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HIGHLIGHTS: 

 Unspecific peroxygenases (UPOs) are promising biocatalysts for organic 

synthesis. 

 Directed evolution and large scale production are required for UPO applications. 

 A compatible tandem-yeast expression system for UPO engineering and 

production was developed. 

 Evolved UPO in S. cerevisiae is readily over-produced with high yields in P. 

pastoris. 
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ABSTRACT 

Unspecific peroxygenase (UPO) is a highly efficient biocatalyst with a peroxide 

dependent monooxygenase activity and many biotechnological applications, but the 

absence of suitable heterologous expression systems has precluded its use in different 

industrial settings. Recently, the UPO from Agrocybe aegerita was evolved for 

secretion and activity in Saccharomyces cerevisiae (Molina-Espeja et al., 2014). In the 

current work, we describe a tandem-yeast expression system for UPO engineering and 

large scale production. By harnessing the directed evolution process in S. cerevisiae, the 

beneficial mutations for secretion enabled Pichia pastoris to express the evolved UPO 

under the control of the methanol inducible alcohol oxidase 1 promoter. Whilst 

secretion levels were found similar for both yeasts in flask fermentation (~8 mg/L), the 

recombinant UPO from P. pastoris showed a 27-fold enhanced production in fed-batch 

fermentation (217 mg/L). The P. pastoris UPO variant maintained similar biochemical 

properties of the S. cerevisiae counterpart in terms of catalytic constants, pH activity 

profiles and thermostability. Thus, this tandem-yeast expression system ensures the 

engineering of UPOs to use them in future industrial applications as well as large scale 

production. 
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1. Introduction 

Fungal unspecific peroxygenases (EC 1.11.2.1, UPOs, also known as aromatic 

peroxygenases) are heme containing enzymes with a peroxide dependent 

monooxygenase activity (referred to as peroxygenase activity, assisted by a 2-electron 

oxygenation route) [1]. UPO was recently categorized within the fungal heme-thiolate 

peroxidase (HTP) superfamily along with chloroperoxidase (CPO) from Leptoxyphium 

(Caldariomyces) fumago [2]. In nature, the biological function of UPO is not well 

defined although it may be involved in lignin and humus transformation as well as in 

the detoxification of plant compounds. From a biotechnology viewpoint, UPO is being 

considered by many as the most gifted biocatalyst for the selective oxy-

functionalization of organic compounds. Indeed, UPO has been comprehensively 

studied for different types of reactions including oxidation of aromatic and heterocyclic 

compounds, epoxidation of alkenes, hydroxylation of aliphatic compounds, O- and N-

dealkylations and many more (over 300 compounds are currently recognized as UPO´s 

substrates) [3, 4]. Notably, the selective introduction of oxygen functionalities has been 

profoundly studied for P450 monooxygenases, which are typically intracellular 

membrane-bound proteins with a strong dependency on the expensive electron donor 

NAD(P)H and auxiliary flavoproteins [5]. By contrast, UPO is soluble, extracellular and 

stable, being fuelled by catalytic concentrations of H2O2. Despite these advantages, the 

heterologous UPO expression and genetic engineering remain as the main bottlenecks to 

meet the requirements for industrial applications of this enzyme. In 2004, the UPO 

secreted by the edible mushroom Agrocybe aegerita was first described [6, 7]. One 

decade later, we have evolved this enzyme for heterologous functional expression in 

Saccharomyces cerevisiae achieving similar secretion levels as those reported for the 

homologous host [8]. After five generations of directed evolution, the ultimate UPO 
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mutant comprised 9 mutations that enhanced secretion by 1114 folds whilst showing 

high stability in terms of temperature and the presence of co-solvents. The recombinant 

evolved UPO and its evolutionary platform in S. cerevisiae are a suitable point of 

departure towards further engineering goals (from the synthesis of intermediates for 

agrochemicals, like 1-naphthol from naphthalene, to active pharmaceutical ingredients 

like the pain killer paracetamol). However, for such applications UPO expression must 

be scaled up. In the current work, we describe a compatible tandem-yeast expression 

system based on S. cerevisiae for directed evolution and Pichia pastoris for large scale 

fermentation whereby the UPO production and its adaptation to industrial applications 

can be readily accomplished.   

