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Novel molecular biological tools 
for the efficient expression of fungal lytic 
polysaccharide monooxygenases in Pichia 
pastoris
Lukas Rieder1†, Katharina Ebner2†, Anton Glieder3 and Morten Sørlie1*  

Abstract 

Background: Lytic polysaccharide monooxygenases (LPMOs) are attracting large attention due their ability to 
degrade recalcitrant polysaccharides in biomass conversion and to perform powerful redox chemistry.

Results: We have established a universal Pichia pastoris platform for the expression of fungal LPMOs using state-of-
the-art recombination cloning and modern molecular biological tools to achieve high yields from shake-flask cultiva-
tion and simple tag-less single-step purification. Yields are very favorable with up to 42 mg per liter medium for four 
different LPMOs spanning three different families. Moreover, we report for the first time of a yeast-originating signal 
peptide from the dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 1 (OST1) form S. cerevisiae 
efficiently secreting and successfully processes the N-terminus of LPMOs yielding in fully functional enzymes.

Conclusion: The work demonstrates that the industrially most relevant expression host P. pastoris can be used to 
express fungal LPMOs from different families in high yields and inherent purity. The presented protocols are standard-
ized and require little equipment with an additional advantage with short cultivation periods.

Keywords: LPMO, Pichia pastoris, Signal peptide cleaving, Simplified expression
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Background
Lytic polysaccharide monooxygenases (LPMOs) are 
mono-copper-dependent oxidoreductases that catalyze 
the oxidative cleavage of glycosidic bonds of recalcitrant 
sugar polymers such as chitin, cellulose, and hemicellu-
loses [1–5]. LPMOs are proposed to be major players in 
the efficient enzymatic conversion of bio-based materials 
and have become a key ingredient in commercially availa-
ble products for enzymatic saccharification. Their unique 
and powerful oxidative abilities make them promising 

candidates for the application in renewable energy tech-
nologies and interesting targets for enzyme engineering, 
especially in light of the large amount of carbohydrate-
based waste [6–11].

Although the potential of LPMOs has been recognized 
a decade ago [1], research in this field still faces major 
challenges starting, most fundamentally, with the pro-
duction of active enzymes. Since isolation from native 
hosts can be challenging due to low yields, secretion of 
enzyme cocktails, and cultivation obstacles, recombinant 
production in bacterial or eukaryotic model organisms 
is desired. Due to the extracellular biomass-degrading 
nature, all LPMOs are secreted from their native hosts, 
regardless of their origin being eukaryotic or prokaryotic, 
which facilitates secretion in the recombinant host sys-
tems and allows easier down-stream processing.
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For the recombinant expression of LPMOs of eukary-
otic origin, the yeast Pichia pastoris (Komagataella 
phaffii) is one of the more frequently used host systems 
[12]. Main reasons for the use of P. pastoris are typical 
eukaryotic post-translational modifications, its capacity 
to secrete recombinant proteins to a high titer, and the 
increasing number of tools available for efficient genetic 
engineering [13–15]. One of the main challenges in the 
recombinant expression of active LPMOs lies in the cor-
rect processing of the N-terminus, as all LPMOs share 
a highly conserved N-terminal histidine that is directly 
involved in the formation of the active site by coordi-
nating the copper center with both the imidazole ring 
and the backbone N-terminal amine, the so-called histi-
dine brace [16]. Thus, a correctly processed N-terminus 
is indispensable for the catalytic activity and highlights 
the importance of a well-tailored expression system for 
LPMOs as recently addressed in several publications 
[17–19].

For P. pastoris the most commonly used expression 
tools are the promoter of the P. pastoris alcohol oxidase 
1 gene  (PAOX1) in combination with the α-mating factor 
secretion signal of Saccharomyces cerevisiae that has suc-
cessfully been applied for the recombinant expression 
of a multitude of proteins [20]. While the  PAOX1, which 
requires induction by toxic methanol, has been used 
for the expression of LPMOs, the α-mating signal is not 
suitable for the recombinant expression of LPMOs [18]. 
Thus, the production of LPMOs in P. pastoris is depend-
ent on native LPMO signal peptides and the hosts abil-
ity to recognize correctly foreign leading sequences of 
sometimes only distantly related organisms. While the 
problem of the signal peptide has been addressed for the 
expression of bacterial LPMOs in E. coli [21], no one has 
tackled the problem for eukaryotic expression systems.

In this study, we present a LPMO-tailored expression 
system that allows a streamlined and efficient state-of-
the-art recombination cloning and easy protein expres-
sion with a subsequent one-step purification. As an 
alternative to native LPMO signal peptides, we present a 
yeast-originating signal peptide that facilitates secretion 
of the correctly processed LPMOs of fungal origin.

Results and discussion
Evaluation of the expression system, LPMO expression 
and purification
We opted to use two well-described LPMOs of the aux-
iliary activity (AA) family 9 that have previously been 
expressed in P. pastoris [22, 23] to evaluate the appli-
cability of the Bisy platform strain BSYBG11 (Bisy 
GmbH, Hofstätten a. d. Raab, Austria) in combination 
with the integrative E.  coli/P.  pastoris shuttle vectors 
 pBSYPGCW14Z or pBSY3Z for the functional expression 

of LPMOs. The tested plasmids are almost identical but 
employ either the strong constitutive promoter of the 
uncharacterized Chr1-4_0586 gene  (PGCW14) [24, 25] or 
the 500-bp fragment of the derepressed promoter of the 
CAT1 gene  (PDC) [15] to control the transcription of the 
gene of interest (GOI). If not explicitly mentioned other-
wise, the LPMOs were expressed with their native signal 
peptide (SP) to facilitate secretion to the extra-cellular 
environment. Despite belonging into the same family, the 
chosen genes originating from Lentinus similis (LsAA9A) 
and Neurospora crassa (NcAA9C) are encoding for 
LPMOs with a fundamental different domain archi-
tecture. LsAA9A is a single-domain protein with only a 
catalytic domain whereas NcAA9C is a multidomain pro-
tein with a catalytic domain and a CBM1 domain which 
is attached via a long threonine and serine-rich linker 
region (Fig.  1). Nonetheless, both genes were success-
fully cloned into the two tested plasmids and efficiently 
secreted by the P. pastoris BSYBG11 strain.

Following transformation, selection, initial cultivation 
in micro-scale, and analysis based on titer of secreted 
protein, we chose the best producing clone for each con-
struct for medium-scale enzyme production. This was 
performed in 500 ml YPD in 2-L baffled shake flasks and 
expression of the LPMOs was confirmed by SDS-PAGE. 
The predicted masses of LsAA9A and NcAA9C are 
27.1  kDa and 35.8  kDa, respectively. In silico studies of 
the proteins via the online tools NetNGlyc and NetOGlyc 
(http:// www. cbs. dtu. dk/ servi ces) indicated that the cata-
lytic domain of both enzymes and the linker region of 
NcAA9C are prone to be N- and O-glycosylated (Fig. 1). 
This prediction was confirmed by SDS-PAGE analysis 
showing the protein band of LsAA9A at ~ 35  kDa and 
NcAA9C at ~ 50 kDa, respectively (Fig. 2A).

After 60 h of cultivation, the total amount of secreted 
protein from 500  mL culture ranged from 21 to 76  mg 
for the different strains (Bradford assay). Interestingly, 
the strain carrying the  pBSYPGCW14Z-NcAA9C construct 
showed significantly higher expression levels (76 ± 7 mg) 
compared to the other three selected expression strains 
(~ 25 mg). It has been noted that this clone carrying the 
 pBSYPGCW14Z-NcAA9C construct was already an outlier 
in the initial screening and all other transformants car-
rying this construct showed significantly lower amounts 
of secreted protein. Therefore, the extraordinary perfor-
mance of this strain is presumed to be due to integration 
effects (locus, copy number) of the expression cassette 
and not caused by regulatory features (promoter) or 
related to the GOI. Nonetheless, this observation stresses 
the importance of assessing the secretion capacity of the 
different transformants prior expression clone selection 
as multicopy integration and locus effects seem to be the 
key for an extraordinary LPMO production strain.
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SDS-PAGE analysis of the expression supernatant 
displayed a clean secretome with mainly recombinant 
LPMO. Thus, we saw the opportunity to use a single-step 
purification approach using size exclusion chromatogra-
phy (SEC) to keep purification fast and efficient. For this 
purpose, 10 ml of the fivefold concentrate, corresponding 
to 2–7 mg of protein, were concentrated, and loaded onto 
SEC column. The chromatograms obtained from the SEC 
purification revealed that NcAA9C and LsAA9A elute in 
single peaks corresponding to their mass difference at 50 
and 60 ml, respectively. Analysis by SDS-PAGE showed a 
homogenous appearance of the purified enzyme solution 
underlying the power of this one-step purification system 
(Fig. 2A).

The performance of the strains was evaluated by assess-
ing the yield of pure protein we could obtain from the 
one-step SEC purification. From 50 mL cultivation broth, 
which was concentrated prior to loading onto the SEC 
column, 0.61 ± 0.01 and 0.60 ± 0.03 mg of pure LsAA9A 
and 0.39 ± 0.02 and 2.08 ± 0.06  mg pure NcAA9C 
could be achieved with pBSY3Z and the  pBSYPGCW14Z, 
respectively (Table  1). The shown yields correspond to 
8—42 mg of pure LPMO per liter culture supernatant.

Since it was the aim to make the production of LPMOs 
efficient it is interesting to compare the yields obtained 
with the here presented expression platforms to yields 
reported in literature. It appears the most frequently 
used regulatory sequences for the transcription of 

Fig. 1 Schematic representation of the domain architecture of the LPMOs expressed in this study (top) including a table showing potential N- and 
O-linked glycosylation sites found on the catalytic domain, linker region and (potential) CBM (bottom) of the individual enzymes
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Fig. 2 SDS-PAGE of the single-step purified enzymes (1 μg/well). A LsAA9A and NcAA9C expressed with either pBSY3Z or  pBSYPGCW14Z and the 
native SP. B NcAA9C expressed with either the OST1 or the pre-OST1-pro-α-factor leading sequence in combination with the  pBSYPGCW14Z plasmid. 
C AoAA13 and AfAA11B expressed with the  pBSYPGCW14Z plasmid in combination with the native and the OST1 SP, respectively

Table 1 Overview on the protein concentration (mg/ml) and total amount of protein (mg) of each step along the purification process 
of LsAA9A and NcAA9C expressed with either the pBSY3Z or the  pBSYPGCW14Z expression plasmid and the native LPMO SP, from the 
crude supernatant to the pure protein

For precise measurements, the volume of the supernatant and the fivefold concentrate was adjusted to 500 ml and 100 ml, respectively. Please note that the values 
reported in the column labeled with “purified” were obtained from 50 ml cultivation supernatant

Enzyme Plasmid + SP Supernatant Fivefold concentrated Purified (obtained 
from 50 ml cultivation 
supernatant)

Recovered 
protein

mg mg/ml mg mg/ml mg mg/ml %

LsAA9A pBSY3Z + native 21 ± 5 0.042 ± 0.010 22.5 ± 0.4 0.225 ± 0.004 0.61 ± 0.01 1.2 ± 0.02 27

pBSYPGCW14Z + native 28 ± 2 0.056 ± 0.004 24.7 ± 1.7 0.247 ± 0.017 0.6 ± 0.03 1.4 ± 0.05 24

NcAA9C pBSY3Z + native 22.5 ± 1.5 0.045 ± 0.003 20.7 ± 2.3 0.207 ± 0.023 0.39 ± 0.02 0.8 ± 0.05 18

pBSYPGCW14Z + native 76 ± 7 0.153 ± 0.014 70.5 ± 0.5 0.705 ± 0.005 2.08 ± 0.06 2.9 ± 0.03 29
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recombinant LPMO in P.  pastoris are the strong meth-
anol-dependent promoter of the alcohol oxidase  1 gene 
 (PAOX1) or the strong constitutive glyceraldehyde-3-phos-
phate dehydrogenase promotor  (PGAP) in combination 
with the native LPMO SP. Unfortunately, most publica-
tions that describe LPMO characterization using P. pas-
toris as host system and medium-scale cultivation using 
shake flasks, do not provide any data about expression or 
purification yields [23, 26–28].

The few works stating LPMO production titers were 
usually done on bioreactor scale using defined medium, 
methanol induction and cultivation times far exceeding 
60 h, which makes comparisons with our system difficult. 
These often tediously optimized advanced expression 
approaches result in much higher extra cellular protein 
titers (up to 3 g) per liter of cultivation media [22, 29, 30] 
and consequently also in a higher titer of LPMO, up to 
0.79  g, per liter culture supernatant before purification 
[22].

Although we report lower total yields (up to 150 mg), it 
has be noted that cultivations were done in shake flasks 
in standard YPD over 60  h without any optimization 
of cultivation conditions or media, we presume much 
higher titers can be achieved with our strains on larger 
scale. Nonetheless, this system was tested on medium 
scale with simple cultivation techniques to make it appli-
cable for a broad range of end users without the need for 
specialized equipment. Additionally, the here presented 
system employs regulatory sequences that circumvent 

the need for methanol as inducer of protein production 
and are superior to the so far reported systems either in 
strength  (PGCW14) [25] or regulatory qualities  (PDC) [15]. 
However, it has be noted, that for the  PDC to reach its 
full potential a longer cultivation time would be advised, 
since this promoter’s strength of separating culture 
growth and protein production was not realized to the 
fullest in this work.

