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ABSTRACT Ancestral sequence reconstruction and resurrection provides useful in-
formation for protein engineering, yet its alliance with directed evolution has been
little explored. In this study, we have resurrected several ancestral nodes of fungal
laccases dating back ~500 to 250 million years. Unlike modern laccases, the resur-
rected Mesozoic laccases were readily secreted by yeast, with similar kinetic parame-
ters, a broader stability, and distinct pH activity profiles. The resurrected Agaricomy-
cetes laccase carried 136 ancestral mutations, a molecular testimony to its origin,
and it was subjected to directed evolution in order to improve the rate of 1,3-
cyclopentanedione oxidation, a B-diketone initiator commonly used in vinyl polym-
erization reactions.

IMPORTANCE The broad variety of biotechnological uses of fungal laccases is be-
yond doubt (food, textiles, pulp and paper, pharma, biofuels, cosmetics, and biore-
mediation), and protein engineering (in particular, directed evolution) has become
the key driver for adaptation of these enzymes to harsh industrial conditions. Usu-
ally, the first requirement for directed laccase evolution is heterologous expression,
which presents an important hurdle and often a time-consuming process. In this
work, we resurrected a fungal Mesozoic laccase node which showed strikingly high
heterologous expression and pH stability. As a proof of concept that the ancestral
laccase is a suitable blueprint for engineering, we performed a quick directed evolu-
tion campaign geared to the oxidation of the B-diketone 1,3-cyclopentanedione, a
poor laccase substrate that is used in the polymerization of vinyl monomers.
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Ithough more than 50 years have passed since Pauling and Zuckerkandl declared

that it would be possible to infer the sequence of ancestral enzymes in the near
future (1), their prediction does finally appear to have become a reality (2-4). Current
advances in molecular and computational biology, along with the constant drop in the
price of DNA synthesis, have made ancestral enzymes more accessible to laboratories
around the world. Indeed, through ancestral sequence reconstruction and resurrection
(i.e., the functional expression of inferred ancestral nodes in modern microbes), “pa-
leoenzymologists” are bringing back protein sequences from long-extinct organisms in
an attempt to scrutinize the events of natural molecular evolution. From a strict protein
engineering point of view, resurrected enzymes may exhibit a range of appealing
biochemical traits, such as stability, promiscuity, and heterologous expression, all of
which characteristics may be interesting to instill in modern enzymes (5-12). Under the
assumption that ancient microorganisms could not afford a broad repertoire of spe-
cialist enzymes (due to the high associated metabolic cost), the majority of the tasks
within ancestral microorganisms were performed by just a few generalist biocatalysts,
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which in turn had to adapt to the harsh environments of ancient earth (particularly
those in the Precambrian period) (13-16). As such, it seems plausible that ancestral
enzymes might be suitable workhorses for directed evolution enterprises aimed at
reviving more promiscuous activity or promoting the evolution of enzymes toward
functions apparently never explored in nature (6, 7, 16-19). We recently showcased the
first proof of concept where directed evolution and ancestral resurrection were aligned
to improve the expression, mutational tolerance, and stability of a Precambrian
RubisCO. These studies open novel engineering opportunities that could also be
transferred to other enzyme systems (6).

Laccases are multicopper oxidases that act on a wide variety of compounds, using
oxygen from the air as the final electron acceptor and producing water as the only
by-product (20-22). Their catalytic cycle involves one Cu atom at the T1 site for the
oxidation of the reducing substrate and the T2/T3 trinuclear Cu cluster for the reduction
of molecular oxygen. High-redox-potential laccases secreted by white rot fungi are in
high demand due to their superior catalytic performance and versatility (23-25).
However, fungal laccases need to be adapted to the harsh demands of industry, such
that their heterologous expression, activity, and/or stability at extreme temperatures or
pH values can be included in the priorities of the engineering wish list (26-32).

In this study, we have reconstructed and resurrected several ancestral nodes of
fungal laccases dating back ~500 to 250 million years (estimated). Biochemical bench-
marking with a modern counterpart (32) revealed improved heterologous expression in
yeast, coupled to a broader pH activity and stability profile. To prove the versatility of
ancestral laccases, the Mesozoic node was subjected to structure-guided evolution
toward the oxidation of 1,3-cyclopentanedione, a B-diketone initiator used for vinyl
polymerization reactions.

RESULTS AND DISCUSSION

Reconstruction and resurrection of ancestral laccases. (i) Ancestral reconstruc-
tion and sequence analysis. Using the PM1 high-redox-potential laccase (PM1L) from
basidiomycete as a query sequence (32), we reconstructed three ancestral laccase
nodes: LacAnc95, LacAnc98, and LacAnc100, Fig. 1. The TimeTree of Life was employed
to locate the ancestral nodes at the phylogenetic level, dating them back 500 to 252
million years (at the beginning of the Phanerozoic eon), within the appearance of the
common ancestor of some Basidiomycota, in the early Cambrian period (LacAnc95),
and the common ancestors of Agaricomycotina and Agaricomycetes, in the Mesozoic
era (LacAnc98 and LacAnc100) (33) (Fig. 1 and 2; Fig. S1 and S2 in the supplemental
material). Indeed, the prelude of the Mesozoic era, the Permian-Triassic extinction,
spawned environmental stress and disturbance, factors that accelerate the genetic
response for living organisms to survive (34), so that new biochemical traits arose.
Given the large difference in the protein sequence between modern and ancestral
nodes (roughly 40% amino acid difference between LacAnc95 and modern PM1L) (Fig.
2C), we made a multiple-sequence alignment (MSA) to reveal the number of positions
in the resurrected enzymes not present in any other laccase registered to date. After
analyzing over 100 basidiomycete laccases from the NCBI database, no positive
matches were found. These results are not unexpected since the calculations for the
probabilities for every single amino acid are strongly affected by the number of times
that each residue is present in the sequences employed in the reconstruction. When we
made the biochemical characterization of the resurrected ancestral nodes (see below),
we compared them to the OB-1 variant, the product of eight generations of directed
evolution performed on the PM1L to enhance secretion, activity, and stability (32). OB-1
carries the following mutations in the mature protein: V162A-H208Y-5224G-A239P-
D281E-S426N-A461T. To discern whether any of these substitutions that increased
activity and secretion were ancestral mutations, we aligned the OB-1 laccase sequence
with the reconstructed nodes (Fig. 2B). The $224G substitution was the only ancestral
mutation found in the OB-1 variant, as a Gly residue at the same position appeared in
the three ancestral laccase nodes, whereas a Ser was in this place in modern PM1L. The
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FIG 1 Phylogenetic tree generated from the amino acid sequences of 87 different laccases sequences. The nodes whose sequences were selected for resurrection
are depicted as squares. Green square, LacAnc95 the common ancestor of some Basidiomycota; yellow square, LacAnc98, the common ancestor of Agaricomycotina;
red square, LacAnc100, the common ancestor of Agaricomycetes. The TimeTree of Life (available at http://www.timetree.org/) was employed to locate the ancestral
nodes at the phylogenetic level. The tree was designed with FigTree software v.1.4.1 (available at http://tree.bio.ed.ac.uk/software/figtree/).

