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Laccase from Myceliophthora thermophila (MtL) was expressed in functional form in Saccharomyces cerevisiae.
Directed evolution improved expression eightfold to the highest yet reported for a laccase in yeast (18 mg/liter).
Together with a 22-fold increase in k_,,, the total activity was enhanced 170-fold. Specific activities of MtL
mutants toward 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) and syringaldazine indicate that sub-
strate specificity was not changed by the introduced mutations. The most effective mutation (10-fold increase
in total activity) introduced a Kex2 protease recognition site at the C-terminal processing site of the protein,
adjusting the protein sequence to the different protease specificities of the heterologous host. The C terminus
is shown to be important for laccase activity, since removing it by a truncation of the gene reduces activity
sixfold. Mutations accumulated during nine generations of evolution for higher activity decreased enzyme
stability. Screening for improved stability in one generation produced a mutant more stable than the heter-
ologous wild type and retaining the improved activity. The molecular mass of MtL expressed in S. cerevisiae is
30% higher than that of the same enzyme expressed in M. thermophila (110 kDa versus 85 kDa). Hyperglyco-
sylation, corresponding to a 120-monomer glycan on one N-glycosylation site, is responsible for this increase.
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This S. cerevisiae expression system makes MtL available for functional tailoring by directed evolution.

Directed evolution by random mutagenesis and recombina-
tion followed by screening or selection is a valuable tool for the
engineering of enzymes (2, 3, 16, 61). Functional gene expres-
sion in a suitable host is a prerequisite for directed evolution.
Considering transformation efficiency, stability of plasmid
DNA, and growth rate, Escherichia coli and Saccharomyces
cerevisiae are best suited for these experiments. Heterologous
expression in these hosts, however, is often limited by differ-
ences in the expression systems from the native organism (50).
Different codon usage, missing chaperones, and posttransla-
tional modifications such as disulfide bridges or glycosylation
can all cause low expression levels and misfolded proteins that
are degraded or driven into inclusion bodies (20). Finding the
bottlenecks of a specific expression system requires consider-
ation of many possibilities whose impact is hard to predict.
Some incompatibilities between the expressed gene and het-
erologous host, such as codon usage or the recognition of
signal sequences, can be overcome by changing the gene se-
quence. Thus, achieving functional expression is a good target
for directed evolution (13, 42, 43).

Laccases, like other ligninolytic enzymes, are notoriously
difficult to express in nonfungal systems. The laccase from
Myceliophthora thermophila (MtL) used in this work was pre-
viously expressed only in Aspergillus oryzae (6). Expression in S.
cerevisiae has been reported for other laccase genes (11, 33, 34,
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60). Kojima et al. demonstrated expression of laccase from
Coriolus hirsutus qualitatively with a plate assay (33). Larsson
et al. reached an activity of 0.66 mU/ml after optimization of
the fermentation conditions (34). Yasuchi et al. report a 5-mg/
liter expression of C. hirsutus laccase (59). None of these lac-
cases expressed in S. cerevisiae was purified or characterized.
Trametes versicolor laccase was expressed in Pichia pastoris, but
neither the expression level nor characterization of the recom-
binant protein was published (30). In a similar approach, 11 mg
of T. versicolor laccase/liter was produced, but the specific
activity was extremely low (0.65 U/mg for the untruncated
version) (19) compared to the same enzyme expressed in fun-
gus (40 U/mg) (57). Laccase from Pycnoporus cinnabarinus was
expressed in P. pastoris to a level of 8 mg/liter. The recombi-
nant enzyme was not isolated or further characterized (45).

Laccases belong to the family of blue copper proteins, to-
gether with ascorbate oxidase and ceruloplasmin (40). Lacca-
ses are monomeric glycoproteins (23) that catalyze the four-
electron reduction of oxygen to water with one-electron
oxidation of substrate without producing peroxide (27, 28).
Important applications for laccase are pulp bleaching and de-
lignification for the paper industry (4, 7, 10, 53) and biosensors
for phenols or oxygen (22, 36). Degradation of polycyclic aro-
matic hydrocarbons (29, 39) and the cathodic reaction in bio-
fuel cells (31) are also potential applications. Improvement
and realization of these applications will require tailored cat-
alysts. We report here the functional expression of MtL in S.
cerevisiae and improvement of catalysis and expression by di-
rected evolution.

