
















FIG 4 Activity and stability in organic cosolvents. (A and B) The relative activities of wtUPO1 (A) and the PaDa-I mutant (B) in organic cosolvents were assessed
with 2 mM H2O2 and 0.3 mM ABTS in 100 mM sodium phosphate/citrate buffer (pH 4.4) containing the corresponding concentration of cosolvent. (C and D)
The stabilities of wtUPO1 (C) and the PaDa-I mutant (D) after incubation for 48 h in 50% organic cosolvents were assessed by incubating enzyme samples in 100
mM potassium phosphate buffer (pH 7.0) containing 50% (vol/vol) organic cosolvent in screw-cap vials. After 48 h, aliquots were removed and analyzed in an
activity assay with 2 mM H2O2 and 0.3 mM ABTS in 100 mM sodium phosphate/citrate buffer (pH 4.4). (E and F) The stabilities of wtUPO1 (E) and the PaDa-I
mutant (F) at high concentrations of organic cosolvents were assessed after 5 h of incubation in increasing concentrations of cosolvents and incubating enzyme
samples at 20°C in 100 mM potassium phosphate buffer (pH 7.0) containing increasing concentrations (vol/vol) of organic cosolvent (60 to 90%). After 5 h,
aliquots were removed and analyzed in the activity assay, as described for panels C and D. Residual activities were expressed as percentages of the original activity
at the corresponding concentration of organic cosolvent. The error bars indicate standard deviations.
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monooxygenases. However, unlike the latter, UPO is soluble and
requires neither expensive cofactors (NAD[P]H) nor auxiliary fla-
voproteins. Despite these advantages, the lack of suitable directed-
evolution platforms with which to enhance UPO’s catalytic prop-
erties has limited the exploitation of this versatile biocatalyst. The
directed-evolution process presented here describes for the first
time an attractive pathway through which ad hoc UPO variants
can be tailored for use in several industrial reactions, such as al-
kane hydroxylation and the transformation of benzene into phe-
nol and naphthalene into naphthol (51, 52).

The evolved UPO1 variant from this study is very active and
stable over a wide temperature range, as well as in the presence
of a variety of cosolvent types. Easily secreted by yeast, this
mutant and any future evolved variants could be translated to
other expression systems for overproduction. Preliminary tri-
als in the methylotrophic yeast Pichia pastoris indicate that the
evolved enzyme is overproduced 5-fold thanks to the increased
density in the host (unpublished data). Future goals for UPO en-
gineering include the conversion of the enzyme into an enantiose-
lective self-sufficient mono(per)oxygenase by quenching its per-

FIG 5 Mutations in evolved UPO1. A molecular model using as the template the A. aegerita crystal structure (PDB code 2YOR) was prepared to map the
mutations. Shown are details of the 5 mutations (green) in the PaDa-I mutant (B, D, and F) compared with the corresponding residues (yellow) in the native
UPO1 (A, C, and E). The dashed lines indicate distances (in Å) from the surrounding residues. Phe residues delimiting the active site are highlighted in pink and
the Cys36 axial ligand in light blue. The Fe3� of heme is shown as a red sphere and the structural Mg2� as a pink sphere. (See also Table S2 and Fig. S2 in the
supplemental material.)
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oxidative activity, the improvement of its activity in the presence
of cosolvents, and the enhancement of its oxidative/operational
stability in the presence of peroxides. The future combination of
directed evolution (including neutral genetic drift) and rational/
hybrid design should provide a wealth of information that will
help us to better understand the complex mechanism of action as
UPO becomes an efficient oxyfunctionalization biocatalyst.
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