2. Material and Methods 

Strains and chemicals 

The P. pastoris expression vector (pPICZα B), the P. pastoris strain X-33 and 

the antibiotic zeocin were purchased from Invitrogen (Carlsbad, CA, USA). The 

Escherichia coli strain XL2-Blue competent cells were obtained from Agilent 

Technologies (Santa Clara, CA, USA).  Restriction endonucleases EcoRI, XbaI and 

PmeI, the DNA Ligation Kit, the antarctic phosphatase and the PNGase F were 

purchased from New England Biolabs (Ipswich, MA, USA). iProof High-Fidelity DNA 

Polymerase was purchased from Bio-Rad (Hercules, CA, USA). Oligonucleotide 

primers were acquired from Isogen Life Science (Barcelona, Spain).  Zymoclean Gel 

DNA Recovery kit was from Zymo Research (Orange, CA, USA). NBD (5-nitro-1,3-

benzodioxole) was from TCI America (Portland, OR, USA); ABTS (2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)), DMP (2,6-dimethoxyphenol), veratryl 

alcohol,benzyl alcohol and Antifoam 204 were purchased from Sigma-Aldrich (Saint 



6 
 

Louis, MO, USA). PTM1 trace salts were acquired from Invitrogen (Carlsbad, CA, 

USA). All chemicals and media components were of the highest purity available. 

UPO expression in S. cerevisiae 

Evolved UPO expression in S. cerevisiae and purification were carried out as 

described elsewhere [8]. 

UPO expression in P. pastoris 

UPO construct for P. pastoris: The 1113 bp DNA fragment containing the coding 

region of the evolved UPO gene in S. cerevisiae (PaDa-I mutant, [8]) was cloned into 

the expression vector pPICZ-B. The vector pJRoC30-PaDa-I, resulting from previous 

directed evolution work [8] was used to amplify the evolved UPO with the primers 

psnUPO1 DIR2 (5’-ccggaattcATGAAATATTTTCCCCTGTTCCCAA-3’) and UPO1 

REV2 (5’-gctctagaTTATCAATCTCGCCCGTATGGGAAGAC-3’), which included 

targets for EcoRI and XbaI restriction enzymes, respectively (in bold; capital letters 

correspond to UPO sequence). PCR reactions were performed using a thermocycler 

(Mycycler, Bio-Rad, Hercules, CA, USA) in a final volume of 50 μL containing 0.25 

μM of each primer, 100 ng template, 1 mM dNTPs (250 μM each), 3% dimethyl 

sulfoxide (DMSO) and 1 U of iProof polymerase. The PCR conditions were 98°C for 30 

sec (1 cycle); 98°C for 10 s, 55°C for 27 s, 72°C for 30 s (28 cycles); and 72°C for 10 

min (1 cycle). The pPICZ-B vector and the PCR product were digested with the 

restriction enzymes EcoRI and XbaI at 37°C for 1 h. The linearized pPICZ-B vector 5’ 

and 3’ ends were dephosphorylated using antarctic phosphatase (1 U per every 200 ng 

of linearized vector) at 37°C for 1 h. The PCR product and the linearized vector were 

loaded onto a preparative agarose gel, purified using the Zymoclean Gel DNA Recovery 

kit and ligated with T4 DNA ligase at room temperature for 30 min. After 

transformation of the pPICZ-B-PaDa-I construct into chemically competent E. coli 
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XL2-Blue cells, the plasmid was proliferated, linearized with the restriction enzyme 

PmeI at 37°C for 1 h and transformed into electro-competent P. pastoris X-33 cells. 

Electro-competent P. pastoris cells were prepared and transformed with the 

construction as described elsewhere [9] using 200 ng of linearized vector and 50 µL of 

competent cells. Transformants were grown on YPD plates (10 g/L yeast extract, 20 g/L 

peptone, 4 g/L glucose and 15 g/L agar) containing 25 mg/L zeocin. 