MATERIALS AND METHODS

Materials. All chemicals were reagent-grade purity. 2,2'-Azino-bis(3-ethyl-
benz-thiazoline-6-sulfonic acid) (ABTS) was purchased from Sigma (St. Louis,
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Mo.). Tag DNA polymerase was from GIBCO BRL (Grand Island, N.Y.).
Polymerase Pfu and E. coli XL2-Blue competent cells were from Stratagene (La
Jolla, Calif.). Plasmid pJRoC30 containing the wild-type gene of MtL was kindly
provided by Novozymes (Davis, Calif.). Yeast cells transformed with this vector
can grow on selective media (media without uracil). The shuttle vector also
includes the E. coli ampicillin resistance gene. S. cerevisiae strain BJ5465 was
obtained from the Yeast Genetic Stock Center (University of California, Berke-
ley). MtL expressed in A. oryzae was provided by Novozymes. The Gietz Lab
yeast transformation kit was purchased from Tetra-Link (Ambherst, N.Y.), and
the yeast plasmid miniprep kit was from Zymo Research (Orange, Calif.). Min-
imal medium contained 50 ml of 20% sterile raffinose, 5 ml of 0.25% 1L-His, 5 ml
of 0.25% L-Trp, 5 ml of 0.25% L-Leu, 10 ml of 0.25% adenine hemisulfate, 150
ml of double-distilled H,O (ddH,0), and 25 ml of 6.7% yeast nitrogen base.
Expression medium contained 325 ml of YP medium, 25 ml of 1 M KP; buffer
(pH 6.0), 2 pl of sterile 1 M CuSO,, 50 ml of 20% sterile galactose, 400 .l of
chloramphenicol stock solution, and ddH,O to 400 ml. YP medium contained
10 g of yeast extract, 20 g of tryptone-peptone, and ddH,O to 650 ml. YPAD
solution contained 10 g of yeast extract, 20 g of peptone-tryptone, 100 ml of 20%
sterile glucose, 100 mg of adenine hemisulfate, and ddH,O to 1,000 ml. SC-drop-
out plates contained 6.7 g of yeast nitrogen base, 50 mg of L-His, 50 mg of L-Trp,
50 mg of L-Leu, 50 mg of adenine hemisulfate, 15 g of Bacto agar, 100 ml of 20%
sterile glucose, 1 ml of chloramphenicol stock solution, and ddH,O to 1,000 ml.
Britton and Robinson (B&R) buffer contained 0.1 M boric acid, 0.1 M acetic
acid, and 0.1 M phosphoric acid and was adjusted to the desired pH with 0.5 M
NaOH.

Production of MtL in S. cerevisiae. S. cerevisiae clones carrying wild-type or
mutant laccase plasmids were grown in 50 ml of preculture in minimal medium.
After 36 h at 30°C, 270 rpm, 450 ml of expression medium was inoculated with
the preculture in a 2.8-liter baffled flask. After further incubation for 24 h at
30°C, 270 rpm, the optical density reached 30 and the laccase activity was
maximal. The cells were separated by centrifugation at 1,000 X g, 4°C, and the
supernatant was filtered (0.45-pm pore size) and concentrated to 10 ml in an
ultrafiltration cell (Amicon; Millipore, Bedford, Mass.) equipped with a 30-kDa-
cutoff membrane. A 350-ml aliquot of buffer A (Tris-HCI, 20 mM, pH 7.8) was
added and the sample was concentrated to 10 ml.

Purification of MtL. MtL was purified as described elsewhere (57) with minor
modifications. The concentrated and washed culture broth was loaded onto a
Q-Sepharose HiTrap (5 ml; Amersham Pharmacia, Piscataway, N.J.) preequili-
brated with buffer A. The column was washed with buffer A, and laccase activity
was eluted in a linear gradient of 0 to 400 mM NaCl. Active fractions were
pooled, desalted, and concentrated in an ultrafiltration cell. The concentrate in
buffer A was loaded onto a MonoQ column (1 ml; Amersham Pharmacia)
preequilibrated with buffer A. The column was washed with buffer A and laccase
activity was eluted in a linear gradient of 0 to 1 M NaCl. Active fractions were
pooled, desalted, and concentrated in an ultrafiltration cell.

Analysis of glycosylation, molecular mass, and protein concentration. Purified
protein samples were deglycosylated using peptide-N-glycosidase F (PNGaseF)
(New England Biolabs). The protein was denatured using 5% sodium dodecyl
sulfate (SDS) and 10% B-mercaptoethanol at 100°C for 10 min and incubated
with PNGaseF (30 U/pl) for 3 h. The reaction product was analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was done on a
commercial apparatus (Novex precast gels; Invitrogen, Carlsbad, Calif.). Proteins
were stained with Coomassie brilliant blue. Protein concentrations of purified
enzymes were measured using their absorption at 280 nm. The molar absorption
coefficient was calculated from the primary sequence (46).

DNA sequencing. To locate mutations on the MtL gene, plasmids containing
mutant genes were sequenced at the Caltech DNA Sequencing Core Facility,
using Perkin-Elmer Applied Biosystems 373XL and 377XL automated fluores-
cent DNA sequencers (Perkin-Elmer Biosystems, Foster City, Calif.). The prim-
ers used were the following: sense primers RMLN (5'-CCTCTATACTTTAAC
GTCAAGG-3'; binds at bp 5'-160 to 180-3" of pJROC30) and mtlsq2 (5'-GA
AGGGCACCAACCTGC-3'; binds at bp 5'-643 to 659-3" of pJROC30); and
antisense primers mtlsq3 (5-GCACGTAAAAGTCGTGG-3'; binds at bp 5'-
1657 to 1673-3" of pJROC30) and RMLC (5'-GGGAGGGCGTGAATGTAA
GC-3'; binds at bp 5'-2139 to 2158-3" of pJROC30).

