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ABSTRACT

Microorganisms can accelerate the rate of Mn21 oxidation by up to five orders of mag-
nitude compared to abiotic Mn21 oxidation. Mn21 oxidation in Pseudomonas putida strain
GB-1 involves an enzyme incorporated in the outer membrane that oxidizes Mn21 extra-
cellularly. This Mn21-oxidizing factor has to be synthesized inside the cell and transported
across the outer membrane. We used a method known as transposon mutagenesis to gen-
erate two mutants that are incapable of Mn21 oxidation because they are unable to transport
the Mn21-oxidizing factor across the outer membrane. However, when cells were lysed,
Mn21 oxidation occurred, verifying that transport and not synthesis of the Mn21-oxidizing
factor was affected. Transport of the Mn21-oxidizing factor was restored when normal
sequences obtained from a genomic library of Pseudomonas putida strain GB-1 were
introduced into the mutant strains. By sequencing the DNA of the disrupted genes of these
two mutants it was determined that the affected genes are very similar to the xpc gene
family of the related species, Pseudomonas putida WCS358 and Pseudomonas aeruginosa.
This gene family is known to be involved in the two-step protein secretion process in
Gram-negative bacteria. In one of the two mutants, the disruption occurs in the gene that
encodes a subunit of a complex that spans the membrane. In the other mutant the disruption
occurs in the pilD/xcpA gene, which encodes an enzyme (peptidase) that modifies the
subunits that are assembled into this membrane-spanning complex. These results indicate
the involvement of a two-step protein secretion pathway in the transport of the Mn21-
oxidizing factor of Pseudomonas putida strain GB-1.

INTRODUCTION

Manganese is the second most abundant transition met-
al in the Earth’s crust. It occurs in various minerals, in-
cluding carbonates, silicates, sulfides, phosphates, and ox-
ides. Manganese has several valence states, of which the
21, 31, and 41 oxidation states prevail in nature. Where-
as Mn21 can exist in readily soluble forms, Mn31 and
Mn41 form highly insoluble oxides and oxyhydroxides.
Manganese oxides are environmentally reactive as a re-
sult of their adsorptive and oxidative properties. They
scavenge trace metals from the environment and affect
the fate of complex organic matter like humic substances
by oxidative reactions (Tebo et al. 1997; Sunda and Kie-
per 1994). The cycling of manganese between soluble
and insoluble forms is determined by interconversions be-
tween valence states, and thus depends on the redox con-
ditions (Eh, pH) of the environment. In most natural aerobic
environments, manganese oxidation is thermodynamically
favorable (cf. Nealson et al. 1988). Without microbial in-
terference, Mn21 oxidation probably involves a two-step
process, in which initially formed Mn31 oxides or oxy-
hydroxides slowly disproportionate to form Mn41 oxides
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(cf. Tebo et al. 1997). In many marine and fresh waters,
Mn21 is oxidized at much higher rates than predicted by
the thermodynamic conditions of the environment (cf.
Nealson et al. 1988; Tebo 1991). Analyses of the oxida-
tion state of the oxides sedimented in such environments
revealed that rapid transitions from the Mn21 to Mn41

state must have occurred, probably without the relatively
stable Mn31 intermediates involved in abiotic Mn21 oxi-
dation (Tebo et al. 1997). These phenomena can be ex-
plained by microbial mediation of the manganese oxida-
tion- and mineral-forming processes (Tebo et al. 1997).

Microorganisms have been long known to promote the
oxidation of manganese (Jackson 1901; Beijerinck 1913).
They may alter the redox conditions of the (micro) en-
vironment by secretion of oxidizing or alkaline sub-
stances and thus enhance the Mn21 oxidation rate by in-
direct mechanisms. Many other evolutionary diverse and
widely distributed microbial species, however, have de-
veloped extensive, apparently specific machinery to oxi-
dize Mn21. One of those species is the fresh-water, Gram-
negative bacterium Pseudomonas putida strain GB-1.

Like all Gram-negative bacteria, P. putida GB-1 has
an extended cell envelope composed of an inner and an
outer membrane separated by the periplasm. In Mn21-con-