effect of this ancestral mutation on the total activity (the product of specific activity and
secretion) was indeed dramatic, with an improvement of 7-fold over PM1L (32). In
contrast, A239P, S426N, and A461T substitutions were “suppressed-ancestral” muta-
tions because the original residues were mostly present in the ancestral nodes as well
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FIG 2 Comparison between modern and ancestral/resurrected laccases. (A) Amino acid differences (in surface mode)
in LacAnc95 (green), LacAnc98 (yellow), and LacAnc100 (red) relative to PM1L. (B) Multiple sequence alignment of
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as preserved in PM1L (Fig. 2B). The remaining substitutions could not be assigned as
ancestral mutations, which addresses that the improved secretion and activity of OB-1
were not directly connected to ancestral mutations, with the notable exception of
S224G. It is also worth noting that in a recent work we applied an in-house consensus
mutagenesis method to insert 18 ancestral/consensus mutations in OB-1, some of
which promoted a strong effect in thermostability, kinetic values, and secretion (35). As
such, these results open a venue to combine consensus mutagenesis and ancestral
resurrection aimed at engineering more robust and efficient fungal laccases.

(ii) Resurrection of ancestral nodes. The three ancestral nodes were cloned in
Saccharomyces cerevisiae, the most common host for directed evolution of fungal
laccases (31), and laboratory evolved and/or chimeric versions of the a-factor prepro-
leader from S. cerevisiae (M, aP<t, pre-a-prokiller) were attached to each node to
enhance their secretion, which was then evaluated (Fig. S3) (32, 36-38). Regardless of
the node, the highest secretion levels in microtiter fermentations (cultures in 96-well
plates used for laboratory evolution) were obtained using the aP<- signal sequence,
which is in good agreement with our previous observations (36). To optimize the
culture conditions further, the supernatant from microtiter fermentations of all
constructs was screened. As a result, and when assessed with a supply of ethanol
at 30°C, those expressing LacAnc98 and LacAnc100 fusions attached to aP<t displayed
the highest activity in the microtiter plate supernatants (and were readily detectable for
a directed evolution campaign) (36). These results agree well with former studies which
showed that ethanol may help improve secretion by enhancing cytoplasmic membrane
permeability, as well as by generating a stress response related to protein folding and
exocytosis, whereas the production of fungal laccases is generally promoted at 30°C in
yeast (32, 38). In contrast, LacAnc95 was not expressed in this format, irrespective of the
signal peptide or the culture conditions used.

(iii) Biochemical characterization. The LacAnc98 and LacAnc100 variants were
produced, purified to homogeneity, and characterized biochemically. Unfortunately, we
could not compare the ancestral nodes with the wild-type PM1 laccase (PM1L) pro-
duced by S. cerevisiae due to its poor secretion in this host (0.035 2,2'-azino-bis[3-
ethylbenzothiazoline-6-sulfonic acid] [ABTS] units/liter of supernatant) (32). Instead, we
used the evolved OB-1 laccase for benchmarking with the ancestral nodes. LacAnc98
and LacAnc100 had a molecular mass determined by SDS-PAGE of ~65 kDa, with
~15% glycosylation (estimated from the deglycosylation pattern), as with evolved
OB-1 (32) (Table 1, Fig. S4A). To correctly assess expression, OB-1 had to be fused to
aP<t, the same prepro-leader attached to the Mesozoic nodes, which proved to be a
valuable signal peptide for laccase microtiter expression (36). In this format, the
ancestral fusions showed 10-fold higher secretion than the «”<--OB-1 fusion (10 mg/
liter versus 1 mg/liter), which is particularly striking in light of the general difficulties
found when native fungal laccases are heterologously expressed. Indeed, fungal lac-
cases typically require exhaustive directed evolution to achieve reasonable levels of
secretion (32, 36, 38, 39), and our findings show that protein resurrection can bypass
laccase expression problems by inferring and expressing a relatively close ancestor.

Kinetic stability was assessed by measuring the half-life of inactivation (t, ,), defined
as the time required for the laccase to lose 50% of its initial activity after incubation at
a given temperature. When stability was measured at 50°C and pH 3.0, both ancestral
nodes outperformed the modern laccase in terms of t,,, by roughly 55 min (Fig. 3A,

FIG 2 Legend (Continued)

PM1L, OB-1, and ancestral laccases. Expected motifs are highlighted in colors (pink, beta sheets; gray, alpha helices;
blue, loops). Mutations found during the directed evolution of PM1L to OB-1 are highlighted in bold and underlined.
An asterisk indicates positions with a fully conserved residue, a colon indicates conservation between groups of
strongly similar properties, and a period indicates conservation between groups of weakly similar properties. (C)
Number of amino acids different from PM1L and billion years old between the ancestral nodes. The multiple
sequence alignment was performed with Clustal Omega V1.2.4, available at http://www.ebi.ac.uk/Tools/msa/
clustalo/. The structures were modeled using the PDB code 5ANH and the Phyre2 server (Protein Homology/analogY

Recognition Engine V 2.0), available at www.sbg.bio.ic.ac.uk/phyre2.
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TABLE 1 Biochemical features of wild-type PM1L, evolved OB-1, and resurrected nodes

Feature PM1Le OB-1 LacAnc98 LacAnc100
MW (kDa)® 56 60 65 65

ple 54 5.1 5.1 4.8
Glycosylation (%) 6 12 15 15

t;,» at 50°C and pH 3.0 (min) ND 9 52 65

t,» at 70°C and pH 6.0 (min) ND 25 4 5
Optimum pH for ABTS 2-3 2-3 2-3 2-3
Optimum pH for DMP 4 4 4 5
Optimum pH for K,Mo(CN)g ND 2 2 2
Optimum pH for guaiacol ND 4 5 5

aPPM1L from the original basidiomycete PM1. Data were extracted from reference 40. ND, not determined.
bThe predictions of pl and molecular weight (MW) were calculated using the ExPASy Compute pl/molecular
weight (MW) tool, available at https://web.expasy.org/compute_pi/.

