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Wild-type Desulfovibrio fructosivorans and three hydrogenase-negative mutants reduced Pd(II) to Pd(0). The
location of Pd(0) nanoparticles on the cytoplasmic membrane of the mutant retaining only cytoplasmic
membrane-bound hydrogenase was strong evidence for the role of hydrogenases in Pd(0) deposition. Hydro-
genase activity was retained at acidic pH, shown previously to favor Pd(0) deposition.

The ability of sulfate-reducing bacteria to reduce metallic
ion species is well documented, and the involvement of micro-
bial enzymes in this process has been established. The en-
zymatically mediated reduction of Cr(VI), Se(VI), As(V),
Tc(VIID), Hg(I), and other metals by many species has been
reported previously (4, 5, 12-14, 16, 20). The highest rate of
Cr(VI) reduction by members of the genera Desulfovibrio and
Desulfomicrobium is associated with Desulfomicrobium norve-
gicum (19), attributable to the Fe hydrogenase of this bacte-
rium. The Fe hydrogenase of Clostridium pasteurianum re-
duces selenite (24), and the role of unspecified periplasmic
hydrogenases of Desulfovibrio desulfuricans in the reduction of
technetium, palladium, and uranium (6, 10-13, 15) suggests
that metal reductase activity seems to be a common feature of
hydrogenases.

Three hydrogenases (periplasmic NiFe hydrogenase [23]
and Fe hydrogenase [1] and a cytoplasmic NADP-reducing
hydrogenase [18]) have been found in Desulfovibrio fructo-
sivorans, together with a recently identified fourth hydrogenase
(2), cytoplasmic membrane-bound NiFe hydrogenase (M.
Rousset, unpublished data).

The role of D. fructosivorans periplasmic NiFe hydrogenase
in metal reduction was proved by genetic and biochemical
studies; this hydrogenase, but not purified cytochrome c;
alone, reduces Tc(VII) (6). Hydrogenase involvement in
Pd(IT) reduction is suggested by the Cu(II) sensitivity of the
Pd(II) reductase of resting cells (11), but Cu(II) is not a spe-
cific hydrogenase inhibitor.

Resting cells of D. desulfuricans have been used previously to
recover Pd(II) from industrial processing wastewaters and
acidic leachates (25, 27). The biorecovery of palladium may be
economically attractive since biorecovered Pd(0) is highly ac-
tive catalytically (17). The objectives of this study were to
establish the involvement of hydrogenase in Pd(II) reduction
by using specific hydrogenase-negative mutant strains and to
show the ability of hydrogenase to function under acidic con-
ditions.
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D. fructosivorans mutants were constructed using marker
exchange mutagenesis (22). The D. fructosivorans wild-type
strain and mutant strains with deletions of NiFe hydrogenase,
Fe hydrogenase, and Fe and NiFe hydrogenases were grown
anaerobically (in 2-liter cultures at 37°C for 48 h) (21). Cells
were harvested by centrifugation (10,000 X g in a Beckman
G2-21 MJ/E centrifuge for 20 min at 4°C), washed three times
in 20 mM MOPS (morpholinepropanesulfonic acid)-NaOH
buffer, pH 7.0, and concentrated into 50 ml of the same buffer.
Aliquots were used for the hydrogenase activity and Pd(II)
reduction tests and for the preparation of periplasmically
treated cells (see below).

The total hydrogenase activity (of resting cells) was esti-
mated via the reduction of methyl viologen (8). The enzyme
activities were consistent with the amounts of enzyme expressed
according to the genotypes of the strains: 83.7% (0.169 = 0.013
wmol of H, consumed/min/10° cells [mean + standard error of
the mean]) and 13.5% (0.0273 = 0.0026 wmol of H, consumed/
min/10° cells) of the wild-type level (0.202 = 0.014 wmol of H,
consumed/min/10° cells) for the Fe hydrogenase- and NiFe
hydrogenase-negative mutants, respectively. The hydrogenase
activity of the double mutant (attributable to residual cytoplas-
mic membrane-bound hydrogenase) was 3.4% (0.00684 = 4.46 X
10 wmol of H, consumed/min/10° cells) of that of the wild
type, in agreement with the observed residual activity in
periplasmically treated cells.

The reductions of Pd(II) by the parental and mutant strains
were compared using sodium formate as the electron donor
(Fig. 1). The amount of residual Pd(II) in the test solution was
estimated using SnCl,-HCI (3); the estimate was cross-checked
polarographically (26).

Figure 1 shows that all strains initially reduced Pd(II) at
similar rates. After ~40 min, the rates of reduction by the NiFe
hydrogenase-negative mutant and the double mutant were
higher. Only nucleation and the initiation of palladium crystal
formation are dependent on hydrogenase activity; subsequent
crystal growth is due to autocatalytic reduction (26).

