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ABSTRACT: Oxidative decarboxylation of pyruvate forming acetyl-coenzyme A is a crucial step in many
metabolic pathways. In most anaerobes, this reaction is carried out by pyruvate-ferredoxin oxidoreductase
(PFOR), an enzyme normally oxygen sensitive except inDesulfoVibrio africanus (Da), where it shows
an abnormally high oxygen stability. Using site-directed mutagenesis, we have specified a disulfide bond-
dependent protective mechanism against oxidative conditions inDa PFOR. Our data demonstrated that
the two cysteine residues forming the only disulfide bond in the as-isolated PFOR are crucial for the
stability of the enzyme in oxidative conditions. A methionine residue located in the environment of the
proximal [4Fe-4S] cluster was also found to be essential for this protective mechanism. In vivo analysis
demonstrated unambiguously that PFOR inDa cells as well as two otherDesulfoVibrio species was
efficiently protected against oxidative stress. Importantly, a less active but stableDa PFOR in oxidized
cells rapidly reactivated when returned to anaerobic medium. Our work demonstrates the existence of an
elegant disulfide bond-dependent reversible mechanism, found in theDesulfoVibrio species to protect
one of the key enzymes implicated in the central metabolism of these strict anaerobes. This new mechanism
could be considered as an adaptation strategy used by sulfate-reducing bacteria to cope with temporary
oxidative conditions and to maintain an active dormancy.

The oxidative decarboxylation of pyruvate is a fundamen-
tal part of metabolic pathways in living organisms in general.
Two types of thiamine pyrophosphate (TPP)1-dependent
enzymatic systems catalyze this reaction: (i) the pyruvate
dehydrogenase multienzyme complex in mitochondria and
most aerobic bacteria using NAD+ as the electron acceptor
and (ii) the single enzyme pyruvate-ferredoxin oxidoreduc-
tase (PFOR) found in most anaerobes using acceptors with
more negative potentials, such as ferredoxins (Fd), to transfer
electrons. In the latter case, the corresponding reaction is
CH3-CO-COO- + 2Fdox + CoA / CH3-CO-CoA+ 2Fdred

+ CO2. In strictly anaerobic organisms and anaerobic
protozoa, PFOR is involved in a phosphoroclastic reaction
allowing energy conservation by substrate-level phosphory-
lation. Furthermore, the enzyme can carry out the reverse
reaction to yield pyruvate, constituting the basis for CO2

fixation in various microorganisms (1-5). Although PFORs
have different oligomeric structures, they are all phyloge-
netically closely related (6, 7). In addition to the site of
pyruvate decarboxylation, TPP, all PFOR enzymes contain
up to three iron-sulfur clusters, providing a potential electron-
transfer pathway.

PFORs from most anaerobes are typically unstable in vitro
toward oxygen, although this is not universally true. The
PFOR found inDesulfoVibrio africanus (Da) provides an
intriguing exception to this rule (8). Bacteria of the genus
DesulfoVibrio exhibit a unique strictly anaerobic mode of
growth based on the reduction of sulfate as the terminal
electron acceptor. In the presence of sulfate, pyruvate is a
key intermediate during oxidation of organic substrates such
as lactate or fumarate into acetate (9). In addition, pyruvate
is a well-known fermentative substrate for sulfate reducers.
The energy metabolism ofDesulfoVibrio highlights PFOR
as a crucial enzyme for these organisms. InDa, PFOR is a
homodimeric protein with a molecular mass of 266 kDa and
shows an unusual stability for several days (8) when isolated
under aerobic conditions, thus enabling extensive studies (8,
10-13). As determined by X-ray crystallography (12), its
structure contains one TPP molecule per subunit buried in
the protein and three [4Fe-4S]2+/1+ clusters with midpoint
potentials ranging from-540 to -390 mV (8, 12). The
reaction mechanism of the PFOR inDa involves the
formation of a stable free radical reaction intermediate (8,
14). The activity of the pure enzyme increases approximately
5-fold in the presence of sulfhydryl agents such as dithio-
erythritol (DTE), although the enzyme becomes air-sensitive
and is irreversibly inactivated in air (8). This loss of activity
is accompanied by a bleaching of the protein solution
consistent with cluster disintegration. The sensitivity to
aeration is thought to be due to solvent exposure of at least
one cluster, triggered by the reduction of a putative disulfide
bridge in the C-terminal region. Drastic effects on oxygen
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stability caused by truncations of the C-terminal part of
PFOR fromDa support this idea (10). The crystal structure
of the Da PFOR isolated under aerobic conditions con-
firmed the existence of this disulfide bridge and also
showed that the C-terminal end of one subunit occluded the
proximal cluster of the other through the involvement of a
methionine residue (Figure 1, ref12). This unique conforma-
tion allowing exclusion of the solvent from the vicinity of
the proximal cluster could be responsible for the stability of
PFOR to oxygen, thus protecting it from oxidative damage.