Table 1). In contrast, the t,,, at 70°C and pH 6.0 of OB-1 surpassed that of the ancestral
laccases by 20 min, indicating a strong effect of pH on overall stability; i.e., thermosta-
bility values were dependent on the pH at which the assay was performed (Fig. 3B,
Table 1). In light of these results, we studied pH stability in the range of pH 2.0 to 9.0,
at room temperature. LacAnc100 showed a general broader stability along the pH
range than OB-1 (Fig. 4B and C). Specifically, LacAnc100 retained good stability at acidic
pH values and even after long incubation periods (144 h) at pH 2 to 3, conditions in
which the residual activity of the modern laccase was hardly measurable. Indeed, this
improvement in the stability of LacAnc100 relative to that of OB-1 was enhanced by a
gradual increase in acidity (Fig. 4D). LacAnc98 also showed higher stability than OB-1
at acidic pH values, but to a lesser extent than LacAnc100, whereas OB-1 seems to be
a little bit more stable at the pH range of 5 to 6 (Fig. 4A to C). Long-term stability at
acidic pH values for fungal laccases is an attractive biotechnological feature, as many
industrial and environmental processes happen at the pH range of 2 to 5. Generally,
differences in activity and stability profiles are the combined consequence of interac-
tions like salt bridges, hydrogen bonds, and hydrophobic contacts. Despite the protein
sequence differences between LacAnc100 and modern PM1L (134 different residues),
the molecular homology models showed a presumed overall similar structural folding,
something that can only be concluded by protein crystallization (Fig. 2). As such, we
cannot offer reasonable explanations for the improved acidic pH stability observed in
the resurrected laccase, given that the number of contacts involved are difficult to link.
However, our results are in good agreement with previous protein resurrection studies
in which the stability/activity/expression were improved without substantial structural
modifications, suggesting conformational flexibility as the key driving trait of ancient
enzymes expressed in modern hosts (6, 7).
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The pH activity profile was measured for phenolic (2,6-dimethoxyphenol [DMP]
and guaiacol) and nonphenolic (2,2'-azino-bis[3-ethylbenzothiazoline-6-sulfonic acid]
[ABTS]) compounds, as well as for potassium octacyanomolybdate (K,Mo[CN]g, an
inorganic transition metal complex) (Fig. 5, Table 1). A deviation of LacAnc100 (and to
a lesser extent for LacAnc98) toward more alkaline pH was observed for all substrates
except for ABTS, with a shift in the optimum pH of activity from 4.0 to 5.0 for the two
phenolic substrates.

Steady-state kinetic constants were measured with a panel of laccase substrates
(Table 2) and the catalytic efficiency of LacAnc98 was around 1 order of magnitude
lower than that of OB-1 for all the substrates assayed. Conversely, LacAnc100 and OB-1
had similar kinetic values except when ABTS was the substrate, for which the K., of the
ancestral laccase was 10-fold higher than that of the extant one. It is important to note
that the kinetic constants of the PM1L produced homologously by the fungus are in the
same order as those for OB-1, which was intensively evolved to achieve high activity
and secretion in yeast (32). This implies that the activity of the PM1L might be
severalfold lower when the enzyme is expressed in S. cerevisiae than when expressed
in the original fungus, as also witnessed for other laccases expressed in yeast (39, 40).

In summary, through ancestral resurrection we have obtained a fungal laccase with
high levels of secretion when expressed in a heterologous system and with catalytic
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FIG 5 pH activity profiles. White circles, OB-1; black circles, LacAnc98; black triangles, LacAnc100. Activities were measured at room
temperature in 100 mM citrate/phosphate/borate buffer at different pH values with 1 mM ABTS (A), 5 mM DMP (B), 5 mM K,Mo(CN), (C),
or 50 mM guaiacol (D) as the substrates. Laccase activity was normalized to the optimum activity value and each point, including the
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pH

standard deviation, comes from three independent experiments.

constants similar to those of the evolved OB-1 variant, yet with enhanced pH stability. These
characteristics were obtained without passing through the time-consuming process of
iterative random mutation, recombination, and screening of a directed-evolution experi-

ment.

TABLE 2 Kinetic parameters of evolved OB-1, LacAnc100, and LacAnc98 expressed in yeast and the PM1L from the original

basidiomycete PM1¢

Applied and Environmental Microbiology

3.0 4.0 5.0

7.0 8.0 9.0

3.0 4.0 5.0

7.0 8.0

Substrate Kinetic constant OB-1 PM1L® LacAnc100 LacAnc98
ABTS K., (mM) 0.0070 = 0.0006 0.0081 *+ 0.0007 0.060 = 0.001 0.069 *+ 0.002
Keae (571) 690 = 20 272 %7 1,325.60 = 0.06 468.44 = 10
Keo/Ko (MM~—T 571 106,073.8 33,580 23,054.2 6,711.17
DMP Ky (mM) 0.15 £ 0.01 0.12 £ 0.01 0.50 = 0.02 0.42 +0.02
Ky (s 565+ 13 153 + 4 600 = 10 238 %5
Keo/Ko (MM—T 571) 3,842.6 1,093 1,217.3 569.76
Sinapic acid K (mM) 0.32 £0.02 0.048 + 0.001 0.33 +£0.07 0.23 £ 0.04
Kege (s1) 741.0 + 14.1 45 +3 520 + 55 129 = 11
k /K., (MM~151) 2,286.4 923 1,580.0 569.16
Guaiacol K, (mM) 2604 1.16 = 0.03 6.7 0.7 8.7+0.3
Koy (s71) 117 +6 65.9 * 0.5 140 +5 372+05
k /K., (MM~15-1) 44.6 57 21.0 428