To summarize, the herein presented expression system 
allows simplified protein production in YPD media with-
out the necessity of induction which can be performed 
over a relatively short time without the need for special-
ized equipment or expertise, but at this scale its produc-
tivity is not comparable with an optimized bioreactor 
system. Therefore, we propose the most feasible com-
parison of productivity is done based on the amount of 
pure LPMO recovered from the total amount of secreted 
protein. Like for the expression several methods are 
described for the purification of LPMOs in literature.

One strategy for the purification of LPMOs is purifi-
cation tags. For LPMO purification, the use of N-termi-
nal tags is generally not possible due to the N-terminal 
histidine that is involved in the formation of the active 
site. Thus, a C-terminal His-tag is most commonly used 
for the production of LPMOs. This strategy has been 
shown to result in yields of ~ 500  mg pure protein per 
liter cultivation broth [30] which is much higher than 
the yields obtained with standard chromatography 
techniques (Table 2). Nonetheless, the use of His-tags is 

Table 2 Comparison of expression constructs, cultivation and purification methods and the thereof resulting yields of different LPMO 
production protocols found in literature

a Yield was adjusted to 1 L culture supernatant
b Resulted in LPMO inactivation

Enzyme Plasmid Promoter Signal peptide Cultivation 
method

Purification steps Total protein 
per liter culture 
media prior 
purification

Total protein 
per liter culture 
media after 
purification

Reference

TrCel61A pPpT4 AOX1 Native 2-L fed-batch 
reactor

N.A  > 400 mg N.A [18]

NcAA9J pPICZαA AOX1 Native 7-L fed-batch 
reactor

Three chromato-
graphic steps

1574  mga 24  mga [22]

NcAA9C pPICZαA AOX1 Native 7-L fed-batch 
reactor

Two chromato-
graphic steps

2762 mg 67  mga [22]

NcAA9F pPICZαA AOX1 Native 7-L fed-batch 
reactor

Three chromato-
graphic steps

1818  mga 2.4  mga [22]

NcAA9E pPICZαA AOX1 Native 7-L fed-batch 
reactor

Three chromato-
graphic steps

1327  mga 2.2  mga [22]

NcAA9C pPICZαA AOX1 Native 500-mL fed-batch 
reactor

Two chromato-
graphic steps

1370  mga 90  mga [29]

AaAA16 pPICZαA AOX1 Native 1.3-L fed-batch 
reactor

IMACb, IEC N.A 500 mg after IMAC [30]

Several AA9s pPICZT AOX1 Native 2-L shake flask IMAC 34 mg per 100 g 
cell wet weight

N.A [31]
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problematic as histidines can bind free metal ions that 
lead to complications during analysis of the enzyme 
action. Additionally, it has been shown that His-tag 
purification causes severe damage to the active site 
resulting a lower enzyme activity [30]. To avoid metal 
coordination by the tag, a cleavable version of the His-
tag using the TEV protease was engineered and used by 
Kadowaki et  al. [31]. However, this approach requires 
overnight incubation at room temperature and two 
purification rounds to separate tagged and untagged 
LPMOs and in the end the enzyme still contains an 
overhang at the C-terminus at the TEV cleavage site.

Another possibility to purify LPMOs that helps to 
avoid the earlier mentioned complications, is the use 
of standard chromatography approaches as outlined by 
Kittl et  al. and Sygmund et  al. [22, 29]. Depending on 
the enzyme they report two or three chromatography 
steps to obtain the pure LPMO which results in low 
enzyme recovery rates (< 8%) and final protein yields 
of 2–90  mg from bioreactor cultivation. Interestingly, 
the herein presented expression and purification strat-
egy results in higher protein recovery rates (< 25%) and, 
as we think, in very competitive yields of pure LPMO 
(8–42  mg) keeping in mind the much simpler shake-
flask cultivation.

Substrate oxidation
To assess LPMO catalysis, we incubated 5  μM of the 
enzymes, produced either with pBSY3Z (light color) or 
the  pBSYPGCW14Z (dark color), with 0.1% PASC in the 
presence (solid lines) and absence (dashed lines) of 1 mM 
L-ascorbic acid (AscA) over night (Fig.  3). Analysis via 
HPAEC-PAD chromatography confirmed the oxidation 
of PASC by LsAA9A and NcAA9C in the presence of 
reductant shown through the formation of C4 and C1/
C4-oxidized products in accordance with previous pub-
lished studies [32, 33]. Furthermore, the identical product 
profiles confirm that the expression vectors and therefore 
the differently regulated LPMO transcription and expres-
sion in different growth phases, has no influence on the 
mode of action of the enzymes.

Moreover, the results equals those by Frandsen et  al. 
showing that LsAA9A does not require the methylation 
at the N-terminal histidine, which occurs upon expres-
sion in higher eukaryotic fungal expression hosts (e.g., 
Aspergillus species [16]) but not in P. pastoris, to perform 
substrate oxidation [23]. This finding however is not sur-
prising as the posttranslational methylation is proposed 
to have no direct influence on the catalytic activity and is 
solely related to enzyme stability [26].

Interestingly, the results demonstrate the differences 
in activity between the two LPMOs as can be seen in the 

Fig. 3 HPAEC-PAD profiles showing the products of the degradation of 0.1% PASC by 5 μM LPMO in aerobic conditions in the presence (solid lines) 
and absence (dashed lines) of 1 mM AscA. As catalyst either LsAA9A (A, magenta) or NcAA9C (B, blue) which were produced with the pBSY3Z (light 
color) or the  pBSYPGCW14Z (darker color) expression plasmids and their native SP, were used
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C4-oxidized product area of the chromatograms between 
12- and 16-min retention time. Whereas NcAA9C 
releases products ranging from  DP2ox-DP4ox, LsAA9A 
produces mainly  DP2ox and  DP3ox, which demonstrates 
the ability of LsAA9A to oxidatively cleave small oligom-
ers in accordance with the study of Frandsen et al. [33].

Hydrolytic background activity and product profile
The HPLC analysis shows the presence of native (non-
oxidized) products in the absence of the reductant 
needed to initiate LPMO catalysis (Fig.  3). We wanted 
to confirm that product formation (native and oxidized) 
derives directly from LPMO catalysis and not from minor 
concentrations of endogenous secreted hydrolases that 
could not be removed by SEC. The following study was 
only done with enzymes produced with  pBSYPGCW14Z 
plasmid, since previous analysis showed that LPMO 
quality was independent of the expression vector. Reac-
tions were set up with 1 mM oligomeric substrates (DP3-
6) in the presence of i) 1 μM LPMO and 1 mM reductant, 
ii) 1 μM LPMO and no reductant and iii) 1 mM reductant 
and no LPMO and incubated for 6 h prior quenching and 
analysis via HPAEC-PAD chromatography For product 
quantification we prepared standard curves for each oli-
gomer ranging from DP2-DP6 and used linear regression 
to calculate the concentration of each native oligomer 
that was released from LPMO catalysis as they would 
increase proportionally with the oxidized products. The 
total amount of released product was obtained by sum-
ming up the concentration found for each oligomer 
(Fig. 4).

The results displayed in Fig.  4 confirm that only the 
presence of LPMO and reductant lead to the formation 
of product in the form of shorter oligomers. In both con-
trol reactions which were either without reductant or 
enzyme (experiments ii and iii), similar product levels 
were detected which would not be the case if the enzyme 
preparation would contain cellulases as they are reduct-
ant independent. Thus, the detected shorter oligomers 
most certainly originate from the purchased substrate 
which is in accordance with the > 95% purity pledged by 
the producer. Comparing the amount of released product 
after 6 h, it appears that NcAA9C outperforms LsAA9A 
on the oxidation of oligomers with DP6 and DP5. How-
ever, LsAA9A has higher activity with DP4 compared to 
NcAA9C. This confirms the observations made in the 
experiments with PASC that indicate that LsAA9A is able 
to bind and oxidize shorter oligomers. These findings are 
in line with previous studies of NcAA9C and LsAA9A 
that showed the oxidation of oligomeric carbohydrates 
and indicated that LsAA9A is active on shorter oligomers 
than NcAA9C [23, 32].

A new signal peptide for the secretion of active 
recombinant LPMOs
In 2014, Fitzgerald and Glick were the first ones to use 
the signal peptide of the dolichyl-diphosphooligosac-
charide-protein glycosyltransferase subunit 1 (OST1) 
from S. cerevisiae for secretion of a model protein in 
P.  pastoris [34]. Four years later, Barrero et  al. created 
an artificial hybrid secretion signal the pre-OST1-pro-
α-factor, which combines the pre-OST1 sequence and 
the pro-region of the α-mating factor, they were able 
to successfully secrete a tetrameric far-red fluorescent 
protein (E2-Crimson) [35]. In contrast to most cleav-
able signal peptides the pre-OST1 facilitates co-trans-
lational translocation to the ER as a way for mature 
proteins to enter the secretion pathway (opposed to 
post-translational translocation promoted for example 
by the pre-pro-α-mating factor) which can be beneficial 
for the secretion of aggregation-prone proteins [34].

Fig. 4 Oxidation of soluble cellulosic substrates with different 
degree of polymerization (DP3–DP6) by NcAA9C (blue) and LsAA9A 
(magenta) expressed with the  pBSYGCW14Z and the native LPMO SP. 
Reactions were carried out in aerobic conditions and contained 1 μM 
LPMO, 1 mM oligomeric substrate and 1 mM AscA. Control reactions 
did either not contain reductant or LPMO which is indicated by the X 
bellow the bars showing the product concentrations. The presented 
numbers are the average of three biological replicates
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Trying to simplify and improve recombinant LPMO 
expression, we not only targeted transcriptional regu-
lation by different promoters, but also the topic of het-
erologous signal peptides for the secretion of active 
recombinant LPMOs. Since it is known that the most 
frequently used heterologous signal peptide for protein 
secretion with P.  pastoris, the pre-pro-α-mating fac-
tor of S. cerevisiae, does not yield active enzyme [18] we 
searched for suitable alternatives that have previously 
achieved satisfying titers secreting recombinant pro-
teins with P.  pastoris. Therefore, we assessed the appli-
cability of the pre-OST1 signal peptide and its hybrid, 
for the expression of active LPMO. For this purpose, the 
native signal peptide of NcAA9C was exchanged against 
the OST1 and the pre-OST1-pro-α-factor and were 
used for protein production with P.  pastoris. Expres-
sion and secretion could be confirmed for both LPMO-
signal peptide constructs by SDS-PAGE (Fig. 2B). Single 
step purification from 50  mL broth yielded 1.38 ± 0.06 
and 0.93 ± 0.1  mg of protein with OST1 and the pre-
OST1-pro-α-factor, respectively, which is less than the 
2.08 ± 0.06  mg protein we obtained earlier with the 
same plasmid but with the native LPMO SP (Table  1). 

Nonetheless, it must be noted that it is not possible to 
directly compare the effect of the signal peptides with 
respect to obtained protein quantity as the most active 
clones of the landscape (clonal outliers) were chosen for 
LPMO production, which resulted in high protein titers, 
but brings the bias of locus and copy number effects [36, 
37]. However, the data suggests that the expression of 
LPMOs is independent of the translocation process and 
therefore, the place of translation, as recombinant pro-
tein was obtained from both constructs.

To obtain active recombinant LPMOs, correct cleav-
age and processing of the enzymes N-terminus is essen-
tial since the conserved N-terminal histidine is part of 
the active site and plays an important role in the enzymes 
ability to catalyze substrate oxidation. To assess the 
applicability of the different recombinant fungal signal 
peptides to efficiently secret active functional LPMOs, 
HPAEC-PAD analysis was undertaken to determine oxi-
dized products resulting from enzymes activity.

Due to good expression levels, 50 μL of the fivefold con-
centrated, unpurified expression supernatant was directly 
incubated with 0.1% PASC in the presence (solid lines) 
and absence (dashed lines) of 1 mM AscA (Fig. 5). HPLC 

Fig. 5 HPAC-PAD profiles of overnight reactions with 0.1% PASC and 50 μl of the fivefold unpurified, concentrated expression supernatant 
containing NcAA9C expressed with different signal peptides in the presence (solid lines) and absence (dashed lines) of 1 mM AscA. The 
chromatograms in blue show the NcAA9C expressed with the native signal peptide. The OST1-produced LPMO is shown in red and the reaction 
using the enzyme secreted with the pre-OST1-pro-α-factor is presented in green
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analyses clearly shows, that only reactions with NcAA9C 
secreted with either the native or the OST1 signal peptide 
contain C4-oxidized degradation products from PASC. 
In the reaction with the LPMO that was secreted with the 
pre-OST1- pro-α-factor, we could not observe any dif-
ference to the control reaction without reductant which 
implies that no substrate oxidation occurred indicating 
that the enzyme is inactive.

Moreover, regarding enzyme activity, two further 
observations were made when the concentrated cul-
ture supernatant was used as catalyst: firstly, no external 
 CuSO4 had to be added to the reactions. This indicates 
that the enzyme naturally contains sufficient amounts of 
copper in their active site for reactivity, which is advan-
tageous when thinking about industrial use of LPMOs 
or screening processes during enzyme engineering. Sec-
ondly, an external reductant was needed to obtain sub-
strate oxidation. This suggests that no reductant powerful 
enough to prime the copper center is present once the 
cells were separated from the expression broth and the 
initial concentration step was performed which is highly 
beneficial as the likelihood of damage to the enzymes 
active center due to auto-oxidation during storage of 
the crude enzyme sample until purification is drastically 
reduced.