For the present study, we used site-directed mutagenesis
on PFOR fromDa to specify at the molecular level this
disulfide bond-dependent protective mechanism. Moreover,
we report that in vivo, this mechanism efficiently provides
a reversible disulfide bond controlled switch from a protected
and partially active form of the enzyme to a fully active form,
depending on the oxidation state of the environment.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions.The Da strain
Benghazi (NCIB 8401) was grown anaerobically at 37°C
in a basic lactate-sulfate medium as previously described (15)
containing 36 mM sulfate and 80 mM lactate.DesulfoVibrio
Vulgaris Hildenborough (DVH, ref 16) andDesulfoVibrio
desulfuricansG20 (DdG20, ref 17) were cultured at 32°C
in medium C (16). Clostridium acetobutylicumATCC 824
(Ca) was grown at 37°C in 2YT medium containing 5 g of
glucose per liter in anaerobic conditions.Escherichia coli
DH5R was used for plasmid propagation andE. coli TG1
for heterologous expression of theDa porgene (10). Growth
medium was supplemented with ampicillin (100µg/mL)
when appropriate.

Specific Amplification of the 3′ End por Genes from
DesulfoVibrio Species, Cloning, and Sequencing.A pair of
degenerate oligonucleotides was designed from the C-
terminal amino acid sequence ofDa PFOR (d and drev,
Table 1). PCR amplification was performed with the Expand
PCR System (Roche) using chromosomal DNA fromDes-

ulfoVibrio gigas(Dg) andDesulfoVibrio fructosoVorans(Df)
prepared with a genomic DNA purification kit (Promega).
The TA cloning kit (Invitrogen) was used for cloning PCR
products. Addition of 5% DMSO was supplied in the PCR
mixtures becauseDesulfoVibrio DNA is G + C rich.
Amplification of flanking sequences by inverse PCR was
carried out as described previously (18). PCR was performed
using two outward-facing oligonucleotides (InvG and InvGr
or InvG2 and InvG2r for the 3′ end of theDg por gene and
InvF and InvFr for the 3′ end of theDf por gene, Table 1).
The inverse PCR products were directly sequenced.

Site-Directed Mutagenesis of Da PFOR.All mutations
were localized in the 3′ end of thepor coding sequence. To
construct mutant plasmids and to avoid undesired mutations,
the 0.45 kbSacII-BamHI fragment from pLP1 (10) was
replaced by the sameSacII-BamHI fragment harboring the
desired mutations. Mutations were introduced into this
fragment by an overlapping PCR procedure (19) (Table 2).
Constructions were then verified by sequencing.