aKinetic constants were estimated at room temperature in 100 mM sodium phosphate/citrate buffer pH 4.0 for ABTS and pH 5.0 for DMP, sinapic acid, and guaiacol.
All reactions were performed in triplicate.
bData extracted from reference 40.
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FIG 6 Screening assay design based on 1,3-cyclopentanedione. (A) Activities of the ancestral enzyme plotted in descending order for the
1,3-cyclopentanedione assay. S. cerevisiae cells were transformed with PjRoC30-LacAnc100 and plated on SC plates. Individual colonies were
picked and inoculated in a 96-well plate. The activities of the clones were evaluated from fresh supernatant preparations. Dashed lines
indicate the coefficient of variation of the assay. (B) UV-VIS spectrum of 1,3-cyclopentanedione in the presence of laccase supernatants.
Reaction mixture at t = 0 (solid line) and t = 40 h (dashed line). Maximum absorbance peak was at 450 nm.

Directed evolution of the ancestral laccase. As a proof of concept that LacAnc100
could be modified in new directions, we carried out a preliminary directed laccase
evolution experiment toward the oxidation of B-diketones, an engineering goal that
has not been accomplished before. B-Diketones are a special class of redox mediators
known as initiators that are oxidized by laccases to trigger the polymerization of vinyl
monomers, and are themselves incorporated into the final polymeric structure of
polystyrene or polyacrylamide (41-45). Although using B-diketones to initiate vinyl
polymerization is an attractive alternative for replacing aggressive chemical methods,
laccases only oxidize them poorly (42, 46, 47). We thus carefully examined the
B-diketone family of compounds and chose 1,3-cyclopentanedione to design a high-
throughput screening (HTS) assay for laboratory evolution. The maximal absorbance of
this yellow, soluble molecule occurs at 460 nm, whereas upon oxidation by laccase it
becomes orange and shifts its absorbance to 450 nm. The HTS assay was validated by
establishing the linearity and coefficient of variance (15%) using fresh supernatants
produced in microcultures (Fig. 6). Two consecutive rescreenings were performed to
rule out false positives.

To increase the activity of LacAnc100 toward 1,3-cyclopentanedione, we performed
a small directed-evolution campaign (~5,300 screened clones) that combined classical
directed evolution (i.e, mutagenic PCR) with structure-guided evolution by combina-
torial saturation mutagenesis and site-directed recombination. We first constructed a
random point mutagenesis library on the whole LacAnc100 gene (excluding the signal
peptide). With a mutational frequency of 1 to 4 mutations per kilobase (confirmed by
sequencing of random variants) and after screening ~1,600 clones, no improved
variants were found, which suggests that the desired activity might possibly require
remodeling of the active site and may not be accessible by point mutagenesis. Thus, we
decided to turn to structure-guided evolution by mapping residues potentially involved
in B-diketone binding at the T1Cu site of LacAnc100 (Fig. 7). Our model pointed to
several residues at the second coordination sphere of the T1Cu site (Pro163, Val165,
and lle265) as potential candidates for combinatorial saturation mutagenesis (CSM) (29,
48, 49). We constructed two independent CSM libraries: library | (Pro163-lle265) and
library Il (Val165-lle265). After screening ~3,200 clones, we identified two improved
variants, P163R-1265] and V165R-1265F, from libraries | and II, respectively. To analyze
potential synergies between mutations P163R, V165R, and 1265F, an additional in vivo
site-directed recombination (SDR) library was constructed and screened (480 clones,
Fig. S4B), identifying the P163R-V165R mutant (Fig. S5). This double mutant produced
oxidation rates for 1,3-cyclopentanedione that were 160% of those of the parental
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FIG 7 Details of the catalytic pocket in modern and ancestral laccases. (A) OB-1 modern evolved laccase. (B) LacAnc100
resurrected laccase. Protein surface is shown in gray and secondary motifs in olive cartoon. Residues submitted to
saturation mutagenesis are represented as dark blue sticks, while residues involved in the first coordination sphere of the
T1Cu are marked as light cyan sticks. T1Cu is represented as a cyan sphere. The model of LacAnc100 was made using the
Phyre2 server (Protein Homology/analogY Recognition Engine V 2.0), available at www.sbg.bio.ic.ac.uk/phyre2. OB-1

mutations were modeled on PDB 5ANH by PyMOL (Schrodinger, LLC [http://www.pymol.org]).

LacAnc100, representing a promising departure point for the future engineering of a
competent laccase that acts on B-diketones.

Conclusions. In this study, we combined ancestral resurrection with the use of
directed-evolution toolboxes to demonstrate that Mesozoic laccases can be generated
and engineered in the laboratory. The improved expression, acid stability, and altered
pH activity profiles of the ancestral laccase are thought to be a consequence of the
adaptive advantages acquired during the Permian-Triassic extinction. However, from a
practical point of view, these characteristics have long been pursued when laccases
have been engineered for industrial use. Indeed, the combination of ancestral resur-
rection and directed evolution may allow a new generation of customized biocatalysts
to be designed, and, by ultimately starting from virgin templates with no potentially
disruptive mutations, the standard restraints in proteins engineered by directed evo-
lution may be overcome. Additionally, the combination of the ancestral laccases
described in this study with new mutations discovered by computational and directed
evolution in modern counterparts could lead to the design of customized laccases with
improved performances in terms of pH stability, activity, and expression (26, 27, 35).

