced by LpdA,,, and
PdhLg,, but in comparison to lipoamide with a 14- or a 20-
fold-lower specific enzyme activity, respectively. No reaction
was observed when applying DTDB or GSSG as substrates
(Table 2). As predicted, DTDP was recognized as a substrate
by both purified DHLDH, showing low, but conspicuous ac-
tivities (Table 2). The presence of the highly reactive thiol
3MP, which is released during the cleavage of DTDP, might
cause a strong inhibitory effect as described previously for
other enzymes putatively involved in conversion of 3MP (9, 10,
12, 13, 29). 3MP was verified as a potential inhibitor by adding
it at increasing concentrations (25 uM to 250 mM) to the
enzyme activity assay using lipoamide as an optimal substrate.
Figure 3 shows the relative enzyme activities of LpdA ,,,, and
PdhL, in the presence of 2.5, 5, 10, 25, and 35 mM 3MP. An
inhibiting effect caused by 3MP was observed at concentrations
higher than 10 mM (LpdA,,,,) or 25 mM (PdhL,,); increasing
amounts of 3MP in the assays gave a concomitant decrease of
enzyme activity. However, due to lower applied concentrations
of DTDP in the assays or cultivations, the corresponding con-
centration of the cleavage product 3MP could not reach the
amount required for complete inhibition.

Interestingly, concentrations of 3MP between 2.5 and 25
mM (lower than necessary for an inhibiting effect) enhanced
PdhL, enzyme activity (Fig. 3). For LpdA ,,,, the activity in-
crease was weaker in comparison to PdhL,, with a maximum
at 5 mM 3MP (Fig. 3). To verify whether the enhancing and
inhibiting effect is primarily due to the sulfhydryl group of
3MP, the close structural analogues 2-mercaptoethanol (2ME)
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and 2-(methylthio)ethanol (Fig. 4) were also used in in vitro
assays of both enzymes. Inhibition by 2ME occurred only after
adding unphysiologically high concentrations: more than 50 or
150 mM 2ME was necessary for a slight decrease of LpdA 4,
or PdhLy,, respectively. Lower concentrations of 2ME even
enhanced the respective enzyme activities (data not shown). In
contrast, the addition of increasing concentrations of 2-(meth-
ylthio)ethanol (up to 100 mM) had no effect on the enzyme
activity of both disulfide reductases (data not shown); there-
fore, the presence of a thiol group has an effect on DHLDH
activity, with 3MP exerting a stronger effect than 2ME.

DISCUSSION

LpdA,,, and PdhL,, were purified, and the activities with
different disulfide substrates were verified. The reduction of
DTDP was obvious, although the detected specific enzyme
activities were much lower than with the physiological sub-
strate lipoamide. LpdA ,,, is therefore evidently involved in the
catabolism of DTDP in A. mimigardefordensis strain DPN7T.
Otherwise, it cannot be explained why the respective Tn5::mob
insertions are located in different sites of IpdA,,, in three
independent mutants impaired in utilizing DTDP (41). The
translated IpdA 4, gene products of the mutants probably lost
their ability to dimerize and became inactive, as also described
earlier (21). Genes encoding respective paralogues have been
identified in many bacterial genomes, and sharing of E3 sub-
units by different oxo-acid multi-enzyme complexes occurs fre-
quently in prokaryotes (11). Putatively, the indispensable pyru-
vate dehydrogenase multi-enzyme complex is completed by an
LpdA-paralogue, but activities or specificities would be insuf-
ficient for growth of the mutants on solely DTDP.

Several enzymes affiliated to the family of pyridine nucleoti-
de-disulfide oxidoreductases exhibit broad substrate specifici-
ties (7, 16), but there are also representatives with very narrow
substrate specificities such as the glutathione reductases (33).
Enzymes involved in systems to ensure the correct homeostasis
of the thiol redox environment of cells were suspected to
cleave DTDP. In fact, the measured enzyme activity of purified
LpdA,,,, turned out to be quite low for the observed cell
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FIG. 4. Structural formulas of 2-mercaptoethanol (A) and 2-(meth-
ylthio)ethanol (B).

growth and the corresponding turnover of DTDP during deg-
radation. Specific enzyme activities of at least 2.5 mkat/kg
protein were theoretically required for typical cell growth of 4.
mimigardefordensis strain DPN7T in MSM containing DTDP as
the sole carbon source (41). The activity obtained with purified
LpdA,,,, (0.7 mkat/kg of protein) was therefore not sufficient,
although the conditions during the in vitro assay might have
been suboptimal for reduction of DTDP and might be higher
in vivo.

The nonspecific LpdA ,,,, must cleave in vivo DTDP at a low
rate. The resulting 3MP is apparently partially exported and
detectable in millimolar concentrations (up to 25 mM) in the
cultures (41). Under ordinary conditions the extracellular en-
vironment is rich in stabilizing disulfides, and also the
periplasm of Gram-negative bacteria is maintained in an oxi-
dized state (14). The inevitably occurring 3MP causes most
likely problems in the redox state outside the cytoplasm of the
cells, such as higher concentrations of DTDP inside the cells.
Within the cytoplasm, 3MP could, for example, interact with
free sulfhydryl groups of proteins, thereby evoking a heat
shock response, or activated forms of 3MP could cause inhib-
itory effects (9, 10, 12, 13, 29, 41). In contrast, moderate con-
centrations of 3MP (between 5 and 10 mM) would enhance
lipoamide dehydrogenase activity, as shown in the in vitro as-
says (Fig. 3).

3MP is one of the most abundant thiols in natural aquatic
environments (1, 43). In contrast, there are no reports about
the occurrence of DTDP in nature. DTDP is easily formed
only under laboratory conditions by an oxidative dimerization
of two 3MP molecules. Therefore, specific enzymes for cleav-
age of DTDP might have not evolved during evolution, and
reduction of DTDP is presumably done by enzymes with other
physiological functions and with low specificities for DTDP.
Once DTDP has been transported into the reductive environ-
ment of the cytoplasm, initial cleavage is done by LpdA ,,,, or
PdhLy,. Subsequently, 3MP is converted and either incorpo-
rated into PTE (R. eutropha) or used for growth (4. mimigar-
defordensis) (8). Excessive 3MP is also excreted via the
periplasm, probably causing the redox control systems to be-
come profoundly involved and supporting the reduction of
DTDP. Enzymes, which cleave DTDP into 3MP, could be
applied for optimized production of PMP. Successive reduc-
tion of the less-toxic DTDP would facilitate fermentation pro-
cesses, since the disulfide can be used at much higher concen-
trations than 3MP.
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