Error-prone PCR. Libraries of MtL mutants were generated by error-prone
PCR (35) with a 90 nM concentration of each primer (RMLC and RMLN), 1 ng
of template/pl, 0.2 mM ATP, 0.2 mM GTP, 0.6 mM CTP, 0.6 mM TTP, 3%
dimethyl sulfoxide (DMSO), 0.75 mM MgCl,, 0 to 0.2 mM MnCl,, and 50 U of
Taq polymerase/ml. Thermal cycling parameters were 95°C for 2 min (1 cycle),
94°C for 0.45 min, 53°C for 0.45 min, 74°C for 3 min (28 cycles), and 74°C for 10
min (1 cycle). The PCR products were purified using the QIAquick PCR puri-
fication kit (QIAGEN, Valencia, Calif.). For transformation of DNA fragments
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containing the MtL gene, it is necessary to linearize the plasmid and remove the
MtL gene. This was done by cutting plasmid pJROC30 with restriction enzymes
Xhol and BamHI and purifying the products on a preparative agarose gel fol-
lowed by an agarose gel extraction (QIAEX II; QIAGEN). PCR products were
mixed with linearized vector and transformed into competent yeast cells using
the Gietz Lab transformation kit (Tetra Link). The error rate was checked by
functional screening. In generation 9, Mutazyme (Stratagene) was used instead
of Taq polymerase. The PCR conditions were adapted from the GeneMorph
instruction manual, with the exception that 3% DMSO was included. Two target
concentrations were used to achieve different mutation frequencies. For the low
mutation rate library, we used 4 ng of template/pl, and for the high mutation rate
library we used 4 pg of template/pl.

C-terminal truncation. The gene of the best mutant of generation 7, 37A7, was
mutagenized to incorporate a stop codon at the position of the C-terminal
protease cleavage site. For the four-primer method the following primers were
used: 4prcod (5'-CCAAGTCCGACTCGGGCCTCTAGCGCCGCTGGG-3')
and 4prgen (5'-CCACTCGCCCTCCTCGACCCAGCGGCGCTAGAGGCCC
GAG-3"). (Bases that mismatch with the template are in boldface.) PCR was
done with RMLN/4prgen and 4prcod/RMLC. PCR conditions were as described
for site-directed recombination (see below). PCR products were gel purified, and
1 pl of each was used in the second PCR with RMLN and RMLC without
template under the previous PCR conditions, but with a 3-min elongation time.
The product of the second PCR was gel purified, mixed with open vector, and
transformed into S. cerevisiae.

Homologous recombination in yeast. For the first in vivo shuffling experiment
(generation 2), mutant MtL genes were cut out of the vector with Asel. These
fragments of the four best mutants of the first error-prone PCR were mixed
equimolarly and transformed into yeast together with the linearized vector. The
fragments contained 188 bp of homology at the 5’ end and 282 bp of homology
on the 3" end. In the sixth, seventh, and eighth generations, primers RMLC and
RMLN were used to produce PCR products with 35-bp (5') and 66-bp (3")
overhangs with the linearized vector.