Deep well plate microfermentation screening: P. pastoris clones containing PaDa-I 

under the control of the AOX1 promoter (pPICZ-B-PaDa-I) were cultivated in 96-deep 

well plates with 300 μL of BMD1 medium per well (100 mM potassium phosphate 

buffer pH 6.0, 3.5 g/L yeast nitrogen base without aminoacids, 400 μg/L biotin, 10 g/L 

glucose) at 25ºC, 300 rpm and 80% humidity for 2 days in a humidity shaker (Minitron, 

INFORS, Bottmingen, Switzerland). Then 300 μL of BMM2 were added per well (final 

concentrations per well: 100 mM potassium phosphate buffer pH 6.0, 3.5 g/L yeast 

nitrogen base without aminoacids, 400 μg/L biotin, 2% methanol, 3mM MgSO4 and 20 

mg/L hemoglobin). Twelve hours later, 70 µL of BMM10 were added (final 

concentrations per well: 100 mM potassium phosphate buffer pH 6.0, 3.5 g/L yeast 

nitrogen base without aminoacids, 400 μg/L biotin, 10% methanol), and this was 

repeated every 24 h during 3 days. After 147 h the activity with ABTS was measured 

(reaction mixture contained 100 mM sodium phosphate/citrate buffer at pH 4.4, 0.3 mM 

ABTS and 2 mM H2O2). 

Small scale flask fermentation: The two clones from microfermentations with the 

highest activity were grown in YPD/zeozin agar plates and inoculated in 5 mL of liquid 

YPD at 30ºC and 250 rpm. When optical density at 600 nm (OD600)~1 (7 – 8 h) the 

culture was used to inoculate 20 mL of BMMY (100 mM potassium phosphate buffer 

pH 6.0, 3.5 g/L yeast nitrogen base without aminoacids, 400 μg/L biotin, 0.5% 
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methanol, 3 mM MgSO4 and 300 mg/L hemoglobin) in 100 mL baffled shaken flasks. 

The cultures were incubated at 25ºC or 30ºC, with 300 mg/L hemoglobin or without 

hemoglobin and 250 rpm, and they were supplemented with 250 μL of methanol every 

24 h. This was repeated during 3 days until reaching the maximum activities. The clone 

with the highest activity was selected to be grown in bioreactor. 

Large scale fed-batch fermentation: The pPICZ-B-PaDa-I construct was large scale 

produced in P. pastoris using a 7-L glass vessel fermenter (MBR, Wetzikon, 

Switzerland) filled with basal salts medium (26.7 mL/L 85% phosphoric acid, 0.93 g/L 

CaSO4·2H2O, 14.9 g/L MgSO4·7H2O, 18.2 g/L K2SO4, 4.13 g/L KOH; 40 g/L glycerol, 

initial volume: 4 L). After autoclaving, 4.35 mL/L PTM1 trace salts and 1 mL Antifoam 

204 were added to the medium. Furthermore, the pH was adjusted to 5.0 with 

ammonium hydroxide solution (28%), keeping it at this value throughout the entire 

process. The fermentation was started by adding 0.4 L of P. pastoris preculture grown 

on YPD medium in several 1-L baffled shaken flasks at 150 rpm and 30°C for 16 h. 

According to the Pichia Fermentation Process Guidelines of Invitrogen, the batch was 

run at 30°C and 800 rpm. A 50% w/v glycerol feed containing 12 ml/L PTM1 trace salts 

initiated when all the glycerol was consumed, keeping the dissolved oxygen (DO) 

concentration above 20%. At the end of the glycerol batch phase, methanol (0.5% v/v) 

was injected aseptically into the fermenter, and the glycerol feed faded out by a linear 

ramp 20 g L
-1

 h
-1

 to 0 g L
-1

 h
-1

 over 2 h. Once the DO concentration spiked, the 

methanol feed was started. From this time on, the temperature was set to 25°C. Samples 

were taken regularly and wet biomass, protein concentration and UPO activity were 

determined. 

