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ABSTRACT 

Among the ligninolytic oxidoreductases secreted by white-rot fungi, aryl-alcohol oxidase (AAO) plays an 
outstanding role as H2O2 supplying enzyme during lignin decay. With high enantioselectivity and broad substrate 
specificity, this flavo-enzyme is also a promising departure point for directed evolution studies towards different 
biotechnological fates, but the lack of heterologous functional expression levels precludes further advances in the 
field. In this study, the native signal peptide of AAO from Pleurotus eryngii was replaced by those of the mating 
α-factor, the toxin K1 Killer, as well as combinations of pre- and pro-regions from both leaders to achieve 
secretion in Saccharomyces cerevisiae. AAO expression in yeast was measured with the help of an ad-hoc dual 
high-throughput screening protocol based on the detection of H2O2 with a chemical and an enzymatic assay (the 
latter using horseradish peroxidase). All constructs were successfully processed and secreted by yeast showing 
extracellular AAO activities with several aryl alcohols, which opens new paths for future developments. 

I. INTRODUCTION 

Aryl-alcohol oxidase (AAO, EC 1.1.3.7) is a FAD-containing enzyme sorted in the GMC (glucose-methanol-
choline) oxidoreductase superfamily whose members share a canonical ADP-binding domain near the N-
terminus [1]. This monomeric flavoprotein is produced by white-rot fungi and plays an essential role during 
lignin "enzymatic combustion" in nature. Accordingly, AAO generates H2O2, which is demanded by different 
high-redox potential ligninolytic peroxidases to start the plant cell-wall attack. Besides, H2O2 produced by AAO 
is an efficient vehicle to generate highly reactive hydroxyl radicals through the Fenton reaction (Fe2+ + H2O2 → 
OH•+ OH- + Fe3+): OH• acts as diffusible oxidizer being able to depolymerize lignin and cellulose [2]. It is worth 
noting that the hydride abstraction process mediated by AAO shows a high enantio-selectivity, which could be 
very valuable in organic synthesis. 

Directed molecular evolution has become the favorite strategy to engineer novel enzymes in tune with industrial 
standards. Unfortunately, there are no reported data about the engineering of AAO by directed evolution due to 
the lack of suitable functional expression systems with which to tackle this approach. Indeed, AAO has only 
been heterologous expressed in Aspergillus nidulans, an unsuited microorganism for directed evolution, [3] and 
in Escherichia coli as inclusion bodies, which can be in vitro refolded for rational studies although this strategy 
is not suitable in the high-throughput frame of a directed evolution experiment [4].  

In the current work, the native signal peptide of the AAO was replaced by several signal sequences used for 
functional expression in Saccharomyces cerevisiae [5]. We first tested the signal prepro-leader of the mating α-
factor of S. cerevisiae, which was successfully used in our laboratory to evolve different ligninolytic 
oxidoreductases. Besides, we fused to the AAO both the signal prepro(δ)-leader and the γ-spacer-segment of the 
K1 killer preprotoxin, which were previously used for directing β-lactamases secretion in yeast [6]. Engineered 
fusion genes contained chimeric versions of the leaders that combined different pre- and pro-regions were also 
studied for a successful exocytosis by yeast. Hybrid constructs were evaluated with a dual high-throughput 
screening (HTS) assay to detect AAO activity from yeast supernatants permitting directed AAO evolution.  

II. EXPERIMENTAL 

All chemical were reagent-grade purity. Ferrous ammonium sulfate, xylenol orange, sorbitol, veratryl (3,4-
dimethoxibenzyl) alcohol, 4-methoxybenzyl alcohol, ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid)), Horseradish peroxidase (HRP) and the Yeast Transformation Kit were purchased from Sigma (Madrid, 
Spain). Zymoprep Yeast Plasmid Miniprep, Yeast Plasmid Miniprep Kit I and Zymoclean Gel DNA Recovery 
Kit were from Zymo Research (Orange, CA). Restriction enzymes BamHI and XhoI were from New England 
Biolabs (Hertfordshire, UK). pJRoC30-αVP (containing α-factor prepro-leader) comes from former work [5]; 
pflag1-AAO (containing cDNA of AAO from P. eryngii) was donated by Dr. Aitor Hernández-Ortega (CIB, 
CSIC, Madrid); and pRE1219 (containing prepro(δ)-leader of K1 killer toxin) and pJRoC30-δN1C2 (containing 
the γ-spacer-segment of the K1 killer toxin) were donated by Dr. Susana Camarero (CIB, CSIC, Madrid).  
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Fusion genes and signal chimeric leaders 

Four fusions were designed to address functional expression in S. cerevisiae using in vivo overlap extension [7]. 
First, AAO mature protein was fused to the α-factor prepro-leader and also to the prepro(δ)-γ regions of the 
preprotoxin K1 killer from S. cerevisiae. In addition, two chimeric signal peptides were constructed and attached 
to the AAO: i) the α-factor pre-leader fused to the γ segment of the K1 Killer toxin, (preαproK); and ii) the 
prepro(δ) signal sequence of the K1 Killer toxin fused to the α-factor pro-leader (preKproα).  