Site-directed recombination. In the first recombination the template was 6D6,
and adjacent sense and antisense primers for the mutation sites were synthesized
that were 50% mutated at the mutation sites. Together with the primers RMLN
and RMLC, which bind outside of the gene, three PCR products were generated
with homologous sequences on each end. Those were assembled by transforma-
tion into yeast with the open vector, yielding a library of all combinations of the
mutations. The primers were the following: 6D6sensel (5'-GCTGGTTAACAA
TRGTATARTCGGACCAACAATCTTTGC-3'), 6D6antisensel (5'-GCAAA
GATTGTTGGTCCGAYTATACYATTGTTAACCAGC-3"), 6D6sense2 (5'-C
GTCCTCACGCAGARCACCAGCTTCCCACCCGGGYACAACATTGTCG-
3"), and 6D6antisense2 (5'-CGACAATGTTGTRCCCGGGTGGGAAGCT
GGTGYTCTGCGTGAGGACG-3"). PCRs were done with 6D6sensel and
-antisense2, sense2 and RMLC, and RMLN and antisensel. For a 50-ul PCR
mixture, we used a 90 nM concentration of each primer, 250 pg of template/pl,
0.3 mM deoxynucleoside triphosphates, 3% DMSO, and 40 U of Pfu-turbo/ml.
Thermal cycling parameters were 95°C for 2 min (1 cycle), 94°C for 0.45 min,
55°C for 0.45 min, 74°C for 2 min (28 cycles), and 74°C for 10 min (1 cycle). In
the second recombination, 8H9 was the parent and the primers were the follow-
ing: n20sense (5'-CATTCTCACCCCTAGCGTTCCTGCTGCCCCTCCATCC-
3’), n20antisense (5'-GATGGAGGGGCAGCAGGAACGCTAGGGGTGAG
AATG-3"), 65sense (5'-GCTGGTTAACAATAGTATAATCGGACCAACAA
TCTTTGC-3'), 65antisense (5'-GCAAAGATTGTTGGTCCGATTATACTAT
TGTTAACCAGC-3"), 303sense (5'-CTGCGGCGGCTCCAGGAGTCCCTAC
CCGGCCGCCATC-3"), 303antisense (5'-GATGGCGGCCGGGTAGGGACT
CCTGGAGCCGCCGCAGAGC-3"), 396sense (5'-CGTCCTCACGCAGAAC
ACCAGCTTCCCACCCGGGCACAACATTG-3"), 396antisense (5'-GGTG
GGAAGCTGGTGTTCTGCGTGAGGACG-3"), 552sense (5'-GCTACTGG
CCTACCARCCCCWACCCCAAGTCCGACTCGGGCCTC-3"), 552antisense
(5'-CGAGTCGGACTTGGGGTWGGGGYTGGTAGGCCAGTAGCGGC
GCCAG-3"), RMLN —382 (5'-CTGAAACGCAGATGTGCCTCG-3"), and
RMLC +314 (5'-CGTTGGCCGATTCATTAATGC-3"). PCR mixtures were
made with RMLN —382 and n20antisense, n20sense and 65antisense, 65sense
and 303antisense, 303sense and 396antisense, 396sense and 552antisense, and
552sense and RMLC +314. The PCR conditions were the same as in recombi-
nation 1.

Preparation of libraries and screening (9). Subsequent to error-prone PCR, in
vivo shuffling or staggered extension process (StEP) recombination, the mutated
and recombined libraries were used to transform S. cerevisiae BJ5465. Yeast
transformations were carried out with a modified LiAc method as described
previously (24, 25). The cells were plated on SC-drop-out plates by using glass
beads (6 mm; Sigma) and incubated at 30°C for 3 to 4 days to recover transfor-
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mants. Single colonies were transferred into 96-well plates containing 25 ul of
minimal medium per well by using a picking robot (Qpix; Genetix). Plates were
incubated at 30°C, 270 rpm for 24 h in a humidity shaker (ISF-1-W; Kuhner).
One row per plate was inoculated with wild type or parent; one well was not
inoculated (control). After 24 h, 80 pl of expression medium was added to each
well and the plates were incubated at 30°C, 270 rpm for 24 h in the humidity
shaker. The plates were then centrifuged for 5 min at 1,500 X g, 4°C. Twenty
microliters of supernatant was transferred to a new 96-well plate, using a 96-
channel pipetting station (Multimek; Beckman, Fullerton, Calif.). A 180-pl ali-
quot of assay solution (final concentrations in the well, 3 mM ABTS, 5% poly-
ethylene glycol 6000 [PEG 6000], 50 mM B&R buffer; pH 6) was added to each
well. Initial activity was calculated from the measurement of the absorption
change at 418 nm at 25°C on a plate reader (Spectra max Plus 384; Molecular
Devices, Sunnyvale, Calif.). As a first rescreen, aliquots of the best clones (ap-
proximately 50) were used to inoculate 20 pl of minimal medium in 96-well
plates. Five wells on the microtiter plates were inoculated with the same clone.
Five wells on each plate were used for the standard. The screening procedure was
the same as above. For the second rescreen, plasmids were extracted from the
most active clones (Zymoprep yeast plasmid miniprep; Zymo Research, Orange,
Calif.). The extracted DNA was very dilute and impure. Therefore, the plasmids
were transformed into competent E. coli cells. Plasmids were extracted (QIA-
prep spin miniprep kit; QIAGEN), and S. cerevisiae was transformed and
screened as described above.

Laccase activity assays (1). Syringaldazine (5.5 mM in dimethylformamide)
oxidation was performed in B&R buffer (50 mM, pH 6.0) at 25°C, monitoring the
change of absorption at 530 nm with an extinction coefficient of 65 mM ™! cm ™!
(5) to calculate the rate of oxidation. ABTS oxidation was done with 3 mM ABTS
in B&R buffer (50 mM; pH 6) including PEG 6000 (5% wt/vol) by monitoring the
change in absorption at 418 nm with an extinction coefficient of 36 mM ™! cm ™!
(12). For samples with low laccase activity, an endpoint assay was used. One unit
is defined as the amount of enzyme that oxidizes 1 pmol of substrate per min
under the assay conditions. For pH activity measurements, 0.5 to 1.5 mU of MtL
mutants and wild types were assayed for ABTS oxidation activity in B&R buffer
adjusted to pH 2, 3, 4, 5, 6, 7, 8, and 9. Stability at pH 3 was assessed by
incubating 0.12 to 0.36 U of MtL/ml in 10 mM B&R buffer. After 10, 15, and 30
min, 4-pl samples were diluted fivefold in a 96-well plate and ABTS oxidation
activity was measured. For thermostability measurements, 0.13 to 0.39 U of
MtL/ml in B&R buffer (10 mM, pH 6) was incubated at various temperatures
between 23 and 80°C. After 0, 1, 7, and 24 h, 4-pl samples were diluted fivefold
and ABTS activity was measured at 23°C.