To compare UPO expression in bioreactor by S. cerevisiae and P. pastoris, a 

fed-batch cultivation of S. cerevisiae was additionally performed. To that purpose a 
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single colony from the S. cerevisiae clone containing pJRoC30-PaDa-I was picked from 

a SC drop-out plate, inoculated in 20 mL minimal medium and incubated for 48 h at 25

℃ and 160 rpm. The minimal medium contained 100 mL filtered yeast nitrogen base 

(67 g/L), 100 mL filtered yeast synthetic drop-out medium supplement without uracil 

(19.2 g/L), 100 mL filtered  raffinose solution (200 g/L), 700 mL deionized water and 1 

mL of filtered chloramphenicol solution (25 g/L). The inoculum 10% (v/v) was added 

into a 500 mL fermenter (Sixfors, Infors, Switzerland) containing 250 ml of expression 

medium, which consisted of 180 mL autoclaved YP medium (10 g/L yeast extract and 

20 g/L casein peptone), 16.75 mL of filtered 1 M KH2PO4, pH 6.0, 27.75 mL of filtered 

galactose (200 g/L), 5.5 mL of filtered 0.1 M MgSO4, 7.9 mL absolute ethanol, 0.25 mL 

filtered chloramphenicol solution (25 g/L) and deionized water added to 250 mL. The 

yeast was cultivated at 25ºC and 600 rpm with an aeration rate of 0.1–0.2 vvm. The pH 

was adjusted to 6.0 with 4 M NaOH, keeping it at this value throughout the entire 

process. After 48 h the fed-batch (2.5 times concentrated expression medium) was 

started at a feed rate of 2mL/h. 

Purification of the UPO from P. pastoris 

The culture broth of UPO mutant containing the P. pastoris cells was clarified 

by centrifugation at 6000  g for 50 min at 4°C (Sorvall Evolution RC Superspeed 

Centrifuge, Thermo Fisher Scientific, Waltham, MA, USA) and saturated ammonium 

sulfate solution was slowly added to give a 40% saturated solution at 4°C. The 

suspension was again centrifuged at 6000  g for 50 min at 4°C to discard precipitated 

protein. Then, the supernatant containing UPO activity was applied to a 750 mL Phenyl 

Sepharose FF column (GE Healthcare, Piscataway, NJ, USA) equilibrated with 20 mM 

Tris-HCl pH 7.0 containing ammonium sulfate (40% saturation). Proteins were eluted 

within a linear gradient from 40 to 0% ammonium sulfate at a flow rate of 10 mL/min 
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for 3 h. Fractions with UPO activity were pooled, diafiltrated and concentrated in 20 

mM Tris-HCl pH 7.0 using a Vivaflow 50 cassette (10 kDa cut-off, Sartorius Stedim 

Biotech GmbH, Goettingen, Germany). The enzyme solution  with a conductivity of 3 

mS cm
-1

 was divided into two parts and consecutively loaded onto a 19-mL Q-source 

column, previously equilibrated with buffer 20 mM Tris-HCl 7.0 (buffer A). Proteins 

were eluted with a linear gradient of buffer B (20 mM Tris-HCl 7.0 containing 2 M 

NaCl) from 0-15% for 40 min and from 15-100% in 5min at 1mL/min. Active fractions 

were pooled, diafiltrated against 50 mM potassium phosphate buffer at pH 7.0 and 

stored at 4°C. 

Enzyme characterization 

Spectroscopic measurements, kinetic thermostability (T50 determination), pH 

activity profiles, MALDI-TOF analysis, pI determination, and kinetic parameters were 

performed as described previously [8]. For the N-terminal analysis, purified UPOs were 

resolved by SDS-PAGE and the proteins transferred to polyvinylidene difluoride 

(PVDF) membranes. The PVDF membranes were stained with Coomassie Brilliant 

Blue R-250, after which the enzyme bands were cut out and processed for N-terminal 

aminoacid sequencing on a precise sequencer at the Core facilities of the Helmholtz 

Centre for Infection Research (HZI, Braunschweig, Germany). 

3. Results and discussion  

The secretion of the native UPO in S. cerevisiae was increased  from 0.007 to 

7.8 mg/L by means of directed evolution [8]. Even though this expression levels are 

high enough for future engineering works, another heterologous host is required to 

guarantee high expression in large scale fermentations. Ideally, the over-produced 

genetic product must keep the same properties as that of the enzyme evolved in S. 