MATERIALS AND METHODS

Strains and chemicals. All chemicals were reagent-grade purity. The chemicals 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), 2.6-dimethoxyphenol (DMP), sinapic acid, guaiacol, potas-
sium octacyanomolybdate(lV) (K,Mo[CN],), and 1,3-cyclopentanedione and the yeast transformation kit
were purchased from Sigma (St. Louis, MO, USA). Zymoprep Yeast Plasmid miniprep and Zymoclean gel
DNA recovery kit were from Zymo Research (Orange, CA). A NucleoSpin Plasmid kit was purchased from
Macherey-Nagel (Diren, Germany). The uracil-independent and ampicillin resistance shuttle vector
pJRoC30 was obtained from the California Institute of Technology (Caltech, CA, USA). The protease-
deficient S. cerevisiae strain BJ5465 (« ura3-52 trp1 leu2A1 his3A200 pep4:HIS3 prb1A1.6R can1 GAL) was
from LGC Promochem (Barcelona, Spain). The Escherichia coli strain XL2-Blue competent cells and Pfu
DNA polymerase were obtained from Agilent Technologies (Santa Clara, CA, USA). Restriction endonu-
cleases BamHI and Xhol were purchased from New England Biolabs (Ipswich, MA, USA). Oligonucleotide
primers were acquired from Isogen Life Science (Barcelona, Spain).

Culture media. Culture media were prepared with the ingredients and recipes described elsewhere
(27).

Reconstruction and resurrection of ancestral nodes. (i) Alignment, phylogeny, and ancestral
sequence reconstruction. Fungal laccase homologs were retrieved from the April 2015 release of the
complete genome database available at the National Center for Biotechnology Information (NCBI) (50).
We deleted those sequences that did not include the four sequence regions identified by Kumar and
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coworkers (51). These regions correspond to laccase signatures that differentiate them from the broader
class of multicopper oxidases. All sequences, including terms such as “hypothetical,” “predicted,” or
“putative,” as well as those sequences from insects or ascomycetes, were discarded, resulting in a set of
120. The sequences were aligned using MUSCLE (available at https://www.ebi.ac.uk/Tools/msa/muscle/)
and a distance matrix was then generated using one minus the sequence similarity as the parameter to
assess the evolutionary distance between two sequences. The distribution for the calculated distances
revealed two different groups, and we found that the major clade of Basidiomycota, the Agaricomyco-
tina, class Agaricomycetes, was overrepresented relative to the rest. For phylogenetic analysis we
employed the 87 sequences closest to the query since MrBayes efficiency strongly depends on sequence
set size. Zygomycota and Ascomycota sequences were also included as outgroups to generate a rooted
tree, making a total of 89 sequences (Table S1 in the supplemental material). The tree topology and the
branch lengths of the trees were estimated from these sequences using the Bayesian method imple-
mented in version MrBayes 3.1.2 (available at http://mrbayes.sourceforge.net/). This analysis used the JTT
model and two independent Markov-chain Monte Carlo runs, each with four chains, and it was
performed for 2,113,000 generations to ensure adequate convergence (0.04). The nodes obtained in the
tree had posterior probabilities higher than 0.8, with very few exceptions. We targeted nodes 95, 98, and
100 in order to explore different alternatives of the tree, the three of them with probabilities close to
unity (Fig. S1). The sequence reconstruction was performed using PAML version 4.4e (available at
http://abacus.gene.ucl.ac.uk/software/paml.html) and with the WAG evolutionary model (available at
http://www.ebi.ac.uk/goldman-srv/WAG/) (Fig. S2). Subsequently, the genes of the proteins encoded by
the most probable sequences at each of the three nodes were synthesized to initiate the experiments
for protein resurrection (i.e., functionally expressed in S. cerevisiae).

Accordingly, the DNAs encoding laccase ancestor node 95 (LacAnc95), laccase ancestor node 98
(LacAnc98), and laccase ancestor node 100 (LacAnc100) were synthesized by ATG:biosynthetics
(Merzhausen, Germany).

(ii) Fusion of ancestral laccase with different signal peptides and expression in S. cerevisiae.
LacAnc95, LacAnc98, and LacAnc100 were fused to different signal peptides for their functional expres-
sion and secretion in S. cerevisiae. The following signal sequences were tested: « factor prepro-leader
from PM1L evolution, the « factor prepro-leader from Pycnoporus cinnabarinus laccase (PcL) evolution,
and the chimeric preaproK from aryl alcohol oxidase (AAO) evolution (32, 36-38). To fuse LacAnc95,
LacAnc98, and LacAnc100 to aPM'and aP<t, the laccase gene was amplified from a pUC derivative using
sense oligonucleotides OB1_95F, OB1_98F, and OB1_100F for ™' and 3PO_95F, 3PO_98F, and
3PO_100F for aP<t and antisense oligonucleotide RMLC for all cases (Table 3). The a-factor-OB1 («®M") (89
residues, including the STE13 cleavage site EAEA) was obtained from pJRoC30-OB-1 using the sense
oligonucleotide RMLN primer and antisense oligonucleotides OB1_95R, OB1_98R, and OB1_100R. The
a-factor-3PO (aP<t) (89 residues, including the STE13 cleavage site EAEA) was obtained from pJRoC30-
3PO using sense oligonucleotide RMLN and antisense oligonucleotides 3PO_95R, 3PO_98R, and
3PO_T00R (Table 3). The three node sequences were synthesized in a pUC derivative with the signal
peptide preaproK-AAO. In order to insert constructions into the pJRoC30 vector, sense oligonucleotide
RMLN and antisense oligonucleotide RMLC were used (Table 3). The amplification reactions were carried
out in a Mycycler thermal cycler (Bio-Rad, USA). PCRs were performed in a final volume of 50 wul
containing 250 nM each primer, 10 ng of template, dNTPs at 200 uM each, 3% (vol/vol) dimethyl
sulfoxide (DMSO), and 0.02 U/ul of iProof high-fidelity polymerase. The PCR program for mature genes
was 98°C for 30 s (1 cycle); 98°C for 10 s, 50°C for 25 s, and 72°C for 60 s (28 cycles); and 72°C for 10 min
(1 cycle). The PCR program for signal peptide was 98°C for 30 s (1 cycle); 98°C for 10 s, 45°C for 30 s, and
72°C for 15 s (28 cycles); and 72°C for 10 min (1 cycle). PCR fragments were cleaned, concentrated, and
loaded onto a low-melting-point preparative agarose gel (Bio-Rad, Hercules, CA), and then purified using
the Zymoclean gel DNA recovery kit (Zymo Research, Orange, CA). PCR products were then mixed with
the previously linearized vector pJRoC30 with Xhol and BamHI (at a PCR product/linearized plasmid ratio
of 4:1) and transformed into competent S. cerevisiae cells (Yeast Transformation kit, Sigma). Reassembling
in vivo upon yeast transformation was performed using ~40-bp overhangs flanking each recombination
area. Transformed cells were plated on SC drop-out plates and incubated for 3 days at 30°C. Colonies
containing the whole autonomously replicating vector were grown, the laccase expression was induced,
and supernatants were tested with laccase substrates (ABTS, DMP, sinapic acid, and guaiacol). Ethanol
together with different culture temperatures were used to assess the expression levels of the different
fusion genes (Fig. S3).

