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The genome of the coprophilic ascomycete Podospora anserina encodes 33 different genes encoding copper-dependent lytic
polysaccharide monooxygenases (LPMOs) from glycoside hydrolase family 61 (GH61). In this study, two of these enzymes (P.
anserina GH61A [PaGH61A] and PaGH61B), which both harbored a family 1 carbohydrate binding module, were successfully
produced in Pichia pastoris. Synergistic cooperation between PaGH61A or PaGH61B with the cellobiose dehydrogenase (CDH)
of Pycnoporus cinnabarinus on cellulose resulted in the formation of oxidized and nonoxidized cello-oligosaccharides. A strik-
ing difference between PaGH61A and PaGH61B was observed through the identification of the products, among which were
doubly and triply oxidized cellodextrins, which were released only by the combination of PaGH61B with CDH. The mass spec-
trometry fragmentation patterns of these oxidized products could be consistent with oxidation at the C-6 position with a gemi-
nal diol group. The different properties of PaGH61A and PaGH61B and their effect on the interaction with CDH are discussed in
regard to the proposed in vivo function of the CDH/GH61 enzyme system in oxidative cellulose hydrolysis.

In response to environmental concerns, industrial processes such
as second-generation bioethanol production are emerging. On

the basis of enzymatic cellulose conversion, these processes are
confronted with a major problem: the recalcitrance of lignocellu-
losic biomass (1–3). To solve the problem caused by substrate
recalcitrance and the high cost of cellulase cocktails, research has
focused on various methods to enhance cellulose conversion (4).
Fungi are known to be natural degraders of wood and conse-
quently are used in derived biotechnological applications (5, 6).
Oxidation was already known to be an important reaction in the
fungal degradation of cellulose (7), and it is only recently that
several studies have revealed the role played by lytic polysaccha-
ride monooxygenases (LPMOs), formerly known as glycoside hy-
drolase family 61 (GH61), in the oxidative degradation of ligno-
cellulose (8–14).

Carbohydrate-Active EnZymes database (CAZy) family GH61
(15; www.cazy.org) comprises fungal enzymes that are known for
their weak endoglucanase activity (16). Harris et al. (9) revealed
that GH61 exhibited a boosting effect on enzymatic cellulose con-
version, thus reducing the enzyme loading of cellulase cocktails.
More recently, ascorbate, gallate, and even lignin were shown to
potentiate GH61 activity on biomass by acting as reductants (13,
14, 17). These LPMOs are believed to act on the surfaces of the
insoluble substrate without the need of first extracting individual
chains from their crystalline matrix (18). The three-dimensional
structure of GH61 shows the presence of highly conserved histi-
dine residues implicated in a type 2 copper center (12, 13, 19) and
the presence of a unique N-methylated histidine motif in the bind-
ing site (13, 19).

Cellobiose dehydrogenases (CDHs; EC 1.1.99.18; cellobiose:
[acceptor] 1-oxidoreductase) are extracellular fungal hemofla-
voenzymes that belong to the glucose-methanol-choline (GMC)
oxidoreductase superfamily. CDHs are monomeric enzymes car-
rying two prosthetic groups, a heme b and a flavin adenine dinu-
cleotide (FAD) (20). The flavoprotein domain of CDH catalyzes

the two-electron oxidation of cellobiose and, more generally, cel-
lodextrins to the corresponding lactones (21) using electron ac-
ceptors such as dioxygen, quinones, and phenoxy radicals (22,
23). The heme is involved in intramolecular electron transfer from
FAD to the heme and from the heme to another electron acceptor,
such as Fe3� (24, 25). It is now established that CDHs are secreted
by fungi under cellulolytic conditions and are involved in cellu-
lose/lignin degradation (26–30).