AAO functional expression and HTS-screening assays  

For each fusion gene, two 96-well plates were prepared. Individual clones containing the autonomous replicating 
vector were picked and cultured in sterile 96-well plates containing 50 μL of minimal medium (SC). In each 
plate, well H1 was inoculated with URA3- S. cerevisiae as a negative control. Plates were sealed to prevent 
evaporation and incubated at 30°C, 225 rpm and 80% relative humidity in a humidity shaker (Minitron-INFORS, 
Biogen Spain). After 48 hours, 160 μL of expression medium were added to each well and cultured for 
additional 48 hours. Finally, 20 µL of microcultures were screened for activity with the FOX and HRP assays 
describe below, using two different alcohol substrates.  

Chemical (direct) assay: FOX (Ferrous Oxidation in Xylenol orange presence) 

Aliquots of 20 μL of yeast supernatants were incubated with 20 μL substrate (2 mM 4-methoxybenzyl alcohol or 
10 mM veratryl alcohol in 100 mM phosphate buffer, pH 6.0) during 30 min at room temperature. Then 160 μL 
of FOX reagent were added to assess H2O2 production with a final concentration of FOX mixture in the well of 
100 μM xylenol orange, 250 μM Fe(NH4)2(SO4)2 and 25 mM H2SO4. Plates were recorded in end-point mode at 
560 nm using a spectrophotometer SPECTRAmax 384 PLUS (Molecular Devices); it took around 20 min of 
incubation to develop an intense colorimetric response. Responses were amplified by adding 100 mM sorbitol as 
signal enhancer. All measures were performed by triplicate. In each microtiter plate, columns A, B and C were 
employed to prepare a H2O2 calibration curve (from 0 to 8 μM). Detection limits were assessed applying the 
Blank determination method on a 96-well plate with triplicate standards (0, 0.5, 1, 1.5, 2, 2.5, 3 y 4 μM H2O2) in 
yeast supernatants of URA3-. FOX signal stability was tested with different H2O2 concentrations (0, 2, 4, 6, 8, 
10, 15 and 18 µM) throughout 300 min. 

Enzymatic (indirect) assay: HRP-ABTS  

Aliquots of 20 μL of yeast supernatants were added to 180 μL of HRP-ABTS reagent (final concentrations of 
HRP-ABTS reagent in the well: 1 mM 4-methoxybenzyl alcohol or 5 mM veratryl alcohol, 2.5 mM ABTS, 
1μg/mL HRP in 100 mM phosphate buffer pH 6.0). The plates were incubated at room temperature and 
measured in end-point mode at 418 nm (εABTS•+ = 36,000 M-1 cm-1). 

DNA sequencing 

All the fusion genes were verified by DNA sequencing (BigDye Terminator v3.1 Cycle Sequencing Kit). The 
primers used were common to the four constructions: primers sense, RMLN and AAOsec1F 5’-
GTGGATCAACAGAAGATTTCGATCG-3’and primers antisense RMLC 5’-GCTTACATTCACGCCCTCCC-
3’, AAOsec2R 5’-GTGGTTAGCAATGAGCGCGG-3’ and AAOsec3R 5’-GGAGTCGAGCCTCTGCCCCT-3’. 