Production of Da Molecular Variants of PFOR in E. coli
and Preparation of Soluble Extracts.Recombinant wild type
and variant PFORs were produced inE. coli TG1. Cells were
grown anaerobically at 37°C in 600 mL of modified Terrific
Broth medium (Difco) with 20 mM fumarate. Before
inoculation, the medium was supplemented with 100 mg/L
ferric ammonium citrate, 1 mML-Cys (20), and 100 mg/L
ampicillin. When the culture reached 0.7 A600 units, produc-
tion of PFOR was induced for 3 h with 0.4 mM isopropyl-
â-d-thiogalactopyranoside. Cells were then harvested by
centrifugation, and the pellet was washed with 50 mM Tris-
HCl buffer (pH 8.5). The pellet was then gently resuspended
in 10 mL of the same buffer containing a cocktail of protease
inhibitors (Complete, Roche). Finally, the cells were passed
once through a French pressure cell at 100 MPa, and the
cell debris was removed by centrifugation at 30 000g for 20
min at 4 °C. This crude extract was then centrifuged at
120 000g for 90 min at 4°C to obtain the soluble protein
extract. This procedure of preparation is referred to hereafter
as the oxidative condition. For the preparation of soluble
extracts in anaerobic conditions, buffers were bubbled with
argon for 30 min prior to utilization, and samples were
manipulated in an anaerobic chamber. For disruption, cells
were transferred to a French pressure cell equilibrated in the
anaerobic chamber, and the extract was collected through
an airtight system connected to the French pressure cell. The
extract was then centrifuged in a closed centrifuge tube. The

FIGURE 1: Ribbon representation of the C-terminal domain of the
Da PFOR (chain B, in blue), located in the groove at the surface
of the other subunit represented in the van der Waals surface (chain
A, in gray). The three clusters [4Fe-4S] and the thiamine-
pyrophosphate (TPP) cofactor of chain A are green. In chain B,
the side chain of the two Cys (C1195 and C1212) residues involved
in the disulfide bond and that of Met 1203 are pink and orange,
respectively. The figure was drawn with Pymol 0.95 (42).

Table 1: Oligonucleotide Primer DNA Sequence Used for Specific
Amplification of 3′ End DesulfoVibrio por Genes

Name sequencea

db TgYATHCARTgYAAYCARTg
drevb gCCCANCCRTCNCCNCCRAA
InvGr gggTgAgCAgCTTgACgTAggg
InvG gCAAgCTCTgCCCCACCCTgC
InvG2 ggACTTCCTgggCggCgAATCC
InvG2r gTCCggggCCTTggAATCCAgC
InvFr TTTTCCCgACgCTgCTTgAgg
InvF CCTgCTCgACAAAAACgACCCgg

a Oligonucleotides are written in the usual 5′-3′ direction.b Uni-
versal nomenclature used to defined d and drev degenerated oligo-
nucleotides are the following: R for A or G; Y for C or T; H for A,
C, or T; and N for A, G, C, or T.
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protein concentration of theE. coli soluble extracts was
between 15 and 20 mg/mL.

Exposure of Bacterial Cells to Air or H2O2. Cultures (80
mL) of Da cells were grown anaerobically in lactate-sulfate
medium until the middle of the exponential growth phase.
At that moment, the initial PFOR catalytic activity of the
whole cells was measured with or without dithioerythritol
(DTE) in an anaerobic chamber. Cultures were then exposed
to air bubbling (0.3 L/h) at room temperature, under shaking
conditions. Aliquots (0.5 mL) were withdrawn, and the PFOR
catalytic activity was measured anaerobically. After 6 min,
aliquots (1 mL) of cultures were withdrawn and extensively
bubbled with argon at 35°C for a further 5 and 10 min before
measuring the PFOR activity. ForDVH and DdG20 cells,
cultures were grown anaerobically in medium C until they
reached 0.6-0.8 A600 units when they were exposed to air
as described previously.Ca was grown anaerobically until
A600 was equal to 1 and then bubbled with air for 6 min
until the redox potential was stabilized.

For exposure to H2O2, Da cells were grown as described
previously, and 1 mM H2O2 (final concentration) was added
to 80 mL of culture under shaking conditions at room
temperature. Aliquots (0.5 mL) were periodically collected
to measure the PFOR catalytic activity. Changes in the redox
potential of the medium were measured using a combined
redox electrode, and the O2 concentration after air bubbling
was measured using an oxygen sensor cellox 325 (WTW).