RESULTS

We expressed the gene of MtL in a protease-deficient strain
of S. cerevisiae (BJ5465) (48). Transformants secreted a low
but significant laccase activity of 0.6 U/liter. A high-throughput
screen for laccase activity was optimized (9), and a coefficient
of variation of less than 10% was achieved at the higher activity
levels of later generations. For directed evolution of laccase
activity, different mutagenesis and recombination methods
were explored. A summary of mutations and the methods used
in each generation is given in Fig. 1. Error-prone PCR (35)
with Taqg polymerase or Mutazyme was carried out at different
mutagenic rates. Based on our previous experience, a rate
corresponding to one to two amino acid changes per gene per
generation was preferred in order to avoid accumulating neu-
tral mutations, which might affect properties of the enzyme
other than those leading to improved activity. Both in vitro
StEP (60) and in vivo shuffling (49) were used for random
recombination; in vivo shuffling was the easier and faster
method (8). We found the highest increases in total activity
when we recombined error-prone PCR products to introduce
new mutations simultaneously with recombination. To elimi-
nate neutral mutations, the best mutant of the first generation
was included during recombination for backcrossing. The
length of the homologous overhangs was optimized, and the
best compromise between recombination rate and transforma-
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tion efficiency was to use 30 to 70 bp of homology. These
conditions created the best mutant of generation 6 (24G2),
which showed 1.4 times higher activity than the parent 40H?7,
effectively recombining beneficial mutations from 8D8 and
14G8 (Fig. 1).

A minimum distance between mutations is required in order
for them to be recombined independently in random recom-
bination experiments. PCR and in vivo gap repair (38, 44) were
used to recombine neighboring mutations in a site-directed
fashion. As with in vivo shuffling, this method takes advantage
of the high level of homologous recombination in yeast, which
makes in vivo approaches fast, efficient, and nonmutagenic. In
generation 9, we separated two double-mutation sites, (65, 86)
and (396, 403), in this way, eliminating two deleterious muta-
tions (65 and 396) to generate 3A6 with 1.4-fold increased
activity (Fig. 1). Site-directed recombination was also used in
generation 10 to combine the stability of 8H9 with the in-
creased activity of the activity mutants from generation 9. This
experiment removed the mutations at 65 and 396, and the
double mutation site at (550, 552) was analyzed by using prim-
ers with 50% wild-type sequence at these positions. Mutation
552 was eliminated in the best mutant T2 (Fig. 1), which
retained the stability of parent 8H9 and further increased ac-
tivity to 170-fold compared to that of the wild type. The specific
activity of T2 (35 U/mg with syringaldazine) is comparable to
the specific activity of wild-type MtL produced in A. oryzae (36
U/mg).

The sequence targeted for directed evolution included sig-
nal- and prosequences as well as the sequence of the C-termi-
nal tail of the gene (Fig. 2), which code for parts of the protein
that are cleaved during maturation. The signal sequence tar-
gets the gene for secretion, while the function of the other two
sequences is not known (6). The single most beneficial muta-
tion was His(c2)Arg, increasing total activity 10-fold in the first
generation. Amino acid c2 is located in the C-terminal tail
(Fig. 2). The exchange of the native His by an Arg introduces
a cleavage site for the Kex2 protease (18, 32, 51). Since Kex2
is present in S. cerevisiae, this mutation likely adjusts the se-
quence to the different protease specificity in the heterologous
host.

Comparison of the kinetics of the wild type and the mutant
(L1) revealed that a 4.5-fold increase in specific activity was
mainly responsible for the improved total activity, demonstrat-
ing the importance of processing in the MtL C terminus for
enzyme activity. Since the function of the C terminus might be
restricted to expression of the enzyme in M. thermophila, we
found it worthwhile to express a C-truncated laccase. A stop
codon was introduced at the proposed processing site by site-
directed mutagenesis. The catalytic efficiency (k.,/K,,) of the
resulting enzyme (4P) was reduced 10-fold, almost to the value
measured for wild type. 4P retained the high secretion level of
its parent, 37A7 (Table 1). The C terminus as well as its
processing are apparently important for optimizing the activity
of MtL.

