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Materials and methods — complementary information

1. Influence of the temperature on the pH of the aaate buffer - Correction of the activity to
pH 4.5

During the test to assess the influence of the éeatpre on laccase activity, the pH of the acetate
buffer in the cuvettes decreased when the temperatareased, from pH 4.62 at 10°C to pH 4.05 at
70°C, following a linear relation (valid betwe@n= 2 and 70°C, R 0.993): pH= -0.0099 (°C) +
4.715(Fig. S1 a).
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Fig. S1 a. Influence of temperature on the pH of mM acetate buffer (pH 4.5 at 25°C). b. Influencef the pH on the ABTS
activity of T. versicolor laccase. c. Influence of the pH on the ABTS actiyitof S. cyaneus laccase. Activities are given relative to
that at pH 4.5 (set at 100%)

The laccase activity with ABTS increased when thedecreased from 5 to 4 (Fig. S1 b and c).
Therefore, to assess the temperature effect alathewt the pH effect, the measured activity values
(Apn) were corrected to an equivalent activity at ptb 4A45) with the following relation:

A,s = f,5 A, . The correction factorf s, determined by regression, were, Torversicolor laccase
(valid from pH 3 to 6, R 0.999): f,, =—0.5601pH + 3.5537, and forS. cyaneus laccase (valid from
pH 4.110 5.6, R 0.995):f,, = 0699pH® - 10036pH? + 46829pH — 70201.
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Results — complementary information
2. Fitting of a bi-exponential model to laccase aiefty stability

The results of the laccase stability tests werteditwith a bi-exponential equation able to model
various mechanisms of enzyme inactivation (Eq.Aynfard and Belarbi 2000) by non-linear least
squares regression using Matlab (MathWorks, USAdh W and A; the activity at time 0 and at
incubation timet respectivelya andb the pre-exponential factors, akdandk, the apparent first
order rate constants:

% =aexpkt)+b exptk,t) (Eq. 1)

The results of the fitting, the best-fit coefficierof the model and the estimated half-life of ks at
different pH are presented in Table S1. In pureewdgboth enzymes) and at pH 9 fog,Lthe
inactivation followed a simple exponential deckyandk; being equal (Table S1). Except for pH 5,
6 and 7 for k. where the time series were too short to have dentie in the fitted model, a bi-
exponential model was necessary to reproduce thavimur observed.

Table S1Best-fit set of coefficients of the bi-exponentiahodel (Eqg. 1) fitted to the laccase stability resudtand calculated half-
life at different pH values

S. cyaneus pH 3 pH 4 pH 5 pH 6 pH 7 pH 8 pH9 Pure®
2

R 1.000 0.993 0.985 0.990 0.883 0.997 0.955 0.939

a 0.132 0.351 0.509 0.503 0.502 0.175 0.426 0.428
ki1 [d'l] 7.581 2.035 0.674 0.444 0.098 0.007 0.008 0.284

b 1.641 0.614 0.509 0.504 0.506 0.806 0.561 0.792
k2 [d'l] 915.486 18.518 0.674 0.444 0.098 0.123 0.008 0.284
ty[d] 0.0016 0.063 1.1 1.6 7.1 7.2 81.9 3.1

T.versicolor  pH 3 pH 4 pH 5 pH 6 pH 7 pH 8 pH9 Pure®
2

R 0.998 0.997 1.000 0.999 0.997 0.994 0.992 0.994

a 0.653 0.038 0.149 0.682 0.791 0.807 0.736 0.531
ki1 [d'l] 0.591 0.012 0.038 0.030 0.010 0.010 0.012 0.132

b 0.343 0.930 1.013 0.388 0.241 0.244 0.233 0.637
K2 [d'l] 36.717 0.230 0.170 0.134 0.133 0.256 0.382 0.132
ty2[d] 0.45 3.0 5.8 14.4 47.3 47.3 33.6 6.4

R%: coefficient of determination of the fitting, andb : pre-exponential factor&,. andk 2: apparent first-order
rate constants [(11, andt/2: calculated half-life of the laccase [d]
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3. Fitting of a variable order reaction model to the oxidation of micropollutants with laccase

The results (residual concentrations) of the mighopant oxidation experiment were fitted by non-
linear least squares regression with a variablerordaction model (two coefficients, Eq. 2), as
proposed by Margot et al. (2013), taking an initi@ahcentratiorCy of 1 (arbitrary units as the initial
concentration was always constat)is the residual concentration after a reactioreti the order

of the reaction, anklthe apparent variable order rate constant:

d
0 0

The results of the fitting, the best coefficients tbe model and the estimated half-life of the
pollutants at different pH values are presentedable S2. The order of reaction varied mainly
between 1 and 3, as observed also by Margot €Gil3).