Biochemical characterization. (i) Laccase production and purification. Laccase production and
purification methods were adapted from previous protocols with minor modifications (32, 40). The
purified laccases were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in their glycosy-
lated and deglycosylated forms. The purified enzymes were deglycosylated using peptide:N-glycanase
(PNGase F) (New England Biolabs, Ipswich, MA, USA). All protein concentrations were determined using
the Bio-Rad protein reagent and bovine serum albumin as a standard.

(ii) pH activity profile. Appropriate dilutions of supernatants were prepared with the help of a robot
in such a way that aliquots of 20 ul give rise to a linear response in kinetic mode. Vessels containing
100 mM Britton and Robinson buffer with 1 mM ABTS, 5 mM DMP, 5 mM K,Mo(CN),, and 50 mM guaiacol
were prepared at pH values of 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. The assay started when the different
reactions mixtures of ABTS, DMP, K,Mo(CN),, and guaiacol were added to each well of a 96-well plate.
The activities were measured at room temperature in triplicate in kinetic mode, and the relative activity
(expressed in %) is based on the maximum activity for each variant in the assay.
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TABLE 3 Primers used for the fusion of signal peptides, library creation, and sequencing

Primer Sequence 5'-3'@

RMLN CCTCTATACTTTAACGTCAAGG

RMLC GGGAGGGCGTGAATGTAAGC

OB1_95F GAGAGACTGAAGCTGAATTCGCAGCGACTGTCGTTTATGA
OB1_95R TCATAAACGACAGTCGCTGCGAATTCAGCTTCAGTCTCTC
OB1_98F GAGAGACTGAAGCTGAATTCGCAGCAACCGTTGTGTATGA
OB1_98R TCATACACAACGGTTGCTGCGAATTCAGCTTCAGTCTCTC
OB1_100F GAGAGACTGAAGCTGAATTCGCGATAGGACCTGTGGCAGA
OB1_100R TCTGCCACAGGTCCTATCGCGAATTCAGCTTCAGTCTCTC
3PO_95F GAGGGGCTGAAGCTGAATTCGCAGCGACTGTCGTTTATGA
3PO_95R TCATAAACGACAGTCGCTGCGAATTCAGCTTCAGCCCCTC
3PO_98F GAGGGGCTGAAGCTGAATTCGCAGCAACCGTTGTGTATGA
3PO_98R TCATACACAACGGTTGCTGCGAATTCAGCTTCAGCCCCTC
3PO_100F GAGGGGCTGAAGCTGAATTCGCGATAGGACCTGTGGCAGA
3PO_100R TCTGCCACAGGTCCTATCGCGAATTCAGCTTCAGCCCCTC
163A-F GCTCCCCAGTTGGCCGCTNDTCCGCCCGTCCCAGATAGCAC
163B-F GCTCCCCAGTTGGCCGCTVGHCCGCCCGTCCCAGATAGCAC
163C-F GCTCCCCAGTTGGCCGCTTGGCCGCCCGTCCCAGATAGCAC
163A-R GTGCTATCTGGGACGGGCGGAHNAGCGGCCAACTGGGGAGC
163B-R GTGCTATCTGGGACGGGCGGDCBAGCGGCCAACTGGGGAGC
163C-R GTGCTATCTGGGACGGGCGGCCAAGCGGCCAACTGGGGAGC
265A-F GATAAGAGCGAATCCAAATNDTGGAACGACAGGATTCGCA
265B-F GATAAGAGCGAATCCAAATVGHGGAACGACAGGATTCGCA
265C-F GATAAGAGCGAATCCAAATTGGGGAACGACAGGATTCGCA
265A-R TGCGAATCCTGTCGTTCCAHNATTTGGATTCGCTCTTATC
265B-R TGCGAATCCTGTCGTTCCDCBATTTGGATTCGCTCTTATC
265C-R TGCGAATCCTGTCGTTCCCCAATTTGGATTCGCTCTTATC
165A-F CCAGTTGGCCGCTGCGCCGCCCNDTCCAGATAGCACCCTA
165B-F CCAGTTGGCCGCTGCGCCGCCCVGHCCAGATAGCACCCTA
165C-F CCAGTTGGCCGCTGCGCCGCCCTGGCCAGATAGCACCCTA
165A-R TAGGGTGCTATCTGGAHNGGGCGGCGCAGCGGCCAACTGG
165B-R TAGGGTGCTATCTGGDCBGGGCGGCGCAGCGGCCAACTGG
165C-R TAGGGTGCTATCTGGCCAGGGCGGCGCAGCGGCCAACTGG
163165wtRev GTGCTATCTGGGACGGGCGGCGCAGCGGCCAACTGGGGAGC
163165mutRev GTGCTATCTGGACGGGGCGGACGAGCGGCCAACTGGGGAGC
163165wtFor GCTCCCCAGTTGGCCGCTGCGCCGCCCGTCCCAGATAGCAC
163165mutFor GCTCCCCAGTTGGCCGCTCGTCCGCCCCGTCCAGATAGCAC
265Rev TGCGAATCCTGTCGTTCCRAWATTTGGATTCGCTCTTATC
265For GATAAGAGCGAATCCAAATWTYGGAACGACAGGATTCGCA
FS ACGACTTCCAGGTCCCTGACCAAGC

RS TCAATGTCCGCGTTCGCAGGGA

Lac100Forward CGTTAGCCGTGATAAACGTAGAGCAGGGAAA
Lac100Foward2 GATTCTTTCAACACGGGACAAATTGGGCTGACG

Lac100Mut GCGATAGGACCTGTGGCAGACCTTCACATC

Lac100HF GATGTGAAGGTCTGCCACAGGTCCTATCGC

a0verhangs for pJRoC30, for cloning, are underlined. Overhangs for laccase genes, for cloning, are shown in
italics and underlined. Codons including targeted positions for saturation or recombination are shown in
bold. Mixed bases are represented under the following code: W = A/T; Y = C/T; K = G/T; R = A/G.