cerevisiae. Among the possible candidates to develop the UPO tandem expression 
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system, we chose the methylotrophic yeast P. pastoris since it shares with S. cerevisiae 

a similar processing of newly synthesized proteins allowing the different post-

translational steps to occur for a successful exocytosis. Indeed, P. pastoris has been 

exhaustively used for decades in large scale production of proteins rendering high cell 

titers in bioreactors under the control of strong promoters [10]. It is also worth noting 

that, with very few exceptions aside, P. pastoris is not a suitable host for directed 

evolution experiments due to its poor transformation efficiencies and the lack of proper 

episomal vectors [11]. The evolved UPO mutant from S. cerevisiae was the starting 

point for this study. Firstly, we cloned it into the expression vector pPICZα B under the 

control of the methanol inducible alcohol oxidase 1 promoter (PAOX1) for functional 

expression in P. pastoris. The evolved UPO harbors 9 substitutions (F12Y-A14V-

R15G-A21D-V57A-L67F-V75I-I248V-F311L, mutations in the signal peptide are 

underlined) that furnished functional expression in S. cerevisiae. Bearing in mind that 

the native UPO cloned in P. pastoris showed almost undetectable expression levels (as 

it happens in S. cerevisiae, data not shown), it was reasonable to think that the 

beneficial mutations for secretion in S. cerevisiae also would boost expression levels in 

P. pastoris. To select the best transformants (P. pastoris can integrate from one to six 

copies of the foreign gene into the genome after plasmid linearization), several 

microfermentations were performed in 96-deep well plates. Transformants with 

activities values in the range of 30 – 40 U/L (using the ABTS-peroxidase activity assay) 

were selected for scale-up in 100-mL baffled flasks. Culture conditions were optimized 

in terms of heme supply and incubation temperature. After 72 h incubation at 30ºC 

using hemoglobin as heme source, clone 16 was selected (with 5826 and 728 U/L of 

ABTS-peroxidase activity and NBD-peroxygenase activity, respectively). These activity 

values are quite close to that obtained when the evolved UPO was expressed in S. 
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cerevisiae (6500 and 1000 U/L for ABTS and NBD, respectively) indicating that 

secretion levels (~8 mg/L) were maintained irrespective of the yeast used.  In a 

bioreactor clone 16 produced a volumetric activity of 232000 U/L (ABTS) after 6 days, 

which corresponds to a production of 217 mg/L. The strong improvement of UPO 

production in fed-batch fermentation can be explained by the higher cell densities 

achieved (up to 106 g dry biomass/L; OD600 ~400) when compared with flask 

production (10 g dry biomass/L; OD600~30). As expected, UPO production in S. 

cerevisiae fed-batch fermentation (10250 U/L, ABTS) was much lower due to the 

growth constrains (22.4 g dry biomass/L; OD600 ~48) generated by the ethanol toxic 

levels achieved during the fermentation [10]. The evolved UPO in P. pastoris (UPOpic) 

was purified to homogeneity and compared with its counterpart from S. cerevisiae 

(UPOsac). Both recombinant UPOs showed similar characteristics in terms of N-terminal 

end (the 43 amino acid long signal peptide was properly processed), molecular mass, 

glycosylation degrees, thermostability, optimum pH activity values, and spectroscopic 

properties, Table 1, Figure 1. Kinetic parameters for peroxygenase and peroxidase 

activities were studied with several substrates along with aryl alcohols with distinct 

redox potentials showing similar catalytic efficiencies for both enzymes, Table 2. 

Taken together, we succeeded in transferring the evolved UPO from S. cerevisiae to P. 

pastoris, preserving all the biochemical properties whilst significantly increasing the 

production level.  

Conclusions   

So far, only 3 UPO genes have been identified, homologously expressed and 

biochemically characterized in Coprinellus radians, Marasmius rotula and Agrocybe 

aegerita [6, 12, 13]. The latter was used for the first case-study of directed UPO 

evolution to enhance its catalytic attributes while achieving heterologous expression in 
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S. cerevisiae [8]. Here, this evolved UPO has been strongly over-produced in P. 

pastoris while conserving the evolved traits closing the biotechnological circle of 

protein engineering and enzyme production. Advances in computational genomics have 

permitted to identify over 1000 UPO-like genes in databases, many of them becoming 

possible candidates for future heterologous functional expression [14]. Indeed, without 

previous isolation and characterization, UPO genes from the genomes of Coprinopsis 

cinerea and from a soil mold were recently expressed in Aspergillus oryzae by 

Novozymes (Copenhangen, Denmark) supporting this approach [15, 16]. The use of 

compatible tandem expression systems for protein engineering in S. cerevisiae (paying 

special attention to directed evolution and hybrid approaches) and over-production (e.g. 