Table S2 Best-fit coefficients of the variable orderreaction model for the degradation of bisphenol A,diclofenac and
mefenamic acid and their respective half-lives atitferent pH values

Bisphenol A Diclofenac Mefe namic acid
S. cyaneus T. versicolor S. cyaneus T. versicolor S. cyaneus T.versicolor  Control
pH 5 pH 5 pH 5
R® 0.997 0.997 0.985 0.993 0.992 0.999 0.996
X 1.596 2.167 2.547 1.986 1.321 2.696 2.936
k 3.936 7.623 0.925 2.763 7.733 339.154 34.015
ty [N] 5.2 3.4 32.2 8.6 2.4 0.09 1.0
pH 6 pH 6 pH 6
R’ 0.993 0.998 0.982 0.999 0.997 1.000 0.969
X 0.998 2.964 2.175 1.729 1.814 1.437 2.382
k 2.553 233.949 0.469 9.868 1.667 23.333 0.124
ty [N] 6.5 0.15 54.8 2.2 13.4 0.83 225
pH 7 pH 7 pH 7
R’ 0.995 0.994 0.980 0.999 0.993 0.998
X 0.984 1.190 3.120 1.270 4.014 1.438
k 1.566 3.939 0.251 1.402 0.204 0.741
tyo [h] 10.6 4.5 151 13.0 276 26.2

R’: coefficient of determination of the fitting,; order of the reactiork: apparent variable-order rate constant, and calculated half-
life of the micropollutants [h]
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4. Evolution of extracellular laccase activity andiomass inS. cyaneus cultures
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Fig. S2 Evolution of the extracellular laccase actity (m, right axis) and intracellular protein content (¢, left axis, indicator of
the biomass) ofS. cyaneus culture (in modified ISP9 medium with soy flour 10g ). Intracellular proteins were measured with
the Bio-Rad DC protein assay kit in the supernatanbf pre-washed cells, lyzed by sonication (15 pulsef 3 s at 100 W)



Margot et al. (2013) Supporting information AMB Egps

5. Characterization of the commercial laccase prepation from Trametes versicolor from
Sigma

The commercially available laccase preparation fimametes versicolor obtained from Sigma (Ref.
38429) was analyzed by separating the proteinspdfd concentrated laccase solutions (40 and 5 g
Iy by sodium dodecylsulfate polyacrylamide (12%) gkctrophoresis (SDS-PAGE), following
Sambrook et al. (1989). The SDS-PAGE was done anth without 10 min boiling of the proteins.
Prior to staining the proteins with Coomassie iarilt blue, one of the duplicate gels was incubated
acetate buffer 100 mM, pH 4.5, with 0.5 mM ABT Sdietect the laccase activity.

As presented in Fig. S3, the commercially availalblecase preparation contains a mixture of
different proteins, from 17 to ~80 kDa, with a nrajmand around 66 kDa, which corresponds
approximately to the reported mass of the bestatherizedT. versicolor laccase isoenzymes
(Bourbonnais et al. 1995; Moldes et al. 2004). &mprotein bands from this laccase preparation
were also observed by Wang et al. (2012). Despdeadenaturing properties of the SDS gel, laccase
activity was observed in at least two distinct mmdthe gel with unboiled samples, around 40 kDa
and 66-70 kDa, suggesting the presence of at Ieastenzymes with laccase activity in the
preparation. The 40 kDa protein showed lower intgnsith Coomassie staining but had high
laccase activity, suggesting that this proteimissteither very active or more resistant to deaitur
than the 66-70 kDa protein. These data show clethdy the commercially available laccase
preparation contains a mixture of different prageseveral of which displaying laccase activity.

116 kDa

66.2 kDa

45kDa

35kDa

25kDa

18.4kDa

14.4kDa

Fig. S3 SDS-PAGE of commercially available laccasegparation from T. versicolor from Sigma (Ref. 38429). Lanes 1-5 and
lane 9: Coomassie staining; Lanes 6-8: laccase adyvwith ABTS (0.5 mM in acetate buffer 100 mM pH 45). Lane 1: protein
ladder (Fermentas); Lanes 2 and 3: 12%ug boiled and unboiled laccase, respectively; Lanes a&hd 5: 1 mg of boiled and
unboiled laccase, respectively; Lanes 6-8: 1 mg ofhboiled laccase recorded after increasing incubatiotime in ABTS solution
(in green); Lane 9: same lane as 6-8 after additioh€oomassie staining. Arrows: bands of proteins pigent in the commercially
available laccase preparation
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6. Comparison of “commercial” versus “in house-prodiced” Trametes versicolor laccases