To confirm that inactivity of the LPMO secreted with 
the pre-OST1-pro-α-factor relates to incorrect process-
ing of the N-terminus, a MALDI-ToF MS analysis was 
performed on trypsin digested LPMOs expressed with 
the different signal peptides. Based on in silico trypsin 
digestions (Table  5), a correctly processed N-terminus 
results in a peptide with the sequence: “HTIFQK”, having 
a mass of 773. Non-correctly processed N-termini would 
have increased masses due to additional amino acids 
N-terminal of the terminal histidine as the downstream 
located trypsin cleavage site would not be affected. The 
resulting peptides of proteins with incorrectly processed 
N-termini would have m/z values of 1986, 3104 and 1173, 
for the NcAA9C native, the OST1 and the pre-OST1-pro-
α-factor signal peptide, respectively.

In the spectra of the NcAA9C samples with the native 
and the OST1 signal peptide peaks at the mass of 773 
could be identified (Fig.  6, red and blue trace). In both 
spectra, no peaks, at m/z values of 1986 and 3104 cor-
responding to wrongly processed N-termini could be 
detected (small inlaid boxes in Fig.  6). In the spectra of 
NcAA9C samples secreted with the OST1-pro-α-factor, a 
peak at a m/z value of 1173 could be found, which corre-
sponds to a peptide with the sequence: “EAEAHTIFQK” 
(Fig. 6, green trace). Therefore, we presume that the pre-
viously observed missing functionality of this sample is 
due to incorrect signal peptide cleavage, which resulted 
in a wrongly processed N-terminus and loss of enzyme 

activity. The “EAEA” found N-terminal of the terminal 
histidine is part of the Ste13 cleavage site, which is noto-
riously problematic in terms of N-terminal processing 
[20]. 

In summary, the data confirm that the OST1 signal 
peptide both successfully secrets NcAA9C and is cor-
rectly recognized and cleaved by P. pastoris, which results 
in a homogenously processed N-terminus and full enzy-
matic functionality. In contrast, the pre-OST1-pro-α-
factor is incorrectly processed, which leads to a loss of 
activity of NcAA9C and makes this signal peptide unsuit-
able for recombinant production of LPMOs. This finding 
is in line with reports of Tanghe et al. [18], who reported 
the unsuitability of the α-factor for secretion of LPMOs, 
as the pre-OST1-pro-α-factor and the native α-factor sig-
nal peptide share the same pro- sequence, which is adja-
cent to the N-terminus of the mature protein.

Expanding to other LPMO families
To further investigate the applicability of the presented 
novel expression tools for recombinant production of 
LPMOs, we expanded the testing to other LPMO fami-
lies. Additionally, to the already presented LPMOs 
LsAA9A and NcAA9A, we produced a single-domain 
AA13 from Aspergillus oryzae (AoAA13) and a multi-
domain AA11 from Aspergillus fumigatus (AfAA11B) 
using  pBSYPGCW14Z and  pBSYPGCW14Z-OST1, respec-
tively. For AoAA13 this is, to our best knowledge, the first 
report of a successful recombinant expression of active 
enzyme using P. pastoris as all published articles refer to 
the same patent that describes the expression in A. ory-
zae [38].

Expression and purification of AoAA13 was done as 
described above. Again, expression analysis by SDS-
PAGE indicated a rather clean expression broth with 
mainly recombinant, LPMO which allowed us to use 
one single SEC step for purification which yielded in 
pure enzyme (Fig. 2C). The enzyme is on the gel visible 
as a band at ~ 25  kDa which is in accordance with the 
expected theoretical calculated mass of 27.8 kDa (Fig. 1). 
For the AoAA13 we got 1.58 ± 0.11  mg of protein from 
50  ml expression broth corresponding to ~ 30  mg pure 
LPMO from 1 L culture supernatant which is comparable 
to the yields we obtained for other LPMOs.

For AfAA11B protein expression was lower than for 
the other tested LPMOs. To ensure complete isolation 
of secreted AfAA11B of the expression supernatant, a 
hydrophobic interaction chromatography (HIC) step was 
introduced to bind the protein on the column and elute it 
in a small volume to reduce the time required for concen-
tration prior SEC. The SEC purification was executed as 
described for the other LPMOs, and AfAA11B eluted in a 
single peak off the column. In the subsequent SDS-PAGE 
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analysis a double band was observed (Fig.  2C) with the 
LPMO at ~ 60  kDa and a contamination at ~ 20  kDa. 
Based on the previous in silico analysis we expected 
heavy glycosylation (Fig.  1) of AfAA11B which is con-
firmed by SDS-PAGE analyzes as the enzyme appears to 
be about 17  kDa bigger than the theoretical calculated 
molecular weight (42.8 kDa).

Repeating the SEC purification step with a fraction of 
the purified LPMO did not change the composition of 
the protein solution (double band on SDS gel), which 
indicates that the second band is not from a native P. pas-
toris protein. We presume, that the LPMO linker region 
with the CBM separates from the catalytic domain dur-
ing the preparation of the sample prior to the SDS-PAGE 
analysis or in the analysis, we do not know exactly how, 
which results in the second protein form. From the pro-
cess we obtained 1.38 ± 0.00  mg of pure protein from 
500 mL cultivation broth, which is about 10 times less in 
comparison to the other tested LPMOs.

The substrate oxidation ability of 1  μM AoAA13 was 
tested by incubation with 0.1% starch, maltopentaose, 
panose, maltotriosyl-maltotriose or ismaltotriose (1 mM 
each) in the presence and absence of 1  mM reductant 
overnight. From none of these substrates oxidized prod-
ucts could be detected, which is in agreement with pub-
lished results of this particular LPMO on starch [39]. To 
confirm functional expression of AoAA13, the oxidase 
activity assay described by Kittl et al. [22] was used, which 
is based on the enzymes ability to produce  H2O2 from a 
reduced copper center. To ensure that the observed  H2O2 
does not origin from unbound copper, control reactions 
with  CuSO4 were included. From the progress curves 
(Fig.  7A)  H2O2 production rates of 0.03 ± 0.003  μM*s−1 
and 0.01 ± 0.001 μM*s−1 for the reaction with LPMO and 
 CuSO4 were calculated, respectively, which confirms the 
structural integrity of the active site and indicates that we 
lack the correct carbohydrates to detect the formation of 
oxidized products.

Fig. 6 MALDI-ToF spectra of the trypsin digested NcAA9C expressed with the different signal peptides. The different colors present the different 
constructs. The spectrum of the LPMO expressed with the native signal peptide is shown in blue whereas the enzyme expressed with OST1 is 
presented in red and the one produced with the pre-OST1-pro-α-factor in green. The inlaid boxes show the spectra in the areas in which the masses 
of the correctly processed N-terminus in case of the pre-OST1-pro-α-factor (A) or the wrongly processed N-termini of the other two constructs (B, 
C), would be expected
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To confirm the substrate oxidation ability of AfAA11B 
and therefore its functional secretion using the OST1 as 
a leader sequence, the enzyme was incubated with (Glc-
NAc)4 in the presence and absence of AscA (1 mM) over 
night. Reaction products were analyzed by HPAEC-PAD 
and the chromatograms (Fig.  7B) confirm the release 
of oxidized products from AfAA11B in the presence of 
reductant (solid lines) and the absence of products in the 
control reaction without reductant (dashed lines) con-
firming the correct processing of the N-terminus.

Conclusion
The presented study gives novel insights into the expres-
sion of fungal LPMOs using the industrially most rel-
evant expression host P.  pastoris. The presented data 
show the successful and active expression of four LPMOs 
from three different fungal LPMO families, one of which 
(AoAA13) has, to our best knowledge, never before been 
expressed in a lower eukaryotic host.

The implementation of advanced molecular biology 
tools for the genetic manipulation of P.  pastoris made 
cloning, expression and downstream processing as 
effortless as possible. Our data demonstrate that both 
tested vectors that employ differently regulating pro-
moters (pBSY3Z and  pBSYPGCW14Z) in combination 
with the Pichia pastoris strain BSYBG11 are suitable for 
the expression of LPMOs. The presented protocols are 
standardized, require little equipment, short cultivation 
periods and result in up to 42 mg of pure LPMO per liter 
of cultivation supernatant with the limited effort of a 
medium-scale cultivation. The use of medium-scale shake 
flasks with subsequent tag-less single-step purification 

makes the production of valuable LPMOs no longer tedi-
ous and time consuming and abolishes enzyme produc-
tion as limiting factor in this field of science.

To expand the toolbox for LPMO-tailored expression 
further we report, for the first time, a non-LPMO-orig-
inating signal peptide that facilitates secretion of active 
LPMOs. The OST1 signal peptide in combination with 
the presented regulatory tools, facilitates an efficient 
way for LPMO discovery, as cloning is streamlined, and 
the achieved protein concentrations are high enough to 
determine substrate oxidation activity from crude super-
natant. Here, the OST1 presents an interesting alternative 
to using an LPMOs native signal peptide, as it provides a 
way to express bacterial LPMOs in P. pastoris or to over-
come potential inactivation caused by incorrectly pro-
cessed N-termini.

Moreover, this is, to our best knowledge, only the 
fourth time the OST1 signal peptide has been reported 
for secretion of proteins with P. pastoris and the second 
time the secretion of an enzyme is reported [34, 35, 40]. 
Additionally, we are the first ones to investigate N-ter-
minal processing of this signal peptide by MS. The fact 
that this N-terminal leading sequence is cleaved perfectly 
makes it an interesting candidate for the production of 
proteins that require a largely homogenous N-terminus, 
i.e., pharmaceutically relevant proteins.

Material and methods
Chemicals, microorganisms and media
All chemicals were purchased from Carl Roth (Karlsruhe, 
Germany), VWR or Sigma-Aldrich. Oligonucleo-
tides were ordered from Integrated DNA Technologies 

Fig. 7 H2O2 production curve (A) and HPEAC-PAD profile (B) to confirm the functional expression of AoAA13 and AfAA11B by using either the 
 pBSYPGCW14Z or the  pBSYPGCW14Z-OST1 expression plasmid. A For the  H2O2 production curve 3 μM AoAA13/CuSO4, 100 μM Amplex Red and 
0.025 mg/ml HRP were used, and the reaction was initiated by the addition of 50 μM AscA (all final concentrations). Control reactions did not 
contain catalyst. The presented curves represent the average of three independent replicates. B To assess the substrate oxidation ability of AfAA11B 
standard aerobic reactions (green) with 1 μM LPMO, 1 mM (GlcNAc)4 in the presence (solid lines) and absence (dashed lines) of 1 mM AscA were 
made. To show that peaks correspond to oxidized products, a standard containing 150 μM oxidized chitobiose and chitotriose is shown (grey)



Page 12 of 17Rieder et al. Biotechnol Biofuels          (2021) 14:122 

(Leuven, Belgium) and BioXP® regents from SGI-DNA, 
Inc. (San Diego, CA, USA). Kits used for plasmid isola-
tion (Wizard® Plus SV Minipreps DNA Purification Sys-
tems) and purification of agarose gel slices, PCRs and 
restriction digests (Wizard® SV Gel and PCR Clean-Up 
System) were purchased from Promega (Fitchburg, WI, 
USA). For cloning by Gibson isothermal assembly, Gib-
son Assembly® HiFi 1-Step Kit (SGI-DNA, Inc., San 
Diego, CA, USA) was used, all other enzymes and Phu-
sion DNA polymerase were obtained from Thermo 
Fisher Scientific (Waltham, MA, USA).

For standard cloning procedures and plasmid propa-
gation, self-made chemically competent Escherichia coli 
XL1-Blue were used (Mix & Go! E. coli Transformation 
Kit and Buffer Set, Zymo research, Irivine, CA, USA). 
For amplification of BioXP synthesized plasmids, NEB® 
5-alpha Competent E. coli (High Efficiency) cells (New 
England Biolabs, Ipswich, MA, USA) were used and 
transfection was performed according to the manual for 
high efficiency transformation. As an eukaryotic expres-
sion host Bisy GmbH provided the killer plasmid-free 
P. pastoris strain BSYBG11(ΔAOX1,  MutS), which origi-
nates from BG08 (BioGrammatics Inc., Carlsbad, CA, 
USA) and is a NRRL Y‐11,430 derivative [41].

E. coli strains were cultivated in/on LB-medium (Luria/
Miller) supplemented with Zeocin to a final concentra-
tion of 25 μg/mL (Life Technologies, Carlsbad, CA, USA).

For selection and expression of P. pastoris strains YPD 
containing 1% (w/v) yeast extract, 2% (w/v) peptone and 
2% (w/v) glucose) was used. For selection following trans-
formation and re-streaking of transformants and expres-
sion clones YPD agar plates were supplemented with100 
μg/ml Zeocin.