Enzyme Assays. For Da, DVH, and DdG20, the PFOR
activity was determined as described previously (8). One unit
of enzyme activity was defined as the amount of enzyme
that catalyzed the oxidation of 1µmol of pyruvate or the
reduction of 2µmol of methyl viologen per minute. To
measure the PFOR activity in whole cells, the cell suspension
was directly injected into the serum-stoppered cuvettes, and
EDTA was added to a final concentration of 4 mM forDa
and 16 mM for bothDVH andDdG20. Catalytic activities
of recombinant PFOR and variants were directly measured
in soluble extracts ofE. coli. The Ca PFOR activity was
measured in crude extracts under anaerobic conditions at
40 °C in 1 mL serum-stoppered cuvettes containing 5 mM
sodium pyruvate, 0.1 mM sodium CoA, 2 mM methyl
viologen MV, 16 mM DTE, and 100 mM Tris-HCl (pH 7.6).
Only a weak endogenous MV reductase activity, neither
pyruvate- nor CoA-dependent, was detected in theCa cells.
Ca crude extracts were prepared from anaerobic cultures (1
L) as described before for the preparation ofE. coli extracts
except that the pellet was resuspended in 1 mL of 100 mM
Tris-HCl (pH 7.6).

Analytical Procedures.SDS-PAGE was performed as
reported previously (21). For in-gel PFOR quantification,
0.04 UOD600 cells were loaded onto 7% (w/v) SDS-PAGE
gel and electrophoresed. Gels were stained with the Page
Blue protein staining solution (Fermentas, conventional

Table 2: Template and Oligonucleotide Primer DNA Sequence Used in the Site-Directed Mutagenesis ofDa PFORa

a 1: Da DNA for DesulfoVibrio africanusgenomic DNA. 2: Change made to the native sequence at the position indicated in bold and underlined
capital letters. The mutagenic oligonucleotides are written in the usual 5′-3′ direction. p11: 5′-AAGAAGGACCTGGCGCGCATG-3′ and 180re:
5′-CCACACTACCATCGGCGCTACGG-3′.
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protocol). Finally, stained gels were scanned using the
ImageScanner system from APBiotech, and densitometric
analyses were performed using the ImageMaster 2D software
(APBiotech). The protein concentration was measured using
the method of Lowry et al. (22). Total protein concentration
was determined from the cell suspension using the modified
Lowry protein assay as described previously (23).

RESULTS

Specification of the Da PFOR ProtectiVe Mechanism.
Previous data have suggested the involvement of the C-
terminal region of PFOR fromDa cells providing oxygen
stability (10). The protein dimer structure shows that the last
62 residues of one subunit form an extra disulfide bond-
containing domain that covers the proximal [4Fe-4S] cluster
of the other subunit (Figure 1, ref12). All DesulfoVibrio
PFOR sequences analyzed contained a C-terminal extension,

with two highly conserved Cys residues, C1195 and C1212
(Da PFOR numbering) involved in the disulfide bond
formation ofDa PFOR (Figure 2). To investigate the role
of these two Cys residues in the oxygen stability of the
enzyme, each Cys was replaced by an Ala residue using site-
directed mutagenesis. Soluble extracts ofDa WT PFOR,
produced inE. coli and prepared under oxidative conditions,
displayed the same pyruvate-dependent MV reduction kinet-
ics as the enzyme isolated fromDa [Figure 3, inset (a and
b)]. In particular, the kinetics obtained in the presence of
DTE showed an induction period related to an activation
process of PFOR as previously postulated (8). This led to a
lower PFOR activity in the absence of DTE. After 20 h
exposure to air, theE. coli extracts displayed around 87%
of the initial PFOR activity with a similar DTE-dependent
activation process (Figure 3). When soluble extracts were
prepared anaerobically, no induction was observed [Figure