The stability of wild-type MtL expressed in S. cerevisiae is
similar to the same enzyme expressed in A. oryzae (Fig. 3).
After nine generations of activity evolution, the stability of the
mutants was significantly reduced, as shown for 3A6. The high-
est temperature at which mutant 3A6 retains full activity was
reduced by 10°C for all incubation times, compared to that for
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FIG. 2. Positions of the mutations in the most active laccase (T2),
relative to the processing sites of the MtL protein. The mutations in T2
are A(n20)P, S31, and H(c2)R. The open triangles mark the positions
of the mutations. The arrows mark the protease cleavage sites. For
mutant H(c2)R and the wild type, sequences are given. The | indicates
the cleavage position.

the wild type expressed in yeast. To recover this important
property, a stability screen was introduced in generation 9. The
residual activity of the mutants was measured after incubation
at 37°C for 30 h. Mutant 8H9 showed about the same total
activity as the parent 6D6, but its residual activity after incu-
bation was 2.3-fold higher than the residual activity measured
for 6D6.

Activity (k.,.) of wild-type MtL with ABTS is 10-fold lower
if the enzyme is expressed in S. cerevisiae instead of A. oryzae
(Table 1). For the phenolic substrate syringaldazine, k., is
25-fold lower. Evolution for higher total activity increased k.,
22 and 27 times, respectively. Improvement of the catalytic
activity was very similar for both substrates and higher for
syringaldazine, although we screened for activity with ABTS as
substrate. Thus, the activity improvement is not substrate de-
pendent, and it is likely that the substrate specificity of MtL
and its conversion of typical laccase substrates like syringal-

DIRECTED EVOLUTION OF LACCASE EXPRESSION 991

dazine has not changed. The K,, values of most mutants are
similar to that of the wild type. The stability mutant 8H9 has a
relatively low k,; the improvement in total activity is due to a
ninefold-higher expression level. It may be that the improved
stability allows more enzyme to be secreted, as has been ob-
served for other proteins expressed in yeast (52).

The molecular mass of MtL expressed in S. cerevisiae was
110 kDa, as determined by SDS-PAGE (Fig. 4), which is about
30% higher than the molecular mass reported for MtL ex-
pressed in M. thermophila and A. oryzae. S. cerevisiae is known
to hyperglycosylate N-glycosylation sites. When the N-glyco-
sylation site at position 396 is mutated (N396S), the mass of the
mutant is reduced to 80 kDa (Fig. 4, cf. 3A6 and 3E3, which
only differ in the N396S mutation). This 30-kDa decrease cor-
responds to loss of a 120-monomer glycan at that site. Degly-
cosylation of any mutant reduces the molecular mass to 55 to
60 kDa, the molecular mass reported for the deglycosylated
enzyme expressed in fungus (6) (Fig. 4). The appearance of
additional bands in lane 5 of the SDS-PAGE might be due to
incomplete digestion by PNGaseF. The kinetic parameters
show the influence of glycosylation on catalysis (Table 1). 3A6
secretes 1.2-fold more laccase activity in culture supernatants.
This results from a 1.5-fold higher k., of the glycosylated
mutant, which is expressed 1.3-fold lower than 3E3.

The activities of the wild type and mutants expressed in
fungus and in yeast at different pHs were compared (Fig. 5A).
Wild type expressed in S. cerevisiae is less sensitive to changes
in pH than wild type expressed in A. oryzae. The wild-type
optimum at pH 3 is shifted to pH 5 in 37A7 of generation 7. All
mutants found in later generations are most active at pH 4.
Activity at pH 3 is almost completely lost in the activity mu-
tants of generations 7 and 9. The stability mutant of generation
9 and the derived T2 regain 50% of the wild-type activity at pH
3. This increase is not due to improved stability under these
acidic conditions, which can be seen from the stability mea-
surements at pH 3 (Fig. 5B). 8H9 is most stable under these

TABLE 1. Comparison of kinetic parameters of mutants and wild-type MtL expressed in S. cerevisiae and wild type expressed in 4. oryzae

o keadK,, Total Improvement
Clone Substrate K,, (mM) Kkear (min™h) (min~ T mM~1) activity® - Exprossion”

wt (fungus) ABTS 290 +/— 30 790 +/— 30 2.7
Syringaldazine 1.6 +/—1 2,120 +/— 150 1,300

wt (yeast) ABTS 270 +/— 30 80 +/— 25 0.3 1 1 1
Syringaldazine 1.5+/-03 80 +/—3.5 52 1 1

L1, generation 1 ABTS 230 +/— 16 360 +/— 8 1.5 10 4.6 22
Syringaldazine 1.3 +/-03 355 +/—19 273 10 4.5

37A7, generation 7 ABTS 200 +/— 35 800 +/— 39 4 65 10 6.5
Syringaldazine 1+/-02 690 +/— 35 690 56 8.6