Assembly of the novel vector backbone
Throughout this study, we used the commercially availa-
ble P. pastoris/E. coli shuttle vector pBSY3Z (Bisy GmbH, 
Hofstätten a. d. Raab, Austria) and the newly assembled 
 pBSYPGCW14Z. The  pBSYPGCW14Z plasmid is except of 
the promotor that controls the expression of the GOI 
identical to the pBSY3Z plasmid. To exchange the pro-
moter  (PDC), we digested the pBSY3Z plasmid with 
EcoRI and SmiI and inserted the PCR-amplified  PGCW14 
promoter [25, 41] that contained 5´ and 3´ homologous 
regions to the vector backbone by Gibson assembly® 
upstream of the multiple cloning site (MCS) (Fig.  8A). 
The sequence of the newly assembled  pBSYPGCW14Z was 
verified by Sanger sequencing (Microsynth AG, Balgach, 
Switzerland).

LPMO construct assembly
Molecular biological in silico design of the expression 
plasmids was performed using SnapGene (Chicago, 
IL, USA). De novo synthesis of the LPMO genes and 

Fig. 8 Schematic overview on the manually performed cloning. A Assembly of the new  pBSYPGCW14Z expression plasmid by exchanging the  PDC 
promoter of the commercially available pBSY3Z plasmid controlling the transcription of the GOI against the  PGCW14 promoter. B Cloning strategy 
used for the assembly of the expression plasmids with the alternative SP by homologues recombination cloning. The  pBSYPGCW14Z plasmid was 
used as backbone to insert the PCR-amplified yeast-originating OST1 or the artificial pre-OST1-pro-α-factor and a LPMO gene of which the natural 
SP had been removed (LPMO∆SP) by PCR
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cloning were performed using the BioXP 3000 system 
(SGI-DNA, Inc., San Diego, CA, USA). Since the BioXP-
mediated cloning is based on homologous recombina-
tion cloning, the 5´ and 3´-ends of the codon-optimized 
genes of LsAA9A (AN: ALN96977), NcAA9C (AN: 
XP_965598), AfAA11B (AN: XP_748042) and AoAA13 
(AN: XP_023092053) that included the native LPMO 
SP were designed to have a 30  bp overhang to the pro-
moter and terminator region of the target vector back-
bone. The BioXP 3000 system was set up according to 
the manual and the cloning strip of the instrument was 
filled with 23 μl of 20 ng/μl SapI linearized pBSY3Z and 
 pBSYPGCW14Z, respectively. The output of the BioXP run 
was in total eight plasmids with either the  pBYSPGCW14Z 
or the pBYS3Z expression plasmid into which one of the 
four LPMO genes had been cloned.

Expression plasmids with the alternative SP are based 
on the  pBYSPGCW14Z backbone. Assembly was done 
using three DNA fragments, one was the linearized vec-
tor backbone  pBYSPGCW14Z, one the respective LPMO 
without its native signal sequence and the last one the 
novel alternative signal sequence. The native signal pep-
tides of NcLPMO9C and AfAA11B were removed by PCR 
employing primer pair one or two (Table  4) using the 
newly synthesized LPMO expression plasmids as tem-
plate resulting in NcAA9CΔSP and AfAA11BΔSP, which 

are for now on referred to as LPMOΔSP. The OST1 and 
pre-OST1-pro-α-factor signal sequence (SP) (Table  3) 
were amplified from the commercially available plas-
mid pBSY3S2Z (Bisy GmbH, Hofstätten a. d. Raab, Aus-
tria) which contains the pre-OST1-pro-α-factor by using 
primer pair three and four, respectively (Table  4). Since 
our cloning strategy is based on homologous recombina-
tion cloning, we introduced 5´ and 3´ overhangs to the 
flanking DNA regions during amplification. This means 
that the 5´-ends of the PCR-amplified SP were overlap-
ping with the promoter region of the  pBSYPGCW14Z 
plasmid and the 3´-end overlapped with the 5´-end 
of the LPMOΔSP genes. Similarly, the PCR-amplified 
LPMOΔSP gene had a homologous region to the SP frag-
ment at the 5´-end and an overhang to terminator region 
of the plasmid backbone at the 3´-end. Prior to Gibson 
isothermal assembly the  pBSYPGCW14Z plasmid was 
digested with NotI and EcoRI which resulted in a linear 
DNA fragment that contained the required homologous 
region to the signal peptide fragment at the promotor 
region and the correct overlap to the LPMOΔSP frag-
ment at the terminator region.

For the final plasmid construction, we followed the 
manual provided with the Gibson assembly® kit. The 
 pBSYPGCW14Z-OST1-NcAA9C construct was assem-
bled by incubation of the linearized  pBSYPGCW14Z 

Table 3 DNA sequence of the tested yeast-originating OST1 and the artificial pre-OST1-pro-α-factor secretion signal

Signal peptide DNA sequence 5`  3`

OST1 atgaggcaggtttggttctcttggattgtgggattgttcctatgttttttcaacgtgtcttctgct

pre-OST1-pro-α-factor atgaggcaggtttggttctcttggattgtgggattgttcctatgttttttcaacgtgtcttctgctgccc-
ctgttaacactaccactgaagacgagactgctcaaattccagctgaagcagttatcggttactct-
gaccttgagggtgatttcgacgtcgctgttttgcctttctctgcttccattgctgctaaggaa-
gagggtgtctctctcgagaagagagaggccgaagct

Table 4 Primer pairs used for DNA amplification

# Construct DNA sequence 5`→3`

1 NcAA9C∆SP

 FWD catacaatttttcagaaggtgtcagtcaacg

 REV tggcattctgacatcctcttgagc

2 AfAA11B∆SP

 FWD catatgaagatgagacaacccactccatattc

 REV tggcattctgacatcctcttgagc

3 OST1

 FWD gtcactcgcttcactcaacaacaaaaatgaggcaggtttggttctcttgg

 REV ccgttgactgacaccttctgaaaaattgtatgagcagaagacacgttgaaaaaacataggaac

4 pre- OST1-pro-α-factor

 FWD gtcactcgcttcactcaacaacaaaaatgaggcaggtttggttctcttgg

 REV ccgttgactgacaccttctgaaaaattgtatgagcttcggcctctctcttctcg
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backbone with the OST1 and NcAA9CΔSP fragment. 
The  pBSYPGCW14Z-pre-OST1-pro-α-factor-NcAA9C 
and the  pBSYPGCW14Z-OST1-AfAA11B constructs were 
assembled identically but instead of the OST1 we used 
the pre-OST1-pro-α-factor fragment and instead of 
the NcAA9CΔSP we used the AfAA11BΔSP fragment, 
respectively (Fig.  8B). Sequence of the plasmids was 
verified by Sanger sequencing (Microsynth AG, Balgach, 
Switzerland).

Pichia pastoris transformation and screening
The expression plasmids were SmiI linearized prior to 
transformation of the eukaryotic host. Transformation 
of the Pichia pastoris BSYBG11 one-shot ready compe-
tent cells (Bisy GmbH, Hofstätten a. d. Raab, Austria) 
was done according BSY Pichia pastoris transformation 
protocol.

Following 48  h of growth and antibiotic selection on 
agar plates, 24 transformants of each construct were ran-
domly selected for expression analysis. Microscale cul-
tivation (96 deep-well plate cultures) of P.  pastoris cells 
carrying constructs based on pBSY3Z was done accord-
ing to the BSY high-throughput screening protocol, 
which is based on the work of R. Weis et al. [42]. Micro-
scale cultivation (96 deep-well plate cultures) of P. pasto-
ris cells carrying constructs based on  pBSYPGCW14Z was 
performed in YPD media over 60  h due to the  PGCW14, 
which facilitates methanol-independent constitutive 
expression.

At the end of the cultivation, optical cell density of 
each microscale culture was determined as absorbance 
at 600  nm  (OD600). Additionally, total protein amount 
secreted by each culture was determined by Bradford 
protein assay after harvesting the culture medium by cen-
trifugation at 4000 rpm, 4 °C for 10 min. For each culture, 
we normalized the protein amount by the correspond-
ing  OD600 and corrected by the wild-type secretion. This 
allowed us to select the highest secreting clone for fur-
ther characterization and evaluate the average expression 
for each construct. Additionally, expression of the tar-
get protein by selected clones was confirmed by sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE). If not mentioned different protein samples 
were reduced and denatured prior SDS-PAGE analysis.

Expression, purification, and copper loading
500  ml YPD (1% (w/v) yeast extract, 2% (w/v) peptone 
and 2% (w/v) glucose) in a 2-L baffled shake flask was 
inoculated with a fresh single yeast colony and incubated 
for 60  h at 28  °C and 120  rpm. Cells and supernatant 
were separated by centrifugation at 10,000xg and 4 °C for 
15 min. The protein containing supernatant was filtered 
by a 0.22 μM Steritop® bottle-top filter (Merck Millipore, 

Burlington, MA, USA) and concentrated fivefold by a 
VivaFlow 200 tangential crossflow concentrator (molecu-
lar weight cut-off, MWCO 10 kDa, Sartorius Stedim Bio-
tech Gmbh, Germany).

For size exclusion chromatography (SEC), we used a 
HiLoad 16/60 Superdex 75 size exclusion column (GE 
Healthcare Life Sciences, Uppsala, Sweden) that was 
equilibrated with 50  mM BisTris/HCl buffer (pH 6.5) 
containing 150  mM NaCl and operated with an Äkta 
purifier (GE Healthcare Life Sciences, Uppsala, Swe-
den). Prior to loading of the samples onto the column, 
the expression supernatant was concentrated tenfold. 
We typically applied small volumes (< 1 mL) to column to 
ensure good separation and the isolation of pure protein. 
The protein was eluted and fractionated using a flow rate 
of 1 ml/min. Fractions containing the pure enzyme were 
identified using SDS-PAGE, pooled, and concentrated 
using Amicon Ultra centrifugal filters (MWCO 10  kDa, 
Merck Millipore, Burlington, MA, USA).

When a hydropic interaction chromatography (HIC) 
step was performed prior SEC, we added ammonium sul-
fate to a final concentration of 2.4 M to the protein con-
taining supernatant. Here, we used a 5 mL HiTrap Phenyl 
FF column (GE Healthcare Life Sciences, Uppsala, Swe-
den) equilibrated with 50  mM BisTris/HCl buffer (pH 
6.5), containing 2.4  M ammonium sulfate. To elute the 
protein from the column, a 35  ml linear gradient from 
2.4 M to 0 M ammonium sulfate in 50 mM BisTris/HCl 
buffer (pH 6.5) using a flowrate of 1.8 ml/min was used. 
The collected fractions were analyzed by SDS-PAGE and 
pooled if the target protein was present. Prior to isolation 
by SEC, the protein containing solution was concentrated 
using Amicon Ultra centrifugal filters (MWCO 10  kDa, 
Merck Millipore, Burlington, MA, USA).

Copper saturation of the purified LPMO was ensured 
by adding a 1:3 molecular ratio of enzyme to  CuSO4 and 
left for incubation for 1 h at t = 4  °C. Remaining copper 
and salt were removed by exchanging the total volume 
to 50  mM BisTris/HCl buffer (pH 6.5) four times using 
Amicon Ultra centrifugal filters (MWCO 10 kDa, Merck 
Millipore, Burlington, MA, USA). The homogeneity of 
the enzymes was evaluated by SDS-PAGE and concen-
tration was measured by the Bradford assay. The purified 
and copper-saturated proteins were stored at 4  °C until 
further use.

LPMO reactions
Standard LPMO reactions contained 1-5  μM enzyme, 
0.1% phosphoric acid-swollen cellulose (PASC) or 1 mM 
oligomeric substrates (95% purity; Megazyme, Wick-
low, Ireland) in 50 mM BisTris/HCl buffer (pH 6.5) and 
were incubated at t = 37  °C and 750 rpm (Thermomixer 
C, Eppendorf, Hamburg, Germany). Reactions were 
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initiated by the addition of 1  mM AscA and either ter-
minated by boiling (crystalline substrates) or by the addi-
tion of 7 reaction volumes of 200  mM NaOH (soluble 
substrates).

Reaction products were detected using high‐perfor-
mance anion exchange chromatography with pulsed 
amperometric detection (HPAEC‐PAD). For the analy-
ses, a Dionex ICS5000 system, equipped with a Car-
boPac PA200 analytical column and a CarboPac PA200 
guard column, with a 26 min gradient for cellulose and an 
18 min gradient for chitin containing samples [43].

The activity of the cellulose-active LPMOs was assessed 
by quantification of the native products that would pro-
portionally increase upon oxidation of soluble substrates. 
For the confirmation of oxidized chitin products, in-
house made standards were used as described elsewhere 
[44]. Chromatograms were recorded and analyzed with 
Chromeleon.

H2O2 production assay
The formation of  H2O2 was measured to determine the 
LPMOs oxidase activity as described previously by Kittl 
et  al. [22]. The reaction was carried out in 50  mM Bis-
Tris/HCl buffer (pH 6.5) and contained 3  μM LPMO, 
100 μM Amplex Red and 0.025 mg/ml HRP. The reaction 

was initiated by the addition of AscA (final concentra-
tion 50 μM) after 5 min preincubation at t = 30  °C. The 
formation of resorufin was monitored at 540 nm. Blank 
reaction did not contain LPMO and standards had AscA 
added to capture potential interactions between the sub-
strate/product and the reductant.

MALDI-ToF analysis
Matrix-assisted laser desorption/ionization time of flight 
mass spectrometry (MALDI-ToF MS) analyses were per-
formed on an Ultraflex MALDI‐ToF/ToF instrument 
(Bruker Daltonik GmbH, Bremen, Germany) equipped 
with a Nitrogen 337  nm laser applying suitable prein-
stalled instrument methods.