FIGURE 2: Multiple alignment of the C-terminal sequences ofDesulfoVibrio PFORs. The sequence alignment was obtained using the
ClustalW program. Amino acids are numbered based on theDa PFOR sequence. The residues shaded in black denote mutated residues in
Da PFOR of the present study.Da: DesulfoVibrio africanus; Dg: DesulfoVibrio gigas; DVH: DesulfoVibrio Vulgaris Hildenborough;
DdG20: DesulfoVibrio desulfuricansG20;Df: DesulfoVibrio fructosoVorans; andCa: Clostridium acetobutylicumATCC824.DVH (24),
DdG20 (www.tigr.org), andCa (25) PFOR sequences were obtained from genome sequences.Dg andDf PFOR sequences were directly
sequenced from genomic DNA.

FIGURE 3: Effect of mutation onDa PFOR activity. Catalytic activities of PFOR and PFOR variants were measured by injection in a
serum-stoppered cuvette of 0.5-2 µL of E. coli soluble extracts prepared under oxidative conditions (E) and then aerated for 20 h on ice
(E20). Normalized activities were calculated as the fraction of specific activity with or without DTE at each time relative to specific
activity with DTE on soluble extracts (100%). For all PFOR variants, the values of the specific activity for the 100% point ranged from 0.8
to 1.2 U/mg. WT corresponds to recombinantDa PFOR and C1 and C2 to Cys1195Ala and Cys1212Ala substitutions, respectively. H, A,
E, Y, F, and L stand for Met1203His, Met1203Ala, Met1203Glu, Met1203Tyr, Met1203Phe, and Met1203Leu, respectively. Inset: kinetics
of the pyruvate-dependent MV reduction by recombinantDa PFOR. (a and b) Kinetics ofE. coli soluble extracts prepared in oxidative
conditions and (c) kinetics ofE. coli soluble extracts prepared in anaerobic conditions.
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3, inset (c)], and the kinetics obtained with or without DTE
was similar. Moreover, activities remained stable during 20
h (data not shown). Preparation ofE. coli soluble extracts
under oxidative conditions induced a reversible deactivation
of the WT PFOR, leading to a less active but stable form of
the enzyme toward oxygen. Native PFOR and that produced
in E. coli therefore exhibited the same activity characteristics,
thus validating the site-directed mutagenesis strategy inE.
coli.

The two PFOR variants (C1195A and C1212A) showed
similar expression inE. coli to WT PFOR with no significant
difference in PFOR activity found in anaerobic extracts (data
not shown). With extracts prepared under oxidative condi-
tions, no DTE-dependent activation was measured for either
variant (Figure 3). Activities identical to WT PFOR in the
presence of DTE indicated an oxidative soluble extract
preparation too weak to induce any enzyme damage.
However, after 20 h of air exposure, only∼22% of initial
activity was recovered in the absence and there was no
increase in the presence of DTE, whereas∼87% of the
activity was recovered in WT PFOR (Figure 3). These results
demonstrate that without disulfide bond formation, the PFOR
activity is irreversibly lost in oxidative conditions. The
disulfide bond is thus required to maintain an oxygen stable
but less active form that can be fully reactivated by DTE.

Once the disulfide bond is formed, the PFOR structure
highlights a Met residue (M1203) in close vicinity to the
proximal [4Fe-4S] cluster (Figure 1, ref12). We substituted
this hydrophobic residue with either a neutral (Ala), nega-
tively charged (Glu), or a hydrophobic residue (Tyr, Phe, or
Leu). For all replacements, the anaerobic soluble extracts
displayed a PFOR activity similar to that of the WT PFOR,
stable over 20 h (data not shown). After 20 h exposure to
air, only ∼20% of the initial PFOR activity was measured
with no DTE-dependent activation observed (Figure 3). This
irreversible loss of PFOR activity with all three hydrophobic
residues indicates that the hydrophobic character of the
residue at position 1203 is not sufficient to offer oxygen
stability. As Met 1203 is systematically replaced by a His
residue in the four otherDesulfoVibrio species (Figure 2),
we introduced the same substitution inDa PFOR (M1203H).
After 20 h exposure to air, soluble extracts containing the
M1203H PFOR exhibited 29.5( 5% of the initial PFOR
activity in the absence of DTE, and 83( 20% of the activity
was recovered in the presence of DTE (Figure 3).