The biorecovery of Pd(II) is optimal if an initial biosorption
step (at pH 2 to 3 for 30 to 60 min) precedes hydrogenase-
mediated metal reduction (26). The biosorption conditions
were defined by de Vargas et al. (7), but hydrogenase stability
at acidic pH has not been established. The measurement of
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FIG. 1. Reduction of Pd(II) by D. fructosivorans wild-type (@), Fe
hydrogenase-negative mutant (A), NiFe hydrogenase-negative mutant
(O), and Fe hydrogenase- and NiFe hydrogenase-negative double-
mutant (O) cells and in the control with no cells (M) and the control
with heat-killed cells ((J). The ratio of the Pd(II) mass to the dry
biomass was 1:3; the test solution was 2 mM Na,PdCl,, in 0.01 M
HNO;. The difference between the dosed Pd(II) and that analyzed at
the time of formate addition (at time zero) was attributable to bio-
sorption by the biomass, and the quantity of biosorbed Pd (II) re-
mained constant in the heat-killed cells. Ordinate data are means *
standard errors of the means. Where no error is shown, the error was
within the dimensions encompassed by the symbol.

hydrogen consumption (via methyl viologen reduction in Tris-
HCI buffer, pH 8.0 [8]) by purified D. fructosivorans periplas-
mic NiFe hydrogenase (preincubated in 20 mM glycine-HCI
buffer, pH 2.2, for 1 h) showed that ~32% of the initial hy-
drogenase activity was retained but that activity was lost after
2 h at acidic pH.

The hydrogenase was similarly active in a solution of 25 pM
phenazine methosulfate (a high-potential indicator) in 20 mM
glycine-HCI buffer, pH 2.2; the activity was 8.23 X 107> =
0.21 X 1072 Asg, units/min/mg of protein. This result con-
firmed the tolerance of NiFe hydrogenase to acidic conditions.
The hydrogenase enzymes may be more stable with respect to
pH in their cellular locations. The residual activity (assuming
that the effect of low pH on hydrogenase within the resting
cells was similar to that in vitro) would be sufficient to achieve
good Pd(II) removal, since enzyme activity is required only for
initial Pd nanoparticle nucleation.

To obtain wild-type cells containing only membrane-bound
hydrogenases, periplasmic proteins were extracted using a
modification of a previously described method (9). Parent cells
and double-mutant cells (used as a reference) were treated
simultaneously to produce periplasmically treated cells. Treated-
cell supernatants were concentrated from 200 to 5 ml by using
a Millipore polyethersulfone ultrafiltration device (molecular
weight cutoff, 30,000), and the activities of the extracted
periplasmic hydrogenases were estimated. For the wild-type
cells, the activity was 0.416 pmol of H, consumed/min/mg of
protein (methyl viologen test), whereas for the double mutant,
it was zero, confirming that the extraction method did not
affect the integrity of the cytoplasmic membrane. The activities
of periplasmically treated wild-type and double-mutant cells
were comparable to the activity of untreated double-mutant
cells, confirming that membrane-bound hydrogenase remained
active.

Palladized parent and mutant cells were obtained by reduc-
ing Pd(II) from 2 mM Na,PdCl, at pH 2.3 under an atmo-
sphere of H,. This procedure gave results identical to those
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FIG. 2. TEM micrographs of initial stages of Pd cluster growth
within the periplasm of a D. fructosivorans wild-type cell (a), an Fe
hydrogenase-negative mutant cell (b), an NiFe hydrogenase-negative
mutant cell (¢), and an Fe hydrogenase- and NiFe hydrogenase-nega-
tive double-mutant cell (d).

obtained using formate. In order to observe the early stages of
Pd cluster development, Pd(II) reduction was stopped after 5
min by outgassing H, with N,. Pd-loaded bacteria were em-
bedded in resin (25), and 90- to 100-nm-thick sections were
viewed with a JEOL 120CX2 transmission electron microscope
(TEM) with an energy-dispersive X-ray system for Pd detec-
tion (13).

Pd(0) was visible within the periplasmic spaces of the parent
strain and the Fe hydrogenase mutants (Fig. 2a and b). Energy-
dispersive X-ray analyses (data not shown) confirmed that the
black particles associated with the cells were Pd (11). Pd clus-
ters were distributed randomly throughout the whole width of
the periplasmic space in the wild-type and Fe hydrogenase-
negative cells (Fig. 2a and b), whereas in the NiFe hydroge-
nase-negative (Fig. 2c) and double-mutant (Fig. 2d) cells, they
were localized on the cytoplasmic membrane. In both the dou-
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FIG. 3. TEM micrographs of palladized periplasmically treated
wild-type (a) and double-mutant (b) D. fructosivorans cells.

ble-mutant and wild-type periplasmically treated cells, Pd clus-
ters were associated with the inner cytoplasmic membrane only
(Fig. 3), similar to those in intact double-mutant cells (Fig. 2d).
This localization of palladium was coincident with the local-
ization of hydrogenase, suggesting that the enzyme serves as a
nucleation site and assists initial Pd nanoparticle growth, prob-
ably by supplying the electrons for Pd(II) reduction.

In conclusion, we have shown that in the parent strain, Pd
cluster growth can occur at both cytoplasmic membrane and
periplasmic loci but that in the double mutant and the mutant
lacking the major periplasmic hydrogenase, the nucleation
sites are confined to the cytoplasmic membrane. The confine-
ment of the nucleation sites to the cytoplasmic membrane has
the effect of increasing the rate of Pd(II) reduction following
the initial Pd cluster growth. Hence, in conjunction with the
authors of other studies on Cr(VI) reduction using a bio-Pd
catalyst from parent and double-mutant strains (M. Rousset,
L. Casalot, P. de Philip, A. Bélaich, I. Mikheenko, and L.
Macaskie, 24 August 2006, European patent application WO/
2006/087334), we suggest that the catalytic activity of palla-
dized cells can be enhanced by the correct choice of hydroge-
nase to mediate Pd(II) reduction.
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