in P. pastoris or A. oryzae) is an efficient way to design potential enzymes for different 

biotechnological purposes as it has already been demonstrated with peroxidases, 

laccases and cellobiose dehydrogenases, among other examples [17-20]. In the 

upcoming years, we foresee the common use of tandem expression systems for UPOs 

engineering and production aiming to convert these group of enzymes into highly 

efficient industrial biocatalysts. 
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Table 1. Biochemical and spectroscopy features of evolved UPO expressed in S. 

cerevisiae (UPOsac) and P. pastoris (UPOpic). 
 

Feature UPOsac UPOpic 

MW (kDa)
1
 51.1 51.1 

MW (kDa)
2
 35.9 35.9 

Glycosylation degree (%) 30 30 

N-terminal end EPGLPPPGPL EPGLPPPGPL 

Thermal stability, T50 (ºC)  54.8 52.3 

pI  5.5 5.5 

Optimum pH for ABTS 4.0 4.0 

Optimum pH for DMP 6.0 6.0 

Optimum pH for NBD 6.0 6.0 

RZ, (A418/A280) 1.8 2.4 

Soret region (nm) 418 418 

CT1 (nm) 570 570 

CT2 (nm) 537 537 

1
Estimated by MALDI-TOF mass spectrometry; 

2
estimated from aminoacid composition. Rz, 

Reinheitszahl value; CT1 and CT2, charge transference bands 1 and 2, respectively.  
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Table 2. Kinetic parameters of evolved UPO expressed in S. cerevisiae (UPOsac) and P. 

pastoris (UPOpic). 
 

 

Substrate Kinetic constant UPOsac UPOpic 

 

ABTS 

Km (mM) 0.048 ± 0.04 0.05 ± 0.0057 

kcat (s
-1

) 395 ± 13 546 ± 19 

kcat/Km (s
-1 

mM
-1

) 8200 ± 600 11000 ± 2175 

      

 

NBD 

Km (mM) 0.483 ± 0.095 0.85 ± 0.26 

kcat (s
-1

) 338 ± 22 498 ± 77 

kcat/Km (s
-1

 mM
-1

) 700 ± 99 590 ± 101 

      

 

Benzyl alcohol 

Km (mM) 2.5 ± 0.3 2.8 ± 0.5 

kcat (s
-1

) 307 ± 15 524 ± 35 

kcat/Km (s
-1

 mM
-1

) 124 ± 11 190 ± 20 

      

 

Veratryl alcohol 

Km (mM) 7.9 ± 0.7 6.2 ± 1.1 

kcat (s
-1

) 121 ± 5 203 ± 13 

kcat/Km (s
-1

 mM
-1

) 15 ± 1 32 ± 4 

      

H2O2 

Km (mM) 0.49 ± 0.06 1.53 ± 0.08 

kcat (s
-1

) 238 ± 8 676 ± 24 

kcat/Km (s
-1

 mM
-1

) 500 ± 42 442 ± 120 

     

 

ABTS kinetic constants for UPO were estimated in 100 mM sodium phosphate/citrate pH 4.0 containing 

2 mM H2O2; for the rest of the substrates in 100 mM potassium phosphate pH 7.0 containing 2 mM H2O2 

(benzyl and veratryl alcohols) or 1 mM H2O2 (NBD). H2O2 kinetic constants were estimated using benzyl 

alcohol as reducing substrate at the corresponding saturated conditions.  
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Figure 1 

 

(A) 10% SDS-PAGE gel stained with ProtoBlue
TM

 Safe (National Diagnostics, Atlanta, 

GA, USA). 1, UPOsac; 2, UPOpic; 3, UPOsac after deglycosylation with PNGase F; 4, 

UPOpic after deglycosylation with PNGase F. (B) Spectroscopic characteristics of 

UPOsac (straight line) and UPOpic (dotted line). (C), (D) and (E) pH activity profiles for 

UPOsac (straight line, squares) and UPOpic (dotted line, triangles) with ABTS, DMP and 

NBD, respectively. UPO activity was normalized to the optimum activity value and 

each point represents the mean and standard deviation of three independent 

experiments. 