To investigate the homogeneity of our protein stocks, 
the purified protein was mixed in a 1:1 ratio with a 2% 
TFA solution. As matrix a solution containing 3.8 mg/ml 
2,5-DHAP and 4.5 mg/ml DAC in 75% ethanol was used. 
Prior analysis the protein solution and matrix were mixed 
in a 1:1 ratio and spotted on a ground steel plate.

The correct processing of the N-terminus was examined 
by trypsin fragmentation of the LPMOs with subsequent 
MALDI-ToF analysis. MS sample preparation followed 
the protocol described by Tuveng et al. [45]. For reduction 
and acetylation of the protein sample, 30 μg of the purified 

Table 5 List with the theoretical peptide masses of the trypsin digested NcAA9C expressed with the different signal peptides

The second column shows the expected masses of a correctly processed enzyme and is therefore independent of the leading sequence. In the columns 3 to 5 
the expected masses of wrongly processed N-termini of the different signal peptides are listed. Highlighted in bold are the masses of the peptides containing the 
N-terminal histidine

Fragment Masses expected if the signal peptide is 
cleaved correctly

Masses expected of a wrongly processed N-terminus

Independent of SP Native OST1 pre- OST1-
pro-α-factor

1 773.4304 1986.1018 3104.5855 6754.3264

2 1215.6328 1215.6328 1215.6328 890.4465

3 2505.1782 2505.1782 2505.1782 1173.5898
4 1171.6317 1171.6317 1171.6317 1215.6328

5 2725.2865 2725.2865 2725.2865 2505.1782

6 991.5645 991.5645 991.5645 1171.6317

7 1234.6273 1234.6273 1234.6273 2725.2865

8 945.4999 945.4999 945.4999 991.5645

9 3347.5322 3347.5322 3347.5322 1234.6273

10 5926.898 5926.898 5926.898 945.4999

11 6678.2651 6678.2651 6678.2651 3347.5322

12 1020.5142 1020.5142 1020.5142 5926.898

13 1469.7091 1469.7091 1469.7091 6678.2651

14 1038.5037 1038.5037 1038.5037 1020.5142

15 1355.5718 1355.5718 1355.5718 1469.7091

16 1359.5674 1359.5674 1359.5674 1038.5037

17 1355.5718

18 1359.5674
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enzyme was mixed with dithiothreitol (DTT, final con-
centration 10 mM) in Eppendorf LoBind tubes and incu-
bated for 30 min. Subsequently, indole-3-acetic acid (IAA, 
final concentration of 15  mM) was added and incubated 
another 30 min in the dark before digestion of the enzymes 
with 0.75 μg trypsin (Sequencing Grade Modified Trypsin, 
Promega) over night at 37 °C. The reaction was quenched 
with trifluoroacetic acid (TFA, final concentration of 1%) 
and concentrated by  C18 solid phase extraction ZipTips 
(Merck Millipore, Cork, Ireland). The peptides were eluted 
in 10 μl 70% ACN with 0.1% TFA and dried under vacuum. 
The peptide pellet was suspended in 10 μL of 2% ACN with 
0.1% TFA. Prior to analysis, the protein samples, and the 
matrix (HCCA saturated in TA30) were mixed in a 1:1 ratio 
and spotted on a ground steel plate. The peptide mass lists 
(Table 5) for the different LPMO constructs were generated 
using the ExPASy online tool PeptideMass (https:// web. 
expasy. org/ pepti de_ mass/). The peptides containing the 
N-terminal histidine are highlighted in bolt.
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Introduction 32 

Enzymes currently known as lytic polysaccharide monooxygenases (LPMOs) catalyze the oxidative 33 

scission of glycosidic bonds and by doing so they boost the activity of classical polysaccharide-34 

degrading hydrolytic enzymes such as chitinases and cellulases [1]–[10]. LPMO catalytic sites contain 35 

a single copper ion co-factor [11], [12] that upon reduction reacts with either O2 or H2O2 to generate 36 

an oxygen species that is capable of abstracting a hydrogen atom from the C1 or the C4 carbon atom 37 

in glycosidic bonds [9], [13]–[16]. 38 

Initially, LPMOs were thought to be monooxygenases ([3]; Figure 1A), but recent studies 39 

have shown that LPMOs can act as peroxygenases ([15]; Figure 1B) and that this reaction is orders of 40 

magnitude faster than the monooxygenase reaction [15]–[20]. Interestingly, LPMOs are not the first 41 

oxidoreductases that might depend on a different oxygen source than initially thought as it was 42 

reported that the iron-depended epoxidase HppE, originally classified as an oxidase, is in fact a non-43 

heme iron peroxidase [21]. Nonetheless, in case of the LPMOs it has been claimed by some that the 44 

peroxygenase reaction is less specific and leads to more enzyme damage compared to the 45 

monooxygenase reaction and thus is not likely to be the true LPMO reaction ([22], but this claim is 46 

disputed (e.g. [16], [20], [23]). Importantly, under the conditions typically used in LPMO 47 

“monooxygenase” reactions, H2O2 will be generated in situ and there are indications that observed 48 

reaction rates in such reactions, typically in the range of a few per minute ([17]), reflect the rate of in 49 

situ generation of H2O2, rather than the rate of a true monooxygenase reaction [24]–[26]. In situ 50 

generation of H2O2 may result from LPMO-independent oxidation of the reductant by O2, and may 51 

also involve the LPMO, since LPMOs have oxidase activity [27]–[29]. These two routes towards H2O2 52 

generation are intertwined in a manner that depends on both the reductant and the LPMO. For 53 

example, Stepnov et al. [25] showed that generation of H2O2 in standard reactions with an AA10 type 54 

(bacterial) LPMO (i.e., LPMO + 1 mM reductant) was almost independent on the LPMO in reactions 55 

with gallic acid, whereas the LPMO increased H2O2 production in reactions with ascorbic acid. It is 56 

not known whether the same would apply for the AA9 LPMOs that are abundant in biomass-degrading 57 

fungi. 58 

Understanding LPMOs, which requires robust assessment of LPMO kinetics, is complicated 59 

due to the many interconnected redox phenomena and catalytic pathways. In the presence of substrate, 60 

LPMOs catalyze oxidation of glycosidic bonds using O2 or H2O2 [monooxygenase or peroxygenase 61 

reaction; Figure 1; [9], [14], [15], [30]]. In the absence of a carbohydrate substrate, LPMOs catalyze 62 

formation of H2O2 from molecular oxygen (oxidase reaction) [25], [27]. The inhibitory effect of the 63 

substrate on H2O2 accumulation may reflect inhibition of the oxidase reaction [26], as originally 64 

proposed by Kittl et al [27], but may also reflect consumption of the generated H2O2 in a productive 65 

LPMO reaction [15]. Next to engaging in oxidase reactions, reduced LPMOs may act as an H2O2 66 
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scavenger in peroxidase like reactions [31]. Both these non-productive (per)oxidase reactions may 67 

lead to auto-catalytic enzyme inactivation [15], [20], [23], [32].  68 

The substrate of LPMOs is insoluble, which not only complicates analytics, but also generates 69 

an additional kinetic complication related to potentially slow substrate association/dissociation. Slow 70 

substrate association is of particular importance because a reduced LPMO that is not bound to 71 

substrate is prone to side reactions that may consume reactants and lead to enzyme damage, as outlined 72 

above [15], [32], [33]. Interestingly, Hangasky et al. [22] showed that H2O2-consuming horse radish 73 

peroxidase (HRP), which has a soluble substrate, inhibited an LPMO acting on an insoluble substrate, 74 

while having only a minor inhibitory effect on an LPMO acting on a soluble substrate. This 75 

observation with soluble substrate was interpreted to show that the LPMO does not depend on H2O2 76 

and thus is a true monooxygenase. Although not recognized at the time, another possible explanation 77 

for this difference is that the LPMO reaction with soluble substrate is much more efficient, allowing 78 

the LPMO to better compete with HRP for the available H2O2. 79 

In recent years, fungal AA9 type LPMOs active on soluble substrates have been discovered, 80 

including NcAA9C from Neurospora crassa [34], [35] and LsAA9A from Lentinus similis [36]. These 81 

enzymes, acting on a diffusible and easy to analyze substrate, provide a unique opportunity to 82 

kinetically assess the various LPMO reactions. Here, we present an in-depth kinetic analysis of 83 

NcAA9C acting on cellopentaose, showing that this enzyme is a fast and specific peroxygenase, 84 

capable of reaching unprecedented high catalytic rates. Similar studies with LsAA9A revealed 85 

differences between the two enzymes but confirmed that these AA9 type LPMOs are indeed 86 

competent peroxygenases. These results demonstrate the immense catalytic potential of the LPMO 87 

scaffold, which is much higher than anticipated when the first ultraslow LPMO reactions were 88 

described. 89 

�90 

�91 

 92 
 93 
Figure 1. Reaction schemes for the monooxygenase (A) and the peroxygenase (B) reaction. The 94 

substrate is indicated by R. Hydroxylation of one of the carbons destabilizes the glycosidic bond, 95 

which, once oxidized, undergoes an elimination reaction leading to bond breakage [12]. Note the 96 

potential difference in reductant consumption between the two reaction schemes. In the peroxygenase 97 

scheme, a once reduced LPMO can carry out multiple reactions [20], [37], [38], meaning that reductant 98 

consumption will be low if H2O2 is provided externally. If, however, H2O2 is generated in situ through 99 

reduction of O2, also the peroxygenase reaction will require two electrons per cycle 100 

(O2 + 2e- + 2H+ � H2O2). 101 
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 102 

Materials and Methods 103 

Chemicals 104 

All chemicals were, if not stated otherwise, purchased from Sigma-Aldrich, Thermo Fisher Scientific 105 

or VWR. 106 

 107 

Expression and purification and copper saturation.  108 

Recombinant LPMO expression was done as previously described by Rieder et al. [39]. In summary: 109 

the genes encoding LsAA9A (UniProtKB: A0A0S2GKZ1) and NcAA9C (UniProtKB: Q7SHI8) were 110 

codon optimized for P. pastoris, using the online tool provided by Thermo Fisher Scientific and cloned 111 

into the pBSYPGCW14Z plasmid, which facilitates constitutive expression and employs the native 112 

LPMO signal peptides for secretion. After SmiI linearization, the pBSYPGCW14Z-LPMO constructs 113 

were used for the transformation of killer plasmid free P. pastoris BSYBG11 (ΔAOX1, MutS) one-114 

shot ready competent cells (bisy GmbH, Hofstätten a.d. Raab, Austria) following the manual provided 115 

by the supplier.  116 

For enzyme expression a single yeast colony was used to inoculate 500 ml YPD [1 % (w/v) 117 

Bacto™ yeast extract (BD Bioscience, San Jose, CA, USA), 2 % (w/v) peptone from casein (tryptone) 118 

(Merck Millipore, Burlington, MA, USA) and 2 % (w/v) glucose]. Incubation was performed over 119 

60 h in a 2 l baffled shake flask at 120 rpm and 28 °C. The LPMO containing supernatant was 120 

separated from the cells by centrifugation at 10000 x g for 15 min at 4 °C and filtered using a 0.22 μm 121 

Steritop® bottle-top filter (Merck Millipore, Burlington, MA, USA) prior to concentration using a 122 

VivaFlow 200 tangential crossflow concentrator (molecular weight cut-off, MWCO, 10 kDa, Sartorius 123 

Stedim Biotech Gmbh, Germany) and Amicon Ultra centrifugal filters (MWCO 10 kDa, Merck 124 

Millipore, Burlington, MA, USA).  125 

The LPMOs were purified using an Äkta purifier system (GE Healthcare Life Sciences, 126 

Uppsala, Sweden) equipped with a HiLoad 16/60 Superdex 75 size exclusion column (GE Healthcare 127 

Life Sciences, Uppsala, Sweden) that was equilibrated in 50 mM BisTris-HCl (pH 6.5),150 mM NaCl. 128 

The single step size exclusion purification was performed at a flowrate of 1 ml/min. The protein 129 

content of the fractions was assessed by SDS-PAGE and fractions containing pure LPMO were 130 

pooled.  131 

To ensure copper saturation of the active site, the enzyme preparation was incubated for 1 h 132 

with a threefold molar excess of CuSO4 at 4 °C in 50 mM BisTris-HCl (pH 6.5) with 150 mM NaCl. 133 

Unbound copper was removed by 3 repetitions of buffer exchange to 50 mM BisTris-HCl (pH 6.5) 134 

using Amicon Ultra centrifugal filters (MWCO 10 kDa, Merck Millipore, Burlington, MA, USA). 135 

LPMO concentrations were determined using the Bradford protein assay with bovine serum albumin 136 
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as standard. The copper saturated and purified proteins were stored in 50 mM BisTris-HCl (pH 6.5) 137 

at 4 °C until use.  138 

AfAA11B, a chitin-active LPMO from Aspergillus fumigatus (UniProtKB: Q4WEH3), which 139 

will be described in detail elsewhere, was produced, purified and copper-saturated as described above 140 

for LsAA9A and NcAA9C [39]. Copper-saturated chitin-active bacterial SmAA10A (CBP21) was 141 

prepared as described previously [40]. 142 

 143 

LPMO reactions with soluble substrates. LPMO reactions typically had a volume of 200 μl and 144 

were prepared in a 1.5 ml reaction tube with conical bottom. Standard reactions contained 1 μL 145 