4P, generation 7 ABTS 300 +/— 30 125 +/=5 0.4 11 1.6 6.9
Syringaldazine 1.6 +/— 0.5 135 +/— 11 84 12 1.7

8H9, generation 9 ABTS 190 +/- 30 910 +/— 38 4.8 107 12 9.3
Syringaldazine 2+/-03 1,220 +/— 64 610 141 15

3A6, generation 9 ABTS 190 +/— 10 1,880 +/— 37 9.9 141 24 5.9
Syringaldazine 1.9 +/- 09 2,040 +/— 130 1,070 150 25

3E3, generation 9 ABTS 170 +/- 20 1,220 +/— 36 7.2 121 16 7.8
Syringaldazine 2+/-03 1,420 +/— 73 710 138 18

T2, generation 10 ABTS 290 +/— 15 1,740 +/— 34 6 170 22 7.7
Syringaldazine 4+/—1.1 2,210 +/— 200 550 212 27

“ Total activity for ABTS was measured in supernatants of cultures grown in 96-well plates. Numbers are averages of quintuplet measurements. Total activity for
syringaldazine as substrate was calculated as the product from the increase in expression and the increase in k., for syringaldazine.

? The improvement in expression is the difference calculated between total activity increase and increase in k,, for ABTS as substrate.
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FIG. 3. Thermostability of wild-type MtL expressed in the yeast S. cerevisiae and in A. oryzae, and of two mutants found in generation 9. Mutant
8H9 was discovered with the stability screen, and 3A6 was discovered with the activity screen. Tubes containing 50 pl of B&R buffer (10 mM; pH
6) containing 0.3 U of enzyme activity/ml were incubated at various temperatures and assayed for residual activity after 0, 1, 7, and 24 h at 23°C
with ABTS as substrate. The activities were normalized to the initial activity at 23°C before the incubation.

conditions, but T2 is the least stable, and in general the loss in
activity during the incubation time of the pH activity measure-
ment of any of the enzymes tested is negligible. Differences in
pH activity between wild type and the evolved enzymes of
generations 9 and 10 are minor. The low activity at pH 3 is not
significant for current applications of this enzyme (e.g., pH for
laccases in pulp processing range from 4 to 6). For future
applications for which pH 3 might be required, the stability of
the enzyme under these conditions can be improved by di-
rected evolution. The stability of T2 at pH 6 is not lower than
the stability of 8H9 at that pH (data not shown). Only
stability at pH 3 is influenced negatively by the combined
introduction of five mutations in generation 10. This result
underscores the fact that all properties not addressed in the
screen (e.g., stability at pH 3) will drift. Since most muta-
tions are deleterious, these properties are likely to be compro-
mised.

The structure of a laccase from Melanocarpus albomyces
(MaL) was published recently (26). As an ascomycete laccase
like MtL, its sequence identity to MtL is high (76%). We used
this structure to build a model for MtL and map the locations
of the mutations (Fig. 6). Most of the mutations found in the
best mutant T2 are on the surface and in loop regions, where
they are likely to not disrupt the three-dimensional structure
(54). Apart from H403 (13 A) and V108 (6 A), the mutations
are more than 15 A away from the copper atoms. All mutations
but one (K454; 3 A) are further than 10 A from the residues
believed to participate in substrate binding (26).

DISCUSSION

We used directed evolution to increase functional expres-
sion of the laccase gene from M. thermophila in S. cerevisiae.
We employed 10 generations and screened 20,000 clones to
convert an activity level that was originally detectable only

5 SN
,bro‘bq’e”":"’gi\o&o
S ¢

p— p—
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60 kDa b - ~ <4—66kDa
—»
- - “ <—55kDa
. “: <«—37kDa

FIG. 4. SDS-PAGE of two mutants from generation 9. 3E3 is iden-
tical to 3A6 except for mutation N396S. The purified enzymes were
deglycosylated using the N-glycosidase PNGaseF. Samples were ana-
lyzed before and after deglycosylation. The gel was stained with Coo-
massie brilliant blue.
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FIG. 5. (A) pH-activity profiles of wild-type (wt) MtL expressed in
S. cerevisiae, wt expressed in A. oryzae, and of mutants 37A7 (genera-
tion 7), 8HY (stability mutant, generation 9), 3A6 (activity mutant,
generation 9), and T2 (generation 10). Activities were measured in
B&R buffer at different pHs with ABTS as substrate. Laccase activity
is normalized to the optimum activity value of the enzymes. (B) Sta-
bility of MtL wild type and mutants at pH 3. Enzyme samples (0.3
U/ml) were incubated in B&R buffer, pH 3, and residual activity at pH
6 was measured with ABTS as substrate. The activities were normal-
ized to the initial activity at pH 6 before the incubation.