Trametes versicolor is known to produce two main laccase isoenzymés slightly different kinetic
properties (Moldes and Sanroméan 2006). The prapodf these two isoenzymes is reported to
change depending on the growth substrate, esperiathse of addition of lignocellulosic material
(Moldes et al. 2004). Thus, the commercially avdddaccase preparation frofnametes versicolor
obtained from Sigma (Ref. 38429) may not be fullgresentative of the laccase produced in a
biofilter system with wood chips as the substraigg®rt. To assess if there was significant diffeeen
on micropollutant oxidation kinetics by both lacegseparations, we compared the oxidation
kinetics of three micropollutants, bisphenol A (BPdiclofenac (DFC) and mefenamic acid (MFA),
by either the commercial laccase (from Sigma) ocdae produced on wood substrate.

Laccase production on wood substrate

T. versicolor was grown in a glass column (used as a trickliibgy¥ on oak wood by addition of
mycelium inoculum on moistened autoclaved wood hince the wood was completely colonized
by the mycelium, a synthetic wastewater contaimmcro and macro nutrients (Borras et al. 2008),
4 g I'* of glucose and 10 mM MOPS buffer (pH 7), was ffdtéthrough the colonized wood chips as
in a trickling filter. The water was continuoushcirculated and laccase activity was regularly
monitored. After 3 d of recirculation, when theidity reached 2000 UY, the solution was filtrated
at 0.22 um and used as “produced on-site” laccasmpation.

Micropollutants oxidation essay

Oxidation of a mixture of three micropollutants, BBFC and MFA, at 20 mg" was conducted as
described in the main manuscript, in 20 mM citpa@@sphate buffer at two different pH values: 5.8
and 6.8. “Produced” or “commercial”’ laccase prepang were added to the reaction mixture at the
same initial activity of 570 to 580 U'l To have similar reaction mixture compositionsaEsn both
experiments, the same amount of “produced” lacpesgaration was also added, after heat
inactivation, to the solution containing commerd#aicase. Indeed, the “produced” preparation
contained some organic substances leached fromdbe substrate that may have an effect on the
oxidation kinetics. Micropollutant concentration sm&ien followed during 10 h as described in the
main manuscript. Duplicate experiments were coretlat 25°C.

Results

As presented in Fig. S4, for both pH values tedteth laccase preparations had very similar
oxidation kinetics for BPA and MFA, with no sigraéint difference in the degradation rates. For
DFC, the commercial laccase preparation was slidédls efficient at both pH values than the
“produced” one, but with less than 10% differentéhie removal rates. These very similar oxidation
kinetics observed at two different pH values oréhdifferent micropollutants show that the
commercial laccase preparation is representatvenicropollutant oxidation, of the laccase
produced on wood substrate in a trickling filter.
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Fig. S4 Residual concentrations of (a) bisphenol BPA), (b) diclofenac (DFC) and (c) mefenamic aci¢MFA), as a function of
the reaction time with commercial (from Sigma) é,A) and produced (on wood substrate)q,0) laccase preparations fromT.

versicolor, at pH 5.8 and 6.8, 570-580 U'| 25°C. Average and values (error bars) of duplicat Lines: variable order reaction
model fitted to the data
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7. Evolution of pH during the laccase stability tess- Example for the incubation at an initial pH
of 4
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Fig. S5 Evolution ofS. cyaneus laccase activity incubated at 25°C in citrate-phgshate buffer at an initial pH value of 4 and

evolution of the pH due to bacterial growth. Averag and values of duplicates (difference in the dumlate pH values lower than
0.06 unit)
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8. Production of laccase activity in treated wasteater by T. versicolor

Wastewater
A
| Glucose /
600 Wheat straw
Reed /

Poplar branches
Pine wood chips /

4 o m O

400

200 +

T. versicolor laccase activity [U/]]

Incubation time [d]

Fig. S6 Evolution of laccase activity in the superrtant of T. versicolor cultures (25°C, 140 rpm, pH 5-6.8) in sterile tre@d
(activated sludge without nitrification) municipal wastewater with diverse substrates: glucose (10 §)) wheat straw pieces (47 g

I"Y), reed pieces Rhragmites australis, 153 g 1%), poplar (Populus spp., 124 g°F) branches with the bark and pine wood chips
(without bark, 123 g ')
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9. Identification of one laccase candidate fron$. cyaneus culture supernatant

Extracellular crude enzyme preparationSotyaneus culture supernatant was concentrated 80 times
by ultrafiltration as described in the manuscriphd then separated by sodium dodecylsulfate
polyacrylamide (12%) gel electrophoresis (SDS-PA@HDwing Sambrook et al. (1989). A protein
band around 75 kDa corresponding to the prediStexyaneus laccase molecular mass (Arias et al.
2003) was analysed by mass spectrometry (MS) aftpsin digestion and compared to profiles of
peptides generated from availal@eeptomyces genomes and from the deposi®dyaneus laccase
sequence (GenBank HQ857207). This analysis wasonoeetl by the PCF laboratory (EPFL,
Switzerland).