LPMO, 1 mM reductant and 1 mM cellopentaose (95% purity; Megazyme, Wicklow, Ireland) in 50 146 

mM BisTris-HCl (pH 6.5). Reactions supplemented with H2O2 contained typically 0.25 μM enzyme, 147 

300 μM H2O2, 100 μM reductant and 1 mM of soluble substrate. Deviations from standard conditions 148 

were required for some experiments, as indicated in the appropriate figure legends. Stock solutions of 149 

50 mM AscA (L-Ascorbic acid, 99%, Simga-Aldrich), 10 mM GA (Gallic acid monohydrate ≥99 %, 150 

Sigma-Aldrich), 100 mM cysteine (L-Cysteine ≥98%, Sigma-Aldrich) were prepared in ddH2O, 151 

aliquoted and stored at -20°C until use. 10 mM Stock solutions of H2O2 (37% Merck) were prepared 152 

in pure water (TraceSELECT®, Fluka) and stored at -20°C until use. The H2O2 concentration was 153 

assessed by measuring the absorbance at 240 nm and using a molar extinction coefficient of 43.6 M-154 
1cm-1. 155 

Since the order of mixing the various components of LPMO reactions matters, we started by 156 

mixing H2O, buffer stock solution and the substrate followed by the LPMO. After incubation for 1 157 

min at the desired temperature and rpm, the reaction was initiated by addition of reductant (time point 158 

zero). In case the reaction was supplemented with H2O2 or HRP (Sigma-Aldrich) these were added 159 

after the LPMO but before the pre-incubation step and before addition of reductant. Reactions were 160 

incubated either at 37 °C or 4 °C, and at 750 rpm (Thermomixer C, Eppendorf, Hamburg, Germany). 161 

For sampling, 25 μl aliquots were withdrawn from the main reaction at regular time points. To quench 162 

the reaction and to achieve an appropriate dilution factor for subsequent HPAEC-PAD analysis of 163 

products (see below), 175 μl of 200 mM NaOH were added to each sample. For quantification with 164 

the Dionex ICS6000 system, the dilution factor was 1:40, due to a higher sensitivity of this system. 165 

Reactions with mannopentaose and xylopentaose (95% purity; Megazyme, Wicklow, Ireland), were 166 

set up and sampled in the same manner but were diluted 1:4 prior to HPAEC-PAD analysis. 167 

The presented data points are the average values of at least three individual replicates and 168 

include the standard deviation, which is shown as a vertical line. Negative control reactions were 169 

performed by leaving out the reductant.  170 

 171 

Product detection and quantification. Reaction products were detected using high�performance 172 

anion exchange chromatography with pulsed amperometric detection (HPAEC�PAD). HPAEC was 173 
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performed on a Dionex ICS5000 or ICS6000 system. The ICS5000 was equipped with a 3 × 250 mm 174 

CarboPac PA200 analytical column and a CarboPac PA200 guard column, and cello-oligomer 175 

containing samples were analyzed using a 26 min gradient, as described previously [25]. For analysis 176 

with the ICS6000 we used a 1 × 250 mm CarboPac PA200 analytical column and a guard column of 177 

the same type. The flow rate during analysis was 63 μL*min-1 and the applied gradient was as follows: 178 

1 – 14 min, from 1 to 100 mM potassium methanesulfonate (KMSA), concave; 14 - 17 min, washing 179 

step at 100 mM KMSA; 17 – 26 min, re-conditioning at 1 mM KMSA. 180 

To assess the LPMO activity on cellopentaose the generation of native cellobiose and 181 

cellotriose, which would proportionally increase with the C4-oxidized products, was quantified. 182 

Products from reactions with mannopentaose and xylopentaose were analyzed using the Dionex 183 

ICS5000 system in the configuration described above. For analysis of mannopentaose containing 184 

samples we used the 26 min gradient as for the cellopentaose containing samples. In case the reactions 185 

were set up with xylopentaose we used a 39 min gradient as described elsewhere [41]. Chromatograms 186 

were recorded and analyzed with Chromeleon 7, and plots were made using Microsoft Excel. 187 

 188 

H2O2 production assay. Hydrogen peroxide formation assays were performed as previously 189 

described by Kittl et al. [27]. The reactions were performed in 96-well microplates with 100 μl 50 mM 190 

BisTris/HCl buffer (pH 6.5) containing 1 μM LPMO, 100 μM Amplex Red, �'��()(*�+,-. and 191 

0.025 mg/ml HRP (final concentrations). After 5 min pre-incubation at 30 °C the reactions were started 192 

by the addition of 1 mM reductant (final concentration). The formation of resorufin was monitored 193 

over 30 min at 540 nm using a Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific, 194 

Bremen Germany). Standard solutions for H2O2 quantification were supplemented with reductant and 195 

if appropriate with 1 mM Glc5 to capture potential side reactions, as recently explained [19], [25]. The 196 

reductant and Glc5 were added prior the addition of HRP.  197 

�198 
�199 
Results and Discussion 200 

The reductant influences the apparent monooxygenase reaction. It is well known from earlier 201 

work that the reductant has a large impact on the efficiency of O2-driven LPMO reactions [24], [25], 202 

[42], [43]. In keeping with the monooxygenase paradigm, this dependency has been attributed to 203 

variation in the reductant’s ability to deliver electrons to the LPMO. As outlined above, considering 204 

the peroxygenase activity of LPMOs, it is quite plausible that the observed variation also, or even 205 

primarily, reflects reductant-dependent variation in the in situ synthesis of H2O2 during the reaction 206 

[24], [25]. Here, we addressed the impact of the reductant on NcAA9C by studying degradation of 207 

cellopentaose in the presence of ascorbic acid (AscA), cysteine or gallic acid (GA). The reactions were 208 

performed using classical aerobic “monooxygenase” conditions with 1 μM enzyme, 1 mM Glc5 and 1 209 

mM reductant.  210 
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 211 

 212 

 213 
Figure 2. Progress curves showing apparent monooxygenase (A) and oxidase (B) activity of 214 

NcAA9C. Reactions were performed with 1 μM enzyme and 1mM of either AscA (blue), cysteine 215 

(grey) or GA (orange) in the presence (A) or absence (B) of 1 mM Glc5. The empty symbols in A (at 216 

240 min only) show the product levels (~10 μM) found in the control reactions without reductant. 217 

Panel (C) shows control reactions, i.e., LPMO independent H2O2 accumulation, in reactions with only 218 

reductant (dashed lines) or with reductant and 1 mM Glc5 (solid lines).  219 

 220 

 221 

Figure 2A shows that stable reaction rates were obtained with AscA and gallic acid, with 222 

apparent rate constants (kobs), derived from the linear part of the progress curves, of 0.05 ± 0.01 sec-1 223 

and 0.011 ± 0.02 sec-1, respectively (Table 1). The reaction with cysteine showed the highest initial 224 

rate (kobs = 0.06 ± 0.01 sec-1), but in this case product formation halted after approximately half of the 225 

substrate had been degraded. This is not surprising since, while AscA and gallic acid can donate two 226 

electrons per molecule, cysteine can donate only one, meaning that two molecules of cysteine are 227 

needed per LPMO reaction and that 1 mM of cysteine can only fuel cleavage of 0.5 mM (i.e., half) of 228 

the substrate.  229 

To gain insight into the oxidase activity of NcAA9C and a possible connection between this 230 

activity and the enzyme’s apparent monooxygenase activity, we measured H2O2 production in the 231 

absence of substrate using the Amplex Red/HRP assay, as described previously [25], [27]. Of note, 232 

while this assay is very useful, it suffers from multiple complications (discussed in e.g.[19], [25]) that 233 

prevent extrapolation of apparent H2O2 production levels in a reaction without substrate (Figure 2B) 234 

with expected H2O2 production levels in a reaction with substrate (Figure 2A). Firstly, the reductant 235 

suppresses the signal of the HRP assay and this will vary between reductants. Although the reductant 236 

is included in the standard curve for H2O2, this effect cannot be fully compensated for [19], [25]. 237 

Secondly, H2O2 may react with the reductant (meaning that H2O2 levels will be underestimated) and 238 

this reaction may be promoted by HRP to an extent that differs between the reductants; this situation 239 
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will be entirely different in a reaction with substrate, where the productive LPMO reaction will 240 

outcompete slower background reactions with the reductant. Finally, as alluded to above [26], [27], 241 

[34], the presence of substrate inhibits the oxidase activity of the LPMO. 242 

Figure 2B and the derived reaction rates (Table 1) show that apparent H2O2-production rates 243 

vary between the reductants, showing trends that align well with apparent monooxygenase reactions 244 

rates (Figure 2A; Table 1). The apparent monooxygenase activity is about five times higher with AscA 245 

and cysteine than with gallic acid. The variation in the apparent oxidase rates shows a similar trend, 246 

but in this case, the rate difference between AscA/cysteine and GA is about 10-fold. For all reductants, 247 

the apparent monooxygenase activity is three to five times higher than the apparent oxidase activity, 248 

which could indicate that we indeed are observing monooxygenase activity in a reaction that is not 249 

limited by generation of H2O2. However, this phenomenon could also be due to underestimation of 250 

H2O2 production for reasons described above, and addressed further below, or be caused by an 251 

additional source of H2O2 in reactions with the substrate, Glc5, as discussed below. 252 

Intrigued by the difference between the apparent monooxygenase and oxidase activities, we 253 

investigated a possible effect of 1 mM Glc5 on H2O2 production in reactions with standard amounts of 254 

all three reductants. The obtained results show that, for reactions with AscA and cysteine, incubation 255 

of Glc5 with reductant led to strongly increased H2O2 production, relative to reactions with only 256 

reductant (Figure 2C). The apparent H2O2 production rates in these reactions were not unlike the rates 257 

obtained in reactions with reductant and LPMO (Figure 2B) and are thus quite significant (Table 1). 258 

This unexpected effect of Glc5 indicates the presence of significant amounts of transition metals, likely 259 

copper, which would strongly enhance H2O2 production through oxidation of AscA [25], [44] and 260 

cysteine [45], but not of gallic acid [25] since GA is more likely to form complexes with Cu(II) rather 261 

than reducing it [46]. This additional source of H2O2 helps to close the gap observed between the rates 262 

of the apparent monooxygenase and oxidase activities, and thus lends support to the notion that the 263 

apparent monooxygenase reaction is in fact a peroxygenase reaction limited by H2O2. 264 

Of note, the results depicted in Figure 2 show that the combination of NcAA9C and GA is not 265 

suitable for assessment of LPMO oxidase activity by the Amplex Red/HRP assay as the apparent rate 266 

of H2O2-production in reactions with GA alone (Figure 2C, Table 1) is higher that the apparent oxidase 267 

activity of in reactions with GA and the LPMO (Figure 2B; Table 1). In this case, the assay is flawed 268 

due to the ability of NcAA9C to engage in a H2O2-consuming side reaction with GA, as described by 269 

Breslmayr et al. ([31]). Of note, in a LPMO reaction mixture containing Glc5, side reactions with GA 270 

will be outcompeted by the peroxygenase reaction with Glc5, which is orders of magnitude faster, as 271 

shown below. 272 

 273 

 274 

 275 

 276 
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Table 1. Apparent rate constants (s-1) for reactions catalyzed by NcAA9C, with three different 277 

reductants. The values presented are derived from the progress curves shown in Figures 2 and 4 and 278 

are either estimates based on the first time point (peroxygenase reaction) or represent the average of 279 

three individual replicates (monooxygenase and oxidase reaction). 280 

 

Monooxygen
ase (Fig. 2A; 

1 mM 
reductant, 1 

mM Glc5, O2) 

Oxidase (Fig. 
2B; 1 mM 

reductant, O2, 

no substrate) 

O2 reduction, 
reductant only, 
with substrate 
(Fig. 2C; 1mM 

reductant, 1 mM 
Glc5, O2, no 

LPMO) 

O2 reduction, 
reductant only 
(Fig. 2C; 1mM 
reductant, O2, 

no LPMO) 

Peroxygenase 
(Fig. 4A; 0.1 

mM 
reductant, 1 

mM Glc5, 300 
μM H2O2, O2) 

AscA 0.05±0.01 0.017±0.001 0.016±0.000 0.0004 ± 0.0001 ~701 

Gallic acid 0.011±0.002 0.002±0.001 0.004±0.000 0.0040± 0.0009 ~251 

Cysteine 0.06±0.01 0.019±0.000 0.017±0.000 0.0026 ± 0.0002 ~6 
1The shape of the progress curve in Figure 4A shows that this rate is underestimated. 281 

 282 

 283 

A recent study on a cellulose-active AA10-type LPMO with AscA and GA as reductants 284 

showed that the LPMO had little effect on H2O2 production, which was dominated by the LPMO-285 

independent oxidation of the reductant [25]. Table 1 shows that the situation for NcAA9C is different. 286 

In this case, the LPMO may contribute considerably to apparent H2O2 production in reactions with 287 

cysteine and AscA (compare “Oxidase” with “O2 reduction, reductant only”). In the case of AscA, the 288 

LPMO speeds up the H2O2 production rate by some 40-fold, whereas the increase is some 7-fold for 289 

cysteine. Similar comparisons for GA could not be made due to the technical issues discussed above. 290 