III. RESULTS AND DISCUSSION 

Fusion genes and signal chimeric leaders 

To direct the secretion of AAO in S. cerevisiae, two different prepro-leaders from the mating α-factor and from 
the K1 killer toxin, along with their chimeric combinations, were tailored and attached to the mature AAO. The 
mating α-factor signal sequence is formed by 19 and 64 amino acids for the pre- and pro-leader, respectively, 
Fig. 1A. The pre-leader initiates endoplasmic reticulum translocation being finally removed by the action of a 
signal peptidase. The pro-leader is supposed to be involved in proper folding and maturation before protein is 
packed into vesicles for exocytosis. In particular, the pro-leader is processed by the action of KEX2, STE13 and 
KEX1 proteases at the Golgi compartment, although the latter is not necessary for heterologous protein 
secretion. Likewise, K1 prepro-toxin is leaded by a prepro-sequence of 44 residues (prepro-δ), which follows a 
similar processing pathway as described above for the α-factor prepro-leader but without the requirement of 
STE13 and KEX1, Fig. 1B. Besides, the prepro-toxin contains an internal γ segment of 85 residues with three 
extra KEX2 recognition sites for processing at the Golgi. Bearing in mind the common features of these prepro-
leaders in terms of processing and secretion routes, we decided to create several fusions genes containing single 
and combined versions of the genetic elements to study the AAO functional expression in yeast. Accordingly, 
four fusions were designed: i) α-AAO formed by AAO fused to the α-factor prepro-leader; ii) K-AAO formed by 
AAO linked to the prepro(δ) of K1 toxin and directly attached to a truncated version of the γ segment. The 
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truncated segment comprised from position 149 to 170, thereby preserving the three N-glycosylation sites 
(N108, N203 and N216), which may be important for a proper processing since it has been reported that longer 
K1 prepro-fusions show 10% or even less secretion efficiency compared with shorter γ segment versions [6]; iii) 
preαproK-AAO was a chimeric leader formed by the α-factor pre-leader fused to the aforementioned truncated γ 
segment; and iv) preKproα-AAO, a chimeric leader formed by the prepro(δ) of K1 toxin linked to the α-factor 
pro-leader. In an attempt to promote secretion, all the prepro(δ) containing constructs were modified by site 
directed mutagenesis to change the KEX2 recognition site Pro43-Arg44 to Lys43-Arg44, since it has been 
reported 50-fold enhancements in the KEX2 catalytic efficiency with such substitutions [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Mating α-factor (A) and K1 Killer preprotoxin (B). Yeast mating pheromone α prepro-polyprotein 
precursor contains hydrophobic N-terminal pre-sequence (dark green) followed by potentially N-glycosylated 

pro-sequence (light green). Killer K1 toxin is derived from a 316 reside preprotoxin. The unprocessed precursor 
consist of prepro(δ)-sequence (dark blue), which contains 26 residue signal peptide, and γ segment (light blue) 

separating α- and β- toxin subunits. 

All hybrid fusions were spliced and repaired in S. cerevisiae. Taking advantage of the high frequency of 
homologous DNA recombination of this yeast, overlapping areas of ~40 bp were enough to guarantee a correct 
DNA assembly of the different genetic products and the linearized plasmid without altering the ORF. Each 
construction was assayed for AAO activity (with the dual chemical/enzymatic HTS-assay described in Methods 
Section) in the presence of veratryl alcohol as substrate. The four fusion genes reported detectable levels of AAO 
activity in the culture broth and they were consistent between the two colorimetric assays. The secretion levels 
relationship between the corresponding constructs was as follows: α-AAO> preαproK-AAO> preKproα-AAO> 
K-AAO. To check the constructs, individual plasmids were isolated and sequenced. It was verified that none of 
the constructions incorporated mutations neither in the mature protein nor in the prepro-sequences and all the 
elements were properly assembled as planned. Fermentations were translated from HT-format to larger volumes 
(10 mL) for each construct under study, Fig. 2. Regardless of the substrate (4-methoxybenzyl or veratryl 
alcohol), the order of activity between fusion genes was maintained: α-AAO, (1.5 U/L); preαproK-AAO (0.5 
U/L); preKproα-AAO (0.35 U/L) and K-AAO (0.06 U/L) (all Units measured with 4-methoxybenzyl alcohol).  
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Figure 2. Shake flask fermentation monitorized throughout 70 hours. Growth curve (A), enzymatic activity 
through HRP-ABTS method (B) and hydrogen peroxide production measured by FOX assay (C). Construction 
α-AAO (triangles) (achieved the highest yields in cell growth and enzymatic activity (OD600 = 36 and 1.5 U/L 

after 44 hours), followed by preαproK-AAO (squares), preKproα-AAO (circles) and K-AAO (diamonds). Clone 
activity and H2O2 production were evaluated by triplicated. 

IV. CONCLUSIONS 

We have presented a platform for de directed evolution of AAO from P. eryngii based on: i) the AAO functional 
expression in S. cerevisiae and ii) the design of a dual HTS-assay for the detection of AAO activities. Our study 
have showed that all the constructions based on α-factor and K1 toxin prepro-peptides as well as their chimeric 
versions yielded detectable levels of secreted AAO being valuable departure points for further engineering. This 
result indicates that all the fusions were successfully processed and exported by yeast. From a more general point 
of view, the engineering of these chimeric leaders opens a novel strategy to secrete foreign proteins so that they 
could be tested with other eukaryotic genes not easily handled by S. cerevisiae. Finally, the dual HTS-assay 
described in this work (based on the detection of H2O2 produced by AAO regardless of the substrate oxidized) 
opens many paths for evolving AAO towards challenging purposes, including the oxidation of secondary 
aromatic alcohols.  
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