MS analysis of the excised 75 kDa protein band inbth after concentratin@. cyaneus culture
supernatant showed a profile matching with ninequaipeptides (20% coverage) of the deposited
laccase sequence (GenBank HQ857207). This latteteipr sequence shows 84% amino acid
sequence identity with the phenoxazinone synth@bkS) of S. antibioticus (Hsieh and Jones 1995)
(see sequence alignment below). This laccase, alithgseveral othe®treptomyces proteins, form a
distinct multi-copper oxidase family either clagsif as laccase (EC 1.10.3.2) or phenoxazinone
synthase (EC 1.10.3.4). Functional differentiati@ween these two classes is unclear (Le Roes-Hill
et al. 2009). The reporte® cyaneus laccase shows 33% sequence identity with the well-
characterized CotA laccase Bdcillus subtilis (GenBank AAB62305) (Martins et al. 2002), and only
very limited sequence identity with the EpoA laccad S griseus (GenBank BAB64332) (Endo et
al. 2003) or the laccase of versicolor (GenBank CAA77015) (Fig. S7). Despite its relatwkw
sequence homology with other well-characterizeddaes, the structure and active site configuration
of S antibioticus PHS, a close parent & cyaneus laccase, is reported to be very similar to other
laccases, with three conserved cupredoxin-like dlosnd 1 (type 1 Cu centre) where the substrate
oxidation takes place, and a trinuclear Cu clusgiand T3 where the electrons are transferred and
where the reduction of oxygen to water take pldeeg(ita et al. 2003; Smith et al. 2006). Thus,
similar catalytic mechanisms for these enzymeseapected. It is, however, important to mention
that theS. cyaneus laccase activity was measured in the culture sigtant, which might also contain
several other laccases not yet identified or reqobit databases.

11
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10. Comparison of sequences & cyaneus laccase ands. antibioticus phenoxazinone synthase

The amino acids sequences &f cyaneus laccase $cy-laccase, GenBank HQ857207) a&d
antibioticus phenoxazinone synthasga(-PhsA, GenBank AAA86668) are presented below. Ahig
sequence identity (84%, in black) exists betweeah leozymes. The residues that bind the different
copper atoms (active sites T1 and T2, mononuclaad, T3, binuclear) are presented in color,
following Smith et al.(2006). A fifth copper centmeot present in other laccases, was identifieds Th
copper is thought to participate in the stabilifytloe structure but not in the oxidation mechanisms
(Smith et al. 2006). The proteins are separateal timMee main domains, presented with the dashed
lines with different colours.

--- Domain 1 (37-236)-- Domain 2 (237-411)- Domain 3 (439-628)
s type 3 copper-3 binding residues
type 2 copper-4 binding residues New type 2 coppeirding residues

San- PhsA 1 M EQSDRREEPHDGVLADGVL ARV REREQAPE PSR = AN TRV =, T
Scy-1 accase 1 ----MIBl [Q=RET---------- BSDENP =EQ_ET UAPLEVPPVLRPASDDVE
San- PhsA SYRRETEl AL RPYVIWRLHPQL PPTLMAGYDGQVPGPTI EVRRGQRVRI AWINRI PKIESEYPVT]
Scy-1 accase VAN TEI AL RPIAVW/RLHPQLPPTLMAGYDGQVPGPTI EVRRGORVRI AWINRI PKIBSEYPVT
San- PhsA 121 SYRVERCPPETRAP GREGVEPNKDVAAL PAVEVT 5L [ GAQT GGGNDGWADNAVGFQJ
Scy-l accase 107 SYRVYERTOERFOST CREGVEPNKDVAAL PAWSVT GAQT GGENDGWADNAVGFQ
San- PhsA RSN DACQL SEYPNDHQA D AMNI TRANVMAGL YGT YL VRDDEEDAL (€L PSGDREI PLL
Scy-l accase 167 pDRoRSIR{L\bce7 DgAMNI TRAWVMIIGL YGT YLVRDDEEDAL [gl P@GERE| PLL
San- PhsA 2%l ADRNL DTDEDGRLNGRLLHKTMI VQGSNPETGKPVSI PHFGPYIITVNGRI WPYADVDDE
STAVER T -T2l | A\ DRNL DTDEDGRLNGRLL HKTEI VQUENPETGKPVSI PFEGPYNTVNGRI WPYADVDDA
San- PhsA 301 RERLVNASNARI DORPVPGVVHQ GSDGGLLPRPVPVDFOBIL PYL SAAP
Scy-1 accase 287 RERL VNASNARI DONPVPAIVHQ GSDGGL L PRPVPVDFDEAL PRILTAAP
San- PhsA KINAFRFDL L VDFRALGGRRLRL CeAPAQgDPECeVRYPEVVEFRVRECH P
Scy-l accase 347 NSxgeARVDEECcE (CHEAE CRNOPEQYE DPIACBVRYPRVVEFRVRESCEl P
San- PhsA Y yyF\/| SCSFRRVBEDI [HeCGeRL | VL TPPGTKGSGCHPEI VEMAEVIEBRPADVQVPREGVI QVT
Scy-1l accase 407 [RYRSESEREE HgCgRL | VL TPPATKGEGCHPEI WEMIEVONPEDHQVPYEGVI QVT