Recent studies demonstrated that LPMOs act in concert with
CDH since their association resulted in an increase in the conver-
sion of cellulose, assuming a key role of this oxidative system in
fungi (8, 11, 12, 31). The effectiveness of LPMO/CDH synergy
seems to depend on enzyme concentrations and the type of sub-
strate used. Since oxidized sugars are the major products resulting
from cellulose degradation, we wished to obtain more insights
into the nature of the products formed. For this purpose, we
cloned and heterologously expressed two family GH61 enzymes
from the coprophilic ascomycete Podospora anserina. The com-
parative action of the two GH61 enzymes was evaluated through
the identification of oxidized products generated in combination
with the CDH of Pycnoporus cinnabarinus that we have recently
characterized (28).

MATERIALS AND METHODS
Biological material. P. anserina strain S mat� was provided by P. Silar
(UMR 8621 CNRS, Orsay, France). Heterologous expression of CDH
from P. cinnabarinus ss3 monokaryotic strain BRFM 137 (CIRM-CF,
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UMR1163, INRA Marseille, France) was described by Bey et al. (28).
Pichia pastoris yeast strain X33 and the pPICZ�A vector are components
of the Pichia pastoris Easy Select expression system (Invitrogen, Cergy-
Pontoise, France).

Media and culture conditions. P. anserina S mat� was grown at 27°C
on M2 plates (KH2PO4, 0.25 g · liter�1; K2HPO4, 0.3 g · liter�1; MgSO4 ·
7H2O, 0.25 g · liter�1; urea, 0.5 g · liter�1; thiamine, 0.05 g · liter�1; biotin,
0.25 �g · liter�1; citric acid, 2.5 mg · liter�1; ZnSO4, 2.5 mg · liter�1;
CuSO4, 0.5 mg · liter�1; MnSO4, 125 �g · liter�1; boric acid, 25 �g ·
liter�1; sodium molybdate, 25 �g · liter�1; iron alum, 25 �g · liter�1;
dextrin, 5 g · liter�1; yeast extract, 10 g · liter�1; agar, 12.5 g · liter�1; the pH
was adjusted to 7 with KH2PO4). Precultures in Roux flasks containing
200 ml of M2 medium without agar supplementation were inoculated by
five disks (diameter, 0.5 cm) of P. anserina grown in M2 medium plates.
Inoculum was obtained from 5-day-old static precultures incubated at
27°C. An inoculum suspension was obtained from seven mycelial mats
ground with an Ultra-Turrax disperser tool in 200 ml of sterile water. Ten
milliliters was used to inoculate 500-ml baffled conical flasks containing
100 ml of M2 medium.

All media and protocols for the heterologous expression of P. anserina
GH61 (PaGH61) in P. pastoris are described in the Pichia expression man-
ual (Invitrogen).

Isolation of mRNA and cloning of gh61 cDNAs. From the M2 culture
plate of P. anserina, a 1-mm square of agar was placed in 500 �l of sterile
water and ground using a FastPrep system (MP Biomedicals, Santa Ana,
CA) for 30 s. The suspension obtained was used to inoculate Roux flasks
containing 200 ml of M2 medium. The mycelium was harvested after 7
days of culture at 27°C, frozen in liquid nitrogen, and ground with a
mortar. Isolation of total RNA was performed on a 3- to 8-day-old culture
of P. anserina on microcrystalline cellulose (Avicel) medium using a total
RNA purification kit from Plant (Macherey-Nagel, Düren, Germany), as
recommended by the manufacturer. The mRNA of P. anserina was puri-
fied from the total RNA using an mRNA isolation kit from Roche (Basel,
Switzerland) following the standard protocol. Contaminant DNA was
digested by Turbo DNase (Ambion Inc., Austin, TX) according to the
manufacturer’s instructions. First-strand cDNA synthesis was performed
using SuperScript reverse transcriptase (Invitrogen) and oligo(dT)18