 291 

 292 
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 293 
Figure 3. HRP inhibition for reactions with NcAA9C and GA. Progress curves showing product 294 

formation by 1 μM LPMO in the presence of 1mM GA and 1 mM Glc5 with no supplementation 295 

(orange) or supplemented with 100 μM Amplex Red (yellow) or 2 μM HRP (green) or both (purple). 296 

Note that the HRP reaction does not depend on Amplex Red (AR) since GA is a substrate for HRP 297 

(see text). Dashed lines connect points with values that were close to the limit of detection. 298 

 299 

 300 

If it is the in-situ generation of H2O2 that is limiting the apparent monooxygenase reaction in 301 

the presence of GA it should be possible to inhibit the LPMO reaction with another H2O2-consuming 302 

enzyme. Indeed, both Bissaro et al. [15] and Hangasky et al. [22] have shown that LPMO reactions 303 

with insoluble substrates under “monooxygenase conditions” are inhibited when adding horseradish 304 

peroxidase (HRP) and its substrate, Amplex Red. While Hangasky et al. did not observe similarly 305 

strong inhibition in a reaction with soluble substrate, Figure 3 shows that HRP strongly inhibits the 306 

GA-driven activity of NcAA9C on Glc5. A similar degree of inhibition was observed in the reaction 307 

containing HRP but lacking Amplex Red, indicating that horseradish peroxidase can oxidize gallic 308 

acid, which is not surprising considering literature data [47]. Of note, it is highly unlikely that the 309 

LPMO inhibition in the presence of HRP is driven by reductant depletion rather than by competition 310 

for H2O2, given the high (1 mM) reductant concentration used in the experiment. Note that the 311 

observed side reaction between HRP and GA will also occur in Amplex Red/HRP assay, contributing 312 

to the underestimation of the apparent H2O2 production rates derived from Figure 2.  313 

 314 

The peroxygenase reaction is dependent on the reductant. To assess the influence of AscA, GA 315 

and cysteine on the peroxygenase activity of NcAA9C, we monitored the consumption of Glc5 in 316 
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reactions that contained 300 μM H2O2 (Figure 4A). In the presence of 100 μM reductant, we observed 317 

apparent rate constants of ~70 s-1, ~25 s-1 and ~6 s-1 for ascorbic acid, gallic acid and cysteine, 318 

respectively, where the first and the second value are underestimated as a major part of the H2O2 was 319 

consumed at the first time point. These rates are 100 – 2300 times higher than the apparent 320 

monooxygenase rates (Table 1). The progress curve for the reaction with AscA shows that the reaction 321 

is limited by the availability of H2O2 as product formation levels of at about 300 μM of product, 322 

reflecting a 1:1 ratio with the added H2O2. It is worth noting that these reactions were monitored by 323 

measuring the generation of cellobiose and cellotriose, which means that uncertainties related to the 324 

instability of C4-oxidized products [41] were avoided. It is also worth noting that reactions with a 325 

starting concentration of 300 μM H2O2 would lead to rapid LPMO inactivation reactions with 326 

insoluble substrate [15] but that in the present case, with a rapidly diffusing soluble substrate, 327 

stoichiometric catalytic conversion of the H2O2 was achieved. 328 

 329 

 330 

 331 
Figure 4. Peroxygenase reactions with NcAA9C. (A) Time course experiments showing the impact 332 

of AscA (blue), cysteine (grey) and GA (orange) on the peroxygenase reaction catalyzed by NcAA9C. 333 

Reaction mixtures containing 0.25 μM enzyme, 300 μM H2O2, 100 or 1000 μM reductant and 1 mM 334 

Glc5 were incubated at 37 °C and reactions were started by adding the reductant. No products were 335 

detected in control reactions without added reductant. (B) Product formation in a reaction with 0.25 336 

μM NcAA9C, 300 μM H2O2, 1 mM Glc5, 0.1 mM ascorbic acid and 0.1 mM cysteine. Note that this 337 

reaction was incubated at 4 oC, hence the slower rate compared to panel A. 338 

 339 

 340 
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To investigate if the availability of reductant is rate limiting, the experiments depicted in 341 

Figure 4A were redone with 1 mM (i.e., 10-fold more) reductant concentrations. By doing so, the 342 

already high and most certainly underestimated rate for the reaction with AscA increased slightly, 343 

whereas the reaction with gallic acid became approximately twice as fast. While this clearly shows 344 

that the reductant to some extent limits the very high rates of these peroxygenase reactions (note the 345 

difference in time scale with the monooxygenase reactions of Figure 2), increasing the amount of 346 

reductant had no effect on the (lower) rate of the reaction with cysteine (results not shown). The lower 347 

activity with cysteine was not due to H2O2 scavenging by the reductant, as the addition of 0.1 mM 348 

cysteine to a reaction with 0.1 mM AscA did not affect product formation (Figure 4B), which shows 349 

that all added H2O2 was used by the LPMO. This result is in line with literature data showing that, 350 

while cysteine can react with H2O2, the rate of this reaction is orders of magnitude lower [48] than the 351 

rate of the peroxygenase reaction of NcAA9C. Possibly, reduction of copper by cysteine leads to the 352 

formation of a relatively stable cuprous thiolate complex [49] that limits LPMO reactivity under “fast” 353 

peroxygenase conditions, whereas this inhibitory effect could remain unnoticed under the much 354 

slower monooxygenase conditions. Of note, even with cysteine, the kobs of ~6 s-1 is still much higher 355 

than typical kobs values for monooxygenase reactions. 356 

These results show that the peroxygenase reaction of NcAA9C is much faster than the 357 

apparent monooxygenase reaction (Table 1), which implies that minor variations in the levels of in 358 

situ H2O2 generation will have dramatic effects on the low rates of the latter reaction. Within the time 359 

scale of the peroxygenase reaction, the main contribution of the reductant is to keep the LPMO reduced 360 

(i.e., catalytically competent) and our data reveal differences between the reductants in this respect. 361 

While experiments with polymeric substrates have shown that once reduced LPMOs may catalyze 15- 362 

20 peroxygenase reactions before being re-oxidized [20], [37], [38], the re-oxidation frequency, and, 363 

thus, the reductant dependency may be higher in the case of a soluble substrate, which will bind less 364 

strongly and, upon binding, create less confinement of the copper site, thus increasing the chances for 365 

side reactions that involve copper reoxidation and the loss of electrons.  366 

 367 

Kinetics of the LPMO catalyzed peroxygenase reaction. To gain more insight into the 368 

peroxygenase reaction we performed Michaelis-Menten kinetics (Figure 5A). The underlying linear 369 

progress curves covered Glc5 concentrations ranging from 75 μM to 2500 μM and reactions were run 370 

at 4 oC to obtain manageable product formation rates. This set-up resulted in a hyperbolic curve, 371 

yielding a Km (for Glc5) of 2.1 ± 0.3 mM, a kcat of 124 ± 27 s-1 and a kcat/Km of 3.5*104 M-1s-1 (Figure 372 

5A). This kcat value, determined at 4 oC, is 2.5 x 103 fold higher than the kobs value for the apparent 373 

monooxygenase reaction with AscA described above (37 °C), 1.1 x 103 fold higher than a kcat value 374 

reported for LsAA9A acting on an analogue of Glc4 in a monooxygenase set-up with AscA (37 °C ; 375 

[36]) and 19-fold higher that the kcat reported for a peroxygenase action on chitin nanowhiskers by a 376 

bacterial AA10-type LPMO at 25 °C [18]. The Km measured for NcAA9C of ~2 mM is comparable to 377 
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the Kd of 0.81 ± 0.08 mM that Borisova et al. [35] measured for the same enzyme binding to Glc6 378 

under non-turnover conditions. 379 

 380 

 381 

 382 

 383 
Figure 5. Kinetics of the NcAA9C catalyzed peroxygenase reaction with Glc5. (A) Michealis-384 

Menten kinetics showing the dependency of the catalytic activity on the Glc5 concentration. The rates 385 

were derived from linear progress curves and the dashed line shows the fit to the Michalis-Menten 386 

equation. Reactions were set up with 0.25 μM enzyme and 600 μM H2O2 at 4 °C and were started by 387 

adding 0.1 mM AscA (note that the Km for H2O2 is expected to be below 10 μM; [18]). (B) Progress 388 

curves for the peroxygenase reaction at 4 °C. The data points show product formation in a reaction 389 

with 0.25 μM NcAA9C, 600 μM H2O2, 1 mM Glc5 and either 1 mM AscA (blue) or GA (orange) that 390 

was incubated at 4 °C. 391 

 392 

 393 

To further substantiate the strikingly high catalytic rate of NcAA9C, we then conducted 394 

additional initial rate measurements to obtain kobs values that would be more reliable that those 395 

obtained from the non-linear progress curves shown in Figure 4A. To do so, we decreased the reaction 396 

temperature to 4 °C and increased the H2O2 concentration to 600 μM to ensure that the oxygen 397 

donating substrate would not become limiting within seconds. The resulting progress curve for the 398 

reaction with AscA (Figure 5B) showed the formation of 600 μM products within 30 seconds showing 399 

that the reaction was limited by the availability of H2O2. Based on the first 20 seconds of the 400 

experiment (R2 = 0.95), we calculated a kobs of 90.8 ± 3.6 s-1. As expected, based on Figure 4A, the 401 

reaction with GA was slower. This reaction showed a linear increase in product level and gave a kobs 402 
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of 10.7 ± 0.3 s-1 (Figure 5B). Of note, these rates were obtained using sub-saturating substrate 403 

conditions as the used Glc5 concentration was just about 50 % of the measured Km. Still the obtained 404 

kobs
 of ~ 90 s-1 and ~11 s-1 for NcAA9C in combination with AscA and GA, respectively, represent the 405 

two highest rates ever measured for LPMO-catalyzed oxidation of a carbohydrate substrate. 406 

 407 

AA9 LPMOs acting on soluble substrates have different properties. One of the other AA9 LPMOs 408 

known to act on soluble substrates is LsAA9A [36]. A previous kinetic characterization of this enzyme 409 

using a Förster-resonance-energy-transfer (FRET) substrate analogue of Glc4 as substrate and 410 

monooxygenase conditions (5 mM AscA, no added H2O2) yielded a kcat = 0.11 ± 0.01 s−1, i.e., a typical 411 

value for LPMOs acting in “monooxygenase mode”, and in the same range as apparent oxidase and 412 

monooxygenase rates reported here for reactions with AscA (Table 1). The obtained Km value of 43±9 413 

μM is remarkably low, compared to e.g., the Km for Glc5 cleavage by NcAA9C reported above and 414 

suggests high substrate affinity, which could perhaps be due in part to the presence of aromatic groups 415 

that appear at the reducing and non-reducing end of the FRET substrate analogue. 416 

 Our studies confirmed high, albeit not necessarily specific, substrate affinity as we observed 417 

substrate inhibition at Glc5 concentrations in the 0.1 - 1 mM range (results not shown). Due to this 418 

substrate inhibition, quantitative comparison of the catalytic properties of the two LPMOs is not 419 

straightforward. Assays identical to those described above for NcAA9C showed apparent 420 

monooxygenase and oxidase rates in the same order of magnitude and confirmed the considerable 421 

impact of the reductant of LPMO activity (Figure 6; Table 2). The most notable difference is that H2O2 422 

production by LsAA9A in the presence of AscA is less efficient compared do NcAA9C (Figure 2B, 423 

6B). Accordingly, the AscA-driven apparent monooxygenase reaction is slower, making cysteine the 424 

clearly most efficient reductant for this LPMO in a “monooxygenase” set-up (Figure 6A). 425 

 The peroxygenase reactions were slower than for NcAA9C, possibly due to substrate 426 

inhibition (Figure 6C). Still, the apparent rates recorded for reactions with two concentrations of AscA 427 

(Table 2) are 35 – 141 times higher than the previously determined kcat for an apparent monooxygenase 428 

reaction [36] and 280 – 1100 times higher than the apparent monooxygenase reaction rates determined 429 

here. For this LPMO, peroxygenase reactions with both cysteine and gallic acid were relatively slow 430 

and not or hardly dependent on the reductant concentration. Still, these rates were some 10 and 100 431 

times higher than the determined apparent monooxygenase rates (Table 2). 432 

 433 

 434 

 435 

 436 



 15 

 437 
Figure 6. Monooxygenase, peroxygenase and oxidase activity for LsAA9A. The monooxygenase 438 

(A) and oxidase (B) reactions were performed with 1 μM LPMO and either 1 mM AscA (blue), 439 

cysteine (grey) or gallic acid (orange) in the presence (A) and absence (B) of 1 mM Glc5. For the 440 

peroxygenase reactions shown in panel (C) we lowered the enzyme concentration to 0.25 μM and 441 

added 300 μM H2O2 with the same reductants as used for the monooxygenase reaction at 442 

concentrations of either 100 or 1000 μM at 37 °C. In panel C, the points for the reaction with 100 μM 443 

GA and cysteine, respectively are hidden by the points for the reaction with 1000 μM GA; the reaction 444 

with 1000 μM cysteine yielded the same curve as the reaction with 100 μM and is not shown, for 445 

clarity. 446 

 447 

 448 

Table 2. Apparent rate constants (s-1) for the oxidation of 1 mM Glc5 by LsAA9A under various 449 

conditions. The values presented are estimates derived from the progress curves shown in Figure 6. 450 