These experiments show that the formation of the disulfide
bond in the C-terminal domain of the PFOR and the presence
of a Met or His residue at position 1203 are required for an
oxygen stable enzyme. The disulfide bond formation/
cleavage is a protective mechanism that switches the enzyme
from a fully active oxygen-sensitive form to a less active
but oxygen stable form.

Effect of OxidatiVe Stress on PFOR ActiVity in ViVo. Is
this disulfide bond-dependent protective switch efficient in
vivo? To answer this question, we exposedDa cells to air
bubbling and analyzed the effects on PFOR activity in the
whole cells. As a control, we measured endogenous MV
reductase activity, which was negligible and neither pyruvate
nor CoA dependent. No observed DTE-dependent activation
prior to air bubbling of the culture indicated a fully active
form of PFOR (Figure 4A). During air bubbling, the PFOR
activity gradually decreased with time. However, a full

recovery of activity was possible with the addition of DTE.
We observed a maximum decrease in activity after 6 min of
air bubbling corresponding to the maximum increases in
redox potential and O2 concentration in the medium (Figure
4A,C). It should be noted that PFOR remained fully active
in cells kept in anaerobic conditions over this time period
(data not shown). These data indicate that air bubbling leads
to an oxygen-resistant form of the enzyme in the whole cells,
which retains around 20% activity. As H2O2 is able to oxidize
thiol groups (26), we analyzed the effect of hydrogen
peroxide on PFOR activity in vivo. With the addition of 1
mM H2O2 to the Da anaerobic culture, the PFOR activity
declined to 26( 10% after 6 min exposure. Full activity
was restored (102( 12%) following the addition of DTE in
the serum-stoppered cuvette.

Taken together, these results indicate that oxidative
conditions induce the disulfide bond-dependent protective
switch of the PFOR inDa cells. We then wanted to determine
as to whether this mechanism is reversible in vivo. For this,
we exposed cultures to air for 6 min, as described previously,
and then shifted cultures to more reducing conditions by
continuous bubbling with argon at 35°C. The PFOR activity
increased with time during bubbling, reaching a value close
to the one measured with DTE (Figure 4A). To check that
this increase of PFOR activity did not arise from de novo
synthesis of the enzyme, the amount of PFOR was quantified
by densitometry after visualization on SDS-PAGE (Figure
4B). Note that we cannot add chloramphenicol inDa cells
because this antibiotic interferes directly with PFOR activity
measurements. No significant variation in the amount of
PFOR was observed during the experiment (Figure 4B).
These results show unambiguously that the enzyme switched
to its fully active form when conditions became less
oxidative. InDa, this disulfide bond-dependent protective
switch of PFOR is thus efficient and reversible in vivo.

Existence of a ProtectiVe Mechanism in Other Des-
ulfoVibrio PFORs. DesulfoVibrio PFORs exhibit an extension
at the C-terminus homologous to that ofDa PFOR (Figure
2). To determine as to whether the protective mechanism
occurs in otherDesulfoVibrio species in vivo, we analyzed
the PFOR activity in bothDVH andDdG20 after air bubbling
as described previously. BothDVH and DdG20 PFOR
activities decreased, and initial levels of activity were restored
with DTE (Figure 5). No DTE-dependent activation was
observed when cells were kept in anaerobic conditions. These
PFOR activity profiles are thus similar to that described
previously forDa, indicating that the same disulfide bond-
dependent mechanism of protection occurs in theseDes-
ulfoVibrio species. In contrast,Ca PFOR activity declined
to 0.11 U/mg after 6 min of air bubbling, corresponding to
a ∼95% activity loss. No recovery to the initial value was
obtained after the addition of DTE (0.12 U/mg). As a control,
PFOR remained∼100% active (1.9 U/mg) if cells were
maintained under nitrogen. This suggests thatCa PFOR is
irreversibly inactivated by air, a result that reflects the
absence of the C-terminal extension including the two
cysteine residues (Figure 2), confirming the crucial function
of this extra domain in the protective mechanism of PFORs.