San- PhsA VAN CADGRTKTYRRTARTFNDGLGFTI GEGIHEQMFLNLEPI E:P LADFQVLGRDAYD
STaVER =T o LI WA CADGR TKTYRRTARTFNDGL GFTI AEGSHEQASFLNLIAPI M =P LADFQEL GRDAYD

San- PhsA 541 DEALGGT REPVRERDEB T[RVPL APNEL GHKDVH CgeL RVMEKFDGAYGRFMY/g]
Scy- | accase 527 DgANGGTRSPHRgD il PLAPNEL GHKDVF CNARL RVMGKFDGAY GRFMY /g
San- PhsA 601 I'LLE EDMG)\MRPFVVMPPEAL KFDHGEAHGERIGHG G
Scy-l accase 587 CHERSHS»YeMGRIVYEETINNE €. creGHOEgE €

12
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11. Phylogenetic tree between different multicoppeoxidases
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Fig. S7 Sequence likelihood analysis of laccases.€eTtdentified laccase ofStreptomyces cyaneus (Scy-laccase, in red, GenBank
HQ857207) was compared (using ClustalX and MEGA4) toharacterized multicopper oxidases (indicated by)* and to protein
sequences found in databases which show a minimaigsience identity of 50% (with >90% sequence lengttoverage)

Legend for microbial species and sequence refeseRce-KatG : Escherichia coli (GenBank: YP_491509), used here to
root the tree;Svi-PHS: Streptomyces viridochromogenes phenoxazinone synthase (WP_003993803)y-PHS:
Streptomyces hygroscopicus (YP_006248289)San-PHS: Streptomyces antibioticus (AAA86668) (Smith et al. 2006);
Sac-PHS: Streptomyces acidiscabies (WP_010360990)Sla-laccase Sreptomyces lavendulae (BAC16804) (Suzuki et
al. 2003); Scl-laccase Sreptomyces clavuligerus (WP_003957540); Shi-PHS:  Streptomyces  himastatinicus
(WP_009715166); Sri-PHS: Sreptomyces rimosus (WP_004571981); Sgr-laccase Streptomyces griseus
(YP_001821963);Bsu-CotA: Bacillus subtilis (AAB62305) (Martins et al. 2002)Bli-CotA: Bacillus licheniformis
(YP_077905) (Koschorreck et al. 2008lth-laccase Thermus thermophilus (YP_005339) (Miyazaki 2005)Ahy-
laccase Aeromonas hydrophila (ACX47357) (Wu et al. 2010)Eco-CueO: Escherichia coli (YP_488426) (Grass and
Rensing 2001);Bha-laccase Bacillus halodurans (AAP57087) (Ruijssenaars and Hartmans 2004¥u-MCO:
Nitrosomonas Europaea multicopper oxidasgPDB 3G5W) (Lawton et al. 2009)Ate-DhgO: Aspergillus terreus
dihydrogeodin oxidase (BAA08486) (Huang et al. 199%e-laccase Trametes versicolor (CAA77015) (J6nsson et al.
1995); Sce-Fet3p: Saccharomyces cerevisiae (CAA89768) (Stoj et al. 2007)Sgr-EpoA: Streptomyces griseus
(YP_001822531) (Endo et al. 200 p-SilA: Sreptomyces ipomoeae (ABH10611) (Molina-Guijarro et al. 2009%co-
SLAC: Streptomyces coelicolor small laccase (CAB45586) (Machczynski et al. 2004)
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