using a very sensitive assay system to the highest level yet
reported for the expression of a laccase in yeast. The molecular
masses of the purified and deglycosylated mutants are compa-
rable to that of the wild-type enzyme produced in M. ther-
mophila (55 to 60 kDa) (6) (Fig. 4). Thus, the maturation of the
recombinant protein in S. cerevisiae seems to be similar to the
process in M. thermophila, although this would have to be
proven by protein sequencing. Three of the 13 amino acid
substitutions found in the best mutant of the last generation
are located at the three processing sites of MtL (Fig. 2). We
believe these mutations adjust the MtL sequence to the differ-
ent specificities of the S. cerevisiae proteases compared to those
of M. thermophila. MtL processing at its C terminus is similar
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to that described for Neisseria crassa laccase (21); C-terminal
processing was also postulated for Podospora anserina laccase
(17). The C-terminal sequence of N. crassa is similar to that
found in MtL. The importance of this processing for the cat-
alytic activity is unknown. It was suggested that the highly basic
C-terminal sequence functions as an inhibitor by interacting
with the active center, preventing copper from binding (21).
Whereas N-terminal processing and glycosylation may be re-
quired for secretion, C-terminal processing may play a role in
activation of the enzyme. Supporting this hypothesis, the mu-
tation H(c2)R resulted in an almost fivefold improvement of
k.- The dramatic loss in activity of the C-truncated mutant
showed that the C terminus, or the inactivation of the enzyme
caused by it, is essential for early posttranslational processing
steps.

Random mutagenesis at low error rates favors the discovery
of beneficial mutations at structurally tolerant sites, which are
more abundant on the surface and in loop regions of a protein.
Changes in the closely packed interior and within secondary
structural elements are more likely to be disruptive (54). Most
mutations in MtL are far away from the copper atoms and
from the substrate binding residues of MtL. The effectiveness
of these mutations underscores the value of directed evolution
experiments, which tend to find paths for improvement that
cannot be anticipated and therefore are not found by rational
design.

Most of the synonymous mutations, including the one in the
best mutant, T2, are changes to a more frequently used codon
(Fig. 1). Low-frequency codons can cause translation pauses,
depending on their position and abundance, and therefore
yeast codon bias is used for optimization of yeast expression
systems (15). The majority of these third base changes reduce
the GC content of the MtL gene, which is 65% for the whole
gene and 90% for third bases. The high GC content is typical
for enzymes from thermophiles and can cause stable secondary

FIG. 6. Model of MtL mutant T2 derived from the structure of
MalL. Mutations are in black ball and stick display. Residues presum-
ably participating in substrate binding (26) are in grey ball and stick
display. Copper atoms are shown as grey spheres. The model was
created using DeepView and the Swiss-Model server.
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RNA structures that interfere with translation. Formation of
stable secondary structures is likely the reason why successful
PCR with this gene requires addition of DMSO.

Glycosylation is believed to influence laccase secretion, sen-
sitivity to proteases, copper retention, and thermal stability
(37). Laccase from P. cinnabarinus expressed in P. pastoris had
an increase in molecular mass similar to that reported here.
The recombinant protein had a molecular mass of 110 kDa,
which was 30% higher than expected (81 kDa), presumably
due to hyperglycosylation (45). The location of the glycosyla-
tion and its effects on kinetics and expression were not deter-
mined. Complex and outer-chain carbohydrates are added in
the Golgi. The size of the glycan that was introduced at posi-
tion 396 in this study indicates that the residence time of the
protein in this compartment is long (51) and, therefore, the
transit of the protein from the Golgi to the cell membrane and
its exocytosis may be bottlenecks for expression of MtL in
S. cerevisiae.

Laccase is a good target for directed evolution approaches
because knowledge of structure-function relations underlying
their key properties is very limited. We chose to work with the
laccase gene from M. thermophila because it is thermophilic,
which is an advantage for applications in pulp bleaching pro-
cesses (14, 41) and bioremediation. The relatively low electro-
chemical potential of MtL can be a starting point for the
generation of mutants with increased potential because there
are natural laccases that realize higher potentials with very
similar copper centers (55). For most applications, laccase
activity requires the presence of mediators. One example is
electron transfer in biofuel cell applications. Direct electron
transfer from the electrode is less efficient than transfer via a
mediator (58). For the application of laccase in the cathodic
compartment of a biofuel cell, the rate of direct electron trans-
fer is insufficient (31, 47). Mediators, however, are mostly toxic,
instable, or expensive. Moreover, they lead to side products
and inactivate the enzyme (37). To increase the stability of
laccase in the presence of mediators or to raise its activity
without mediators would be suitable goals for directed evolu-
tion. The activity of laccase towards most substrates is a func-
tion of the difference in electrochemical potential between
enzyme and substrate (56). Mutations that change the electro-
chemical potential would be of interest for the understanding
of intramolecular electron transfer in copper oxidases, and a
higher oxidation potential would allow the conversion of a
wide range of compounds that are poor substrates for the
natural laccases or are not converted at all. The functional
expression system described here enables mutagenesis studies
to generate new variants of this promising catalyst.
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