(iii) pH stability profile. Appropriate dilutions of supernatants were prepared with the help of a
robot in such a way that aliquots of 20 ul give rise to a linear response in kinetic mode. Samples of 500
wul were incubated at different times over a range of pH values in 100 mM Britton and Robinson buffer
(2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0). Samples of 20 ul were removed at different times (0, 4, 24, 48, 72,
and 144 h) and subjected to the same ABTS-based colorimetric assay described above for the screening.
The activities were measured in triplicate at room temperature in kinetic mode and laccase activity was
normalized to the activity value at time zero for the highest activity obtained.

(iv) Kinetic thermostability and half-life (t,,,). Appropriate dilutions of supernatants were pre-
pared at pH 3.0 and 6.0 with the help of a robot in such a way that aliquots of 20 ul give rise to a linear
response in kinetic mode. Aliquots of 50 ul (from both selected mutants and parent types) were used for
each point of the incubation. A fixed temperature of 70°C and 50°C was established for pH 6.0 and 3.0,
respectively. Samples were removed at different times (0, 5, 15, 25, 35, 55, 75, 95, and 120 min) from the
thermocycler (Mycycler; Bio-Rad) and chilled on ice for 10 min. After this, samples of 20 ul were removed
and incubated at room temperature for 5 min. Finally, samples were subjected to the same ABTS-based
colorimetric assay described above for the screening. Thermostability values were deduced from the
ratio between the residual activities incubated at different temperature points and the initial activity at
room temperature.

(v) Steady-state kinetic constants. ABTS, DMP, sinapic acid, and guaiacol kinetic constants for pure
laccases were estimated in 100 mM sodium phosphate/citrate buffer (at pH 4.0 for ABTS and at pH 5.0
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for DMP, sinapic acid, and guaiacol). Different concentrations for ABTS (0.0025, 0.005, 0.0075, 0.01, 0.0125,
0.025, 0.05, 0.075, and 0.1 mM), DMP (0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, and 1 mM), sinapic acid (0.005,
0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, and 1 mM), and guaiacol (0.1, 0.25, 0.5, 1, 3, 5, 7, 10, and 30 mM) were
mixed with appropriate dilutions of pure OB-1 (0.30 nM for ABTS, 0.60 nM for DMP, 6 nM for sinapic acid,
and 6 nM for guaiacol), LacAnc98 (1.61 nM for ABTS, 8.04 nM for DMP, 32.17 nM for sinapic acid, and
16.08 nM for guaiacol), and LacAnc100 (0.7 nM for ABTS, 1.4 nM for DMP, 13.8 nM for sinapic acid, and
10 nM for guaiacol). Reactions were performed at room temperature in triplicate, and substrate oxida-
tions were followed through spectrophotometric changes (€,,; ABTS™® = 36,000 M~'cm~"; €,,,
DMP = 27,500 M~'cm~'; €, sinapic acid = 14,066 M~"cm~'; and £,,, guaiacol = 12,700 M~'cm~").
To calculate the K, and k_,, values, the average V,,,, was represented against substrate concentration
and fitted to a single rectangular hyperbola function with SigmaPlot 10.0, where parameter a was equal
to k., and parameter b was equal to K, ..

Directed evolution. (i) Random point mutagenesis library. A random mutagenic PCR (excluding
the signal peptide) of LacAnc100 was designed by MORPHING (52). The reaction mixture was prepared
in a final volume of 50 ul containing 10 ng of template, 90 nM of each primer (Lac100Mut and RMLC,
Table 3), 0.3 mM dNTPs (0.075 mM each), 3% (vol/vol) dimethyl sulfoxide (DMSO), 0.03 mM MnCl,, 1.5 mM
MgCl,, and 0.05 U/ul Tag DNA polymerase. The PCR program was as follows: 1 cycle of 94°C for 2 min;
28 cycles of 94°C for 45 s, 50°C for 25 s, and 72°C for 90 s; and 1 cycle of 72°C for 10 min. The signal
peptide « factor-PcL (LacAnc100 signal peptide) was amplified by high-fidelity PCR in a final volume of
50 wl containing 250 nM each primer (RMLN and Lac100HF) [Table 3], 10 ng of template, dNTPs at
200 uM each, 3% (vol/vol) dimethyl sulfoxide (DMSO), and 0.02 U/ul of iProof high-fidelity polymerase.
The PCR program was as follows: 1 cycle of 98°C for 30 s; 28 cycles of 98°C for 10 s, 45°C for 30 s, and
72°C for 15 s; and 1 cycle of 72°C for 10 min. PCR products were treated as reported above and then
mixed with the previously linearized vector pJRoC30 with Xhol and BamHI (at a PCR product/linearized
plasmid ratio of 4:1) and transformed into S. cerevisiae competent cells (Sigma yeast transformation kit).
Reassembling in vivo upon yeast transformation was performed using ~40-bp overhangs flanking each
recombination area. Transformed cells were plated on SC drop-out plates and incubated for 3 days at
30°C. Colonies containing the whole autonomously replicating vector were subjected to high-
throughput screening as described below. Twenty random clones from the library were selected,
plasmids were extracted, and sequencing was performed to verify the mutational loading.