DISCUSSION

Previous studies have reported the unusual high stability
of DesulfoVibrio africanus PFOR toward oxygen in vitro,
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as compared to homologous PFORs isolated from other
anaerobic organisms (8, 10-13). On the basis of theDa
PFOR crystal structure and sequence alignments ofDes-
ulfoVibrio PFOR (Figures 1 and 2), we replaced conserved
Cys residues C1195 and C1212 as well as Met1203 by site-
directed mutagenesis. The effects of these substitutions on
the catalytic activity of the enzyme were analyzed both in
anaerobic and in oxidative conditions. When either Cys
residue is replaced to impair the formation of the disulfide
bond, the protein is more sensitive to oxygen and nonreactive
to DTE. Formation of a disulfide bond between both Cys
residues is therefore crucial for enzyme protection in
oxidative conditions. By analyzing the effect of replacing
Met, we have confirmed the hypothesis that the disulfide
bond formation is associated with a conformational change
allowing the protection of the proximal [4Fe-4S] cluster
through this residue (ref12, Figure 1). A drastic effect on
the stability of the PFOR after air exposure was observed
following all replacements except His (Figure 3). The
stability of the variant M1203H can be correlated to the
presence of a His at this position in all known sequences of
DesulfoVibrio PFOR (Figure 2). Replacement of Met by a
small (Ala) or a hydrophilic (Glu) residue should have
resulted in a greater degree of solvent accessibility of the
proximal [4Fe-4S] cluster, making it in turn more sensitive
to oxidative damage. Substituting Met with hydrophobic and
bulky residues (Tyr, Phe, and Leu) also led to oxygen
sensitivity. This result is more surprising because previous
studies report that in iron-sulfur proteins, bulky residues in
the vicinity of the [4Fe-4S] cluster are generally involved
in protecting the cluster from the solvent (13, 27, 28).
Overall, our data show that the protective mechanism ofDa
PFOR depends crucially on the presence of M1203. It has
previously been proposed that Met residues act as endog-
enous antioxidants (29). In Da PFOR, M1203 could act as
an efficient oxidant scavenger, structurally arranged to guard
the proximal cluster against the entrance of oxidants. We
propose that PFOR is able to switch, through a disulfide bond
formation-dependent process, from a high activity oxygen-
sensitive form to a low activity oxygen-protected form. The

FIGURE 4: Variation ofDa PFOR catalytic activity during continu-
ous air bubbling of the cells in vivo and recovery of reductive
conditions by continuous argon bubbling. (A) Catalytic activities
with (b) or without (2) DTE in aerated cells (solid lines) were
measured at various times following the injection of 25µL of
culture in a serum-stoppered cuvette. After 6 min of air bubbling,
catalytic activities [with (O) or without (4) DTE] were also
measured in cells shifted to reductive conditions at 35°C by argon
bubbling (dashed lines). Normalized activities were calculated as
fractions of the specific activity with or without DTE at each time
relative to the specific activity with DTE of unstressed cells (100%,
∼0.8 U/mg). (B) SDS-PAGE 7% gel. Lane 1: 2µg of purified
PFOR from Da; lane 2: molecular weight markers (SDS 7B,
Sigma); lane 3: 0.04 UOD600 of anaerobic cells; lane 4: 0.04
UOD600 of aerated cells for 6 min; and lanes 5 and 6: 0.04 UOD600
of cells shifted to reductive conditions by argon bubbling for 5
and 10 min, respectively. Histograms represent the PFOR band
intensity, quantified by densitometric analysis for each lane. We
previously verified that the protein amount loaded on the gel is
proportional to the band intensity after staining. (C) Redox potential
[mV vs Ag/AgCl (KCl 3 M), solid line] and O2 concentration
(dashed line) of the medium were measured during continuous air
bubbling. Time corresponds to time of cell exposure to air bubbling.