primer following the manufacturer’s instructions. The amplification of
the full-length Pagh61A and Pagh61B cDNAs was performed using spe-
cific primers (in the sequences below, the vector-specific part is under-
lined) using a Clontech In-Fusion PCR cloning system (TaKaRa Bio Inc.,
Japan) to fuse the ends of the PCR fragment to the homologous ends of
linearized pPICZ�A (Invitrogen). Primer designs were performed us-
ing the In-Fusion primer design tool (Clontech). Forward primer
PaGH61AF (5=-AGGGGTATCTCTCGAGAAAAGACACGGCCACGTC
TCCC-3=) and reverse primer PaGH61AR (5=-GAGTTTTTGTTCTAGA
CCGATGCACTGGCTGTAGTAAG-3=) were designed from the P. an-
serina S mat� gh61A gene (GenBank accession number CAP73254.1).
Forward primer PaGH61BF (5=-AGGGGTATCTCTCGAGAAAAGACA
TTCCACCTTCCAACAGC-3=) and reverse primer PaGH61BR (5=-GAG
TTTTTGTTCTAGACCCACGCACTGGTGATACCA-3=) were designed
from the P. anserina S mat� gh61B gene (GenBank accession number
CAP68375.1). Amplification was carried out using an Expand High Fidel-
ity PCR system (Roche) following the amplification program of 1 cycle at
94°C for 2 min, 30 cycles composed of three steps for each cycle (94°C for
15 s, 58°C for 30 s, and 72°C for 55 s), and a final step of 72°C for 7 min.
The PCR product was fused to the pPICZ�-A vector linearized using
EcoRI and XbaI. Recombinant expression plasmids were further se-
quenced to check the integrity of the cDNA sequences (GATC Biotech,
Mulhouse, France).

Transformation and screening. Transformation of competent P. pas-
toris X33 was performed by electroporation with PmeI-linearized
pPICZ�A recombinant plasmids, as described by Couturier et al. (32).
The pPICZ�A vector without an insert was used as a control. Transfor-
mants were first screened on yeast extract-peptone-dextrose-sorbitol

(YPDS) plates with different concentrations of zeocin (100 to 1,000 �g ·
ml�1). After incubation at 30°C, transformants were picked from mini-
mal dextrose (MD) plates and transferred to minimal methanol (MM)
plates. Zeocin-resistant P. pastoris transformants were then screened for
protein expression in 10 ml of BMGY (10 g · liter�1 of yeast extract, 20 g ·
liter�1 of peptone, 10 g · liter�1 of glycerol in 50-ml tubes) at 30°C in an
orbital shaker (200 rpm) for 16 h to an optical density at 600 nm (OD600)
of 2 to 6, expression was induced by transferring cells into 2 ml of buffered
complex methanol medium (BMMY), and the cells were grown for an-
other 3 days. Each day the medium was supplemented with 3% (vol/vol)
methanol. The supernatant was then analyzed by SDS-PAGE to determine
the transformant with the best secretion yield.

Production of recombinant enzymes. The best-producing transfor-
mant was grown in 1 liter of BMGY in shaken flasks as described above.
The cells were then transferred to 200 ml of BMMY and stirred at 200 rpm
and 30°C for 4 days. Bioreactor production of the best-producing trans-
formant was carried out in a 2-liter bioreactor (Tryton; Pierre Guerin,
Mauze, France) according to the P. pastoris fermentation process guide-
lines (Invitrogen). Cultures were first performed in a 0.5-liter shake flask
containing 100 ml of BMGY medium. After 60 h of growth at 28°C under
shaking at 130 rpm, 50 ml of culture was used to inoculate the bioreactor
to reach an OD600 of 1.0.

The basal salts medium used for the batch phase (phase I) in the
bioreactor was composed of 40 g · liter�1 glycerol, 26.7 ml · liter�1 H3PO4,
14.9 g · liter�1 MgSO4 · 7H2O, 0.93 g · liter�1 CaSO4, 7.7 g · liter�1 KCl,
4.13 g · liter�1 KOH, 4.35 