The oxidase values are also expressed as percentage of the oxidase value observed for NcAA9C (Table 451 

1). Other quantitative comparisons between the two LPMOs are not straightforward due to the 452 

occurrence of substrate inhibition in the reactions with LsAA9A. 453 

 

Monooxygen
ase (Fig. 6A; 

1 mM 
reductant, 1 
mM Glc5, 

O2) 

Oxidase (Fig. 
6B; 1 mM 

reductant, O2, no 
substrate) 

O2 reduction, 
reductant only 

(Fig. 2C; 
1mM 

reductant, O2, 
no LPMO) 

Peroxygenase 
(Fig. 6C; 0.1 

mM reductant, 
1 mM Glc5, 

300 μM H2O2, 
O2) 

Peroxygenase 
(Fig. 6C; 1 

mM 
reductant, 1 

mM Glc5, 300 
μM H2O2, O2) 

AscA 0.014 ± 
0.002 

0.006±0.000 
(35 %) 

0.0004±0.000
1 

5.8 ± 2.3 23.4 ± 4.2 

Gallic acid 0.006 ± 
0.001 

0.002±0.000  
(100 %) 

0.0040±0.000
9 

0.1 ± 0.0 0.4 ± 0.1 

Cysteine 0.029 ± 
0.001 

0.018±0.000   
(95 %) 

0.0026±0.000
2 

0.3 ± 0.1 
 

0.2 ± 0.1 

 454 

 455 

It is interesting to note that the efficient peroxygenase reaction catalyzed by LsAA9A in the 456 

presence of AscA was much more dependent on the reductant concentration (Figure 6C; Table 2) 457 
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compared to NcAA9C (Figure 2). This reflects that, compared to NcAA9C, LsAA9A is more prone to 458 

oxidation and a subsequent need for re-reduction. Substrate-binding and the resulting confinement of 459 

the reduced catalytic copper form a major determinant of the degree of non-productive LPMO 460 

oxidation. The data could thus indicate that LsAA9A binds the substrate less firmly or less precisely, 461 

where the first option is in conflict with the previously reported low Km value. A more oxidation-prone 462 

copper site in the enzyme-substrate complex would also translate into decreased enzyme stability at 463 

higher H2O2 concentrations, as non-productive reactions between the reduced enzyme and H2O2 may 464 

lead to oxidative damage [15]. Indeed, Figure 7 shows that LsAA9A is more sensitive to H2O2-induced 465 

damage than NcAA9C. While product formation by NcAA9C first started decreasing at 1000 μM, the 466 

highest tested H2O2 concentration, LsAA9A showed signs of enzyme inactivation already at 250 μM 467 

(Figure 7).  468 

 469 

 470 

 471 
Figure 7. Sensitivity of NcAA9C and LsAA9A for oxidative damage. The graph shows product 472 

levels obtained after a 2-minute reaction containing 1 mM AscA and various amounts of H2O2. 473 

Reaction mixtures containing 1 μM LsAA9A (purple) or 1 μM NcAA9C (blue), 1 mM Glc5 and 474 

varying H2O2 concentrations (25 - 1000μM) were preincubated for 1 min, after which the reaction was 475 

started by adding the reductant. In reactions not showing signs of enzyme inactivation product levels 476 

were slightly higher than the amount of added H2O2 due to the combination of AscA-mediated H2O2 477 

generation and a small systematic error in the concentration of the H2O2 stock solution. 478 

 479 

 480 

Taken together, the comparison of the results obtained for NcAA9C and LsAA9A show two 481 

important things. Firstly, the data reveal functional differences between these two C4-oxidizing 482 

cellulose-active LPMOs, which are reductant-dependent. Since soluble cello-oligomers, can easily be 483 
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degraded by hydrolytic enzymes, it is not likely that Nature has evolved LPMOs for the purpose of 484 

cleaving these compounds (as also suggested by the high Km value for NcAA9C). Therefore, we 485 

hypothesize that the functional differences between NcAA9C and LsAA9A should be considered as a 486 

proxy for hitherto undescribed differences in substrate preferences that relate to the structural and 487 

compositional complexity of true biomass. Secondly, while our studies show quite different 488 

peroxygenase reaction rates and reductant dependencies for NcAA9C and LsAA9A and while they 489 

suggest that Glc5 is a far from optimal substrate for LsAA9A, all observed peroxygenase rates are 490 

much higher than any reported apparent rate for apparent monooxygenase reactions. 491 

 492 

The LPMO-catalyzed peroxygenase reaction is specific. Previously, it has been claimed that the 493 

addition of H2O2 to LPMO reactions results a loss in specificity [22] and some argue that this shows 494 

that H2O2 is not a bonafide co-substrate for LPMOs and that, thus, LPMOs are not bonafide 495 

peroxygenases. In the present study, we used high H2O2 amounts, that were stoichiometrically used to 496 

convert cellopentaose to cellobiose and cellotriose. This shows that there is little, if any, random 497 

oxidation of the substrate and that the reaction is highly specific (Figure 8). 498 

To further assess specificity, we set up aerobic reactions with 1 μM LsAA9A or 1 μM 499 

NcAA9C with either 1mM xylopentaose (Xyl5) or 1 mM mannopentaose (Man5) as substrate (Figure 500 

S1; Figure S2). The conditions used were: (i) 1 mM AscA (“monooxygenase” conditions), (ii) 20 μM 501 

H2O2 and 20 μM AscA, or (iii) 300 μM H2O2 and 100 μM AscA. Note that the latter reaction conditions 502 

would lead to very fast (within < 1 min) conversion of Glc5 by NcAA9C (Figure 4A). Additionally, 503 

we tested well-characterized chitin-active SmAA10A [3] and a recently described chitin-active AA11, 504 

called AfAA11B [39] for their ability to oxidize 1 mM Glc5 using the same reaction conditions (Figure 505 

S3). 506 

 None of these reactions yielded detectable turnover of the substrate, except the positive control 507 

reactions with NcAA9C or LsAA9A and Glc5 (Figure S3). We were not able to detect any degradation 508 

products by MALDI-TOF MS, whereas the HPAEC-PAD chromatograms only showed a few minimal 509 

signals that could indicate a low level of oxidative cleavage of xylopentaose, which, for LsAA9A, 510 

would be in accordance with a previously observed weak xylan-degrading ability [50]. 511 

Crystallographic studies have shown that xylopentaose binds atypically to LsAA9A, leaving a not 512 

properly confined copper site prone to engaging in potentially enzyme-inactivating side reactions [10], 513 

[50]. One would thus expect rapid enzyme inactivation in reactions with large amounts of H2O2, which 514 

could explain why, if at all present, only trace amounts of LPMO products were observed,   515 

The main take home message of these experiments is that the addition of H2O2 at low or high 516 

concentration, in combination with different concentrations of AscA, does not result in a loss of 517 

substrate specificity. The chromatograms and mass spectra for the peroxygenase reactions did not 518 

show any conspicuous features compared to the negative controls or the chromatograms for the 519 

apparent monooxygenase reactions. 520 
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 521 

 522 
Figure 8. HPAEC-PAD chromatograms showing product formation in reactions with NcAA9C 523 

and Glc5, using a monooxygenase (A) or a peroxygenase (B) set-up. Chromatograms for the 524 

monooxygenase reaction (1 μM LPMO, 1 mM AscA and 1 mM Glc5 at 37 °C) and peroxygenase 525 

reaction (0.25 μM LPMO, 600 μM H2O2, 1mM AscA, 1 mM Glc5 at 4°C) are shown as lines in 526 

gradations of grey and black. The chromatograms correspond to the time course experiments shown 527 

in Figure 2A and Figure 5B, respectively. The red lines show the chromatograms of the appropriate 528 

control reaction without reductant, after incubation for 240 min (A) or 60 s (B). The blue 529 

chromatograms show the Glc2+Glc3 standard.  530 
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 531 

Concluding remarks 532 

The experiments described above show two important aspects of LPMO enzymology. Firstly, they 533 

illustrate that it is complicated to properly assess LPMO catalysis experimentally, due to the plethora 534 

of interconnected (side) reactions. Many of these complications emerged in our experiments and by 535 

studying multiple reductants, each with own peculiarities, we were able to overcome most of these 536 

complications and generate insight into LPMO catalysis. Secondly, we show that LPMOs, when acting 537 

on rapidly diffusing soluble substrates and provided with H2O2, indeed are very efficient 538 

peroxygenases. We observed stoichiometric conversion of high starting amounts of H2O2 that would 539 

lead to rapid LPMO inactivation in reactions with insoluble substrate. Importantly, it has been claimed 540 

that the fact that LPMOs, like many other redox active enzymes, are prone to damage by H2O2 suggests 541 

that these enzymes are not true peroxygenases. Our data for reactions with soluble substrates show 542 

that the peroxygenase reaction is stable and specific. 543 

 We observed a clear correlation between the H2O2 producing potential of an LPMO-reductant 544 

combination and the observed apparent monooxygenase activity, which supports the idea that the 545 

apparent monooxygenase activity may in fact be the result of an H2O2-limited peroxygenase reaction, 546 

as originally suggested by Bissaro et al. [15]. This is supported by the strong inhibitory effect of HRP 547 

on the LPMO reaction. Still, it is almost impossible to exclude the monooxygenase reaction and it is 548 

well known that reduced LPMOs react with O2 [13], [27]. It is also known that this reaction may be 549 

influenced by substrate binding ([30], [36]), suggesting that monooxygenase reactions may occur. 550 

Still, the rates of the two reactions vary by orders of magnitude for both soluble and insoluble 551 

substrates ([16]–[19]; this study). 552 

 Notably, our data indicate that the oxidase activity of the AA9 type LPMOs studied here is 553 

higher that the oxidase activity of a previously studied AA10 type LPMO [25]. This could imply that, 554 

compared to AA10 LPMOs, the AA9 LPMOs are more active under monooxygenase conditions than 555 

AA10 LPMOs since they generate more H2O2. However, extrapolation of oxidase activities measured 556 

in the absence of substrate to oxidase activities under turnover conditions is not straightforward 557 

because of the impact of substrate-binding on oxidase activity [26]. Further studies are warranted to 558 

study whether the observed difference in oxidase activity is general and to identify its structural 559 

determinants. It is also worth noting that in systems where the LPMO peroxygenase reaction is driven 560 

by the oxidase activity of the LPMO itself, the nature of the reductant will have a decisive impact on 561 

LPMO efficiency. 562 

Our study revealed differences between NcAA9C and LsAA9A, which suggests that these 563 

enzymes have different substrate specificities and biological roles. It is important to realize that 564 

laboratory experiments with substrates such as Glc5 or pure cellulose only give limited insight into to 565 

true role of an LPMO during fungal biomass conversion. 566 
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The most important and novel finding of the present study is that the unique LPMO scaffold 567 

enables highly efficient copper-catalyzed peroxygenase reactions with a soluble substrate. This high 568 

efficiency may in part be due to the copper site being exposed and rather rigid ([51]), with an open 569 

coordination position for co-substrate binding. Thus, as originally pointed out by Kjærgaard et al. 570 

[13]), catalysis requires little reorganization energy, which may contribute to efficiency. It is 571 

encouraging that high specificity and high catalytic rates were achieved with a low affinity substrate 572 

(the Km for Glc5 is in the low mM range). It may be possible to engineer similar or better affinities for 573 

other, perhaps non-carbohydrate, substrates, which eventually could endow these powerful enzymes 574 

with the ability to catalyze efficient peroxygenation of such substrates. Furthermore, the unique 575 

peroxygenase chemistry of these mono-copper enzymes may open new avenues for future design of 576 

enzyme-inspired synthetic copper catalysts. 577 

�578 
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Figure S1. H
PLC

 product profiles for reactions w
ith 1 μM

 NcA
A

9C
 (bluish colours) or LsA

A
9A

 (purple colours) and 1 m
M

 xylopentaose perform
ed under 

standard aerobic conditions w
ith the additions indicated in the chrom

atogram
s, and incubated overnight, at 37 °C

. The dashed lines are chrom
atogram

s for 

corresponding reactions w
ithout A

scA
. U

nlabeled arrow
s indicate m

inor am
ounts of unidentified products that m

ay derive form
 oxidative cleavage of 

xylopentaose. 
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Figure S2. H

PLC
 product profiles for reactions w

ith 1 μM
 NcA

A
9C

 (bluish colours) or LsA
A

9A
 (purple colours) and 1 m

M
 m

annopentaose perform
ed 

under standard aerobic conditions w
ith the additions indicated in the chrom

atogram
s, and incubated overnight, at 37 °C

. The dashed lines are chrom
atogram

s 

for corresponding reactions w
ithout A

scA
.  
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�
Figure S3. H

PLC
 product profiles for reactions w

ith 1 μM
 AfA

A
11B

 (yellow
 colours) or Sm

A
A

10A
 (green colours) and 1 m

M
 cellopentaose perform

ed 

under standard aerobic conditions w
ith the additions indicated in the chrom

atogram
s, and incubated overnight, at 37 °C

. For com
parison, positive controls 

show
ing products generated upon aerobic overnight reactions w

ith NcA
A

9C
 (blue) and LsA

A
9A

 (purple) are included. The position of peaks corresponding 

to C
4-oxidized products is indicated by “C

4
ox”. The dashed lines are chrom

atogram
s for corresponding reactions w

ithout A
scA

.  
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