FIGURE 5: Variation ofDdG20 andDVH PFOR catalytic activity
in vivo during continuous air bubbling. Catalytic activities were
measured in aerated cells at various times (0, 6, or 16 min) by
injection of 25 µL of culture in a serum-stoppered cuvette.
Normalized activities were calculated as the fraction of the specific
activity with or without DTE at each time relative to specific activity
with DTE of unstressed cells (100%,∼0.08 and∼0.15 U/mg for
DdG20 andDVH, respectively).
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Da enzyme would take advantage of the [4Fe-4S] cluster
protection but, in return, must lower its catalytic activity.

Moreover, we have demonstrated that this disulfide bond-
dependent protective switch is efficient and reversible in vivo
after an oxidative stress induced by either air or H2O2. To
our knowledge, this is the first example of the formation of
an intramolecular disulfide bridge as a protective switch for
an enzyme. An important question is how the disulfide bond
in DesulfoVibrio PFORs could be formed in the cells. Efforts
to address this question are underway. Accumulation of
reactive oxygen species can cause specific protein modifica-
tions that may lead to a change in the activity or function of
the oxidized protein. For example, H2O2 directly oxidizes
protein thiols to adjust the activity of various transcription
factors or molecular chaperones (30-33). However, spon-
taneous or enzyme-assisted generation of disulfide bonds,
during oxidative stress, in the normal resident proteins of
the cytosol such as PFOR has to be demonstrated. We also
cannot exclude the involvement of the proximal [4Fe-4S]
cluster in the formation of the disulfide bond by a redox
exchange between iron and local cysteine residue as sug-
gested by the close distance between them (12). Such an
electron transfer has been recently reported in other redox
proteins (34, 35).

The protective mechanism appears not to be restricted to
the Da PFOR as it is also efficient in vivo inDVH and
DdG20 cells. In contrast,Ca irreversibly loses∼95% of its
PFOR activity during aeration in accordance with lacking
the two conserved Cys residues in its sequence. In the same
way, a total irreversible loss of PFOR activity in vivo is
observed in the obligate anaerobeBacteroides thetaiotaomi-
cron following a long period of exposure to air (36). From
our site-directed mutagenesis study and analysis of in vivo
catalytic activity, we propose that the protective mechanism
described here forDa PFOR exists for allDesulfoVibrio
PFORs through the use of either a Met or a His residue as
the primary shield against cluster disintegration by oxidative
damage.

The presence of communities of sulfate-reducing bacteria
(SRB) in oxic environments has been widely reported,
particularly in the oxic/anoxic interface of microbial mats
or sediments as well as in periodically oxygenated zones of
aquatic environments (reviewed in ref 37). This new mech-
anism of protection of one of the key enzymes implicated
in the central metabolism of these strict anaerobes could be
considered as an adaptation strategy used by SRB to cope
with temporary exposure to oxidative conditions. In 1979,
Postgate wrote that when exposed to air, SRB “....will not
be killed, but will remain dormant” (38). Later, LeGall and
Xavier (39) proposed thatDesulfoVibrio species seem to be
capable of “active dormancy” (as opposed to sporulation as
“passive dormancy”). The maintenance of cell activity (39-
41) enables such cells to rapidly resume growth on re-
entering an anaerobic habitat. The protective mechanism we
describe here might be a part of this active dormancy.
Oxidation of pyruvate to acetyl-CoA by the oxygen stable
form of PFOR could helpDesulfoVibrio perform this “active
dormancy”. A previous study has shown that pyruvate could
be oxidized to acetate in non-growingD. gigascell suspen-
sions under oxygen (41). Once the environment returns to
more reductive conditions, a high rate of pyruvate oxidation
is restored in the cells due to PFOR switching to its fully

active form with no de novo PFOR synthesis, thus allowing
quick growth recovery.
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