(ii) Combinatorial saturation mutagenesis. Two independent CSM libraries were constructed:
library 1 (Pro163-lle265) and library Il (Val165-1le265). CSM libraries were constructed by the 22c-trick,
combining three primers that allowed a degeneracy of 22 unique codons for the 20 natural amino acids
to occur, decreasing the number of variants under study (53). In library |, position 163 was saturated
using oligonucleotides 163A-F, 163B-F, and 163C-F (sense) and 163A-R, 163B-R, and 163C-R (antisense),
whereas for position 265, oligonucleotides 265A-F, 265B-F, and 265C-F (sense) and 265A-R, 265B-R, and
265C-R (antisense) were used (Table 3). In library Il, position 165 was saturated using oligonucleotides
165A-F, 165B-F, and 165C-F (sense) and 165A-R, 165B-R, and 165C-R (antisense), whereas for position 265,
we used the same oligonucleotides reported in library | (Table 3). PCRs were performed in a final volume
of 50 ul containing 250 nM each primer, 10 ng of template, dNTPs at 200 uM each, 3% (vol/vol) dimethyl
sulfoxide (DMSO), and 0.02 U/pul of iProof high-fidelity polymerase. The PCR program was 1 cycle of 98°C
for 30 s; 28 cycles of 98°C for 10 s, 50°C for 25 s, and 72°C for 60 s; and 1 cycle of 72°C for 10 min. Aliquots
of 200 ng of each PCR product (400 in total) were transformed with linearized plasmid (100 ng) into S.
cerevisiae competent cells. PCR products from each library were transformed independently. PCR
products were treated as reported above and then mixed in equal portions with the previously linearized
vector pJRoC30 with Xhol and BamHI (at a PCR product/linearized plasmid ratio of 4:1) and transformed
into S. cerevisiae competent cells (Yeast Transformation kit, Sigma). Reassembling in vivo upon yeast
transformation was performed using ~40-bp overhangs flanking each recombination area. Transformed
cells were plated on SC drop-out plates and incubated for 3 days at 30°C. Colonies containing the whole
autonomously replicating vector were subjected to high-throughput screening as described below.

(iii) In vivo site-directed recombination library. The SDR method applied in reference 54 was
adapted with several modifications. LacAnc100 was used as the DNA template to insert all possible
mutations/reversions, P163R, V165R, and 1265F, by SDR. PCR1 used oligonucleotide sense RMLN and an
equimolar mix of antisense oligonucleotides 163165wtRev and 163165mutRev (Table 3). PCR2 was
performed with an equimolar mix of oligonucleotides sense 163165wtFor and 163165mutFor and
oligonucleotide antisense 265Rev. PCR3 used sense oligonucleotide 265For and antisense oligonucleo-
tide RMLC (Table 3, Fig. S4B). PCRs were performed in a final volume of 50 ul containing 250 nM of each
primer, 10 ng of template, dNTPs at 200 uM each, 3% (vol/vol) dimethyl sulfoxide (DMSO), and 0.02 U/ul
of iProof high-fidelity polymerase. The PCR program was as follows: 1 cycle of 98°C for 30 s; 28 cycles of
98°C for 10 s, 50°C for 25 s, and 72°C for 60 s; and 1 cycle of 72°C for 10 min. PCR products were treated
as reported above and then mixed in equal amounts, 200 ng from each of the three PCRs products, and
transformed with linearized plasmid (150 ng) into competent cells (Sigma yeast transformation kit).
Reassembling and recombination in vivo upon yeast transformation was performed using ~40-bp
overhangs flanking each recombination area. Transformed cells were plated on SC drop-out plates and
incubated for 3 days at 30°C. Colonies containing the whole autonomously replicating vector were
subjected to high-throughput screening as described below.

(iv) High-throughput screening. Individual clones were picked and inoculated in sterile 96-well
plates (Greiner Bio-One, GmbH, Germany), referred to as master plates, containing 200 ul of selective
expression medium (SEM) per well. The composition of SEM is described elsewhere (27). In addition to
the regular SEM, the SEM without ethanol supply was also used to test the expression of the different
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fusion genes and signal peptides (Fig. S3). In each plate, column number 6 was inoculated with the
parental type, and one well (H1-control) was inoculated with S. cerevisiae transformed with plasmid
pJRoC30-AAO (aryl-alcohol oxidase without activity versus 2,2'-azino-bis[3-ethylbenzothiazoline-6-
sulfonic acid] [ABTS] or 1,3-cyclopentanedione). Plates were sealed with Parafilm to prevent evaporation
and incubated at 30°C, 220 rpm, and 80% relative humidity in a humidity shaker (Minitron, Infors,
Switzerland) for 3 days. The master plates were centrifuged (5810R centrifuge; Eppendorf, Hamburg,
Germany) for 10 min at 2,500 X g and 4°C. Aliquots of the supernatants were transferred from the master
plates to two replica plates with the aid of a robotic station Freedom EVO liquid handler (Tecan,
Switzerland), 80 ul of mixture for B-diketone screening and 20 ul for the ABTS screening. To estimate the
B-diketone activity, 120 ul of 100 mM citrate phosphate buffer (pH 5.0) containing 50 mM 1,3-
cyclopentanedione was added to the replica plates containing 80 ul of supernatant. Plates were stirred
briefly and the absorption at 450 nm was measured in endpoint mode in the plate reader (SPECTRAMax
Plus 384, Molecular Devices, Sunnyvale, CA). Afterward the plates were sealed with Parafilm and
incubated in a shaker at 35°C. Incubation took place for 40 h and then plates were measured again. The
activities were calculated from the difference between the absorption after incubation and that of the
initial measurement normalized against the parental type, LacAnc100, in the corresponding plate. To
estimate the ABTS activity, 180 ul of 100 mM citrate phosphate buffer (pH 4.0) containing 1 mM ABTS was
added to the replica plates containing 20 ul of supernatant. Plates were stirred briefly and the absorption
at 418 nm (g,,5 ABTS®** = 36,000 M~'cm~") was followed in kinetic mode in the plate reader. To rule
out false positives, two consecutive rescreenings were carried out according to the protocol previously
reported (32). A total number of 5,280 clones were screened: 1,600 clones from the mutagenic PCR
library, 1,600 clones from CSM library I, 1,600 clones from CSM library I, and 480 clones from the SDR
library.
DNA sequencing. Plasmids containing laccase variant genes were sequenced by GATC-Biotech. The
samples, prepared with 5 ul of 100 ng/ul plasmid and 5 ul of each 5 uM primer, were as follows: RMLN,
FS, RS, and RMLC for extant laccase and RMLN, LacAnc100Forward, LacAnc100Forward2, and RMLC for
ancestral laccase and mutants (Table 3).
Protein modeling. The structural model of wtPM1L at a resolution of 249A (1 A=0.1nm) (PDB
code 5ANH) was used to map the mutations. LacAnc100 was modeled by the Phyre2 (Protein Homology/

analogY Recognition Engine V 2.0) server, available at www.sbg.bio.ic.ac.uk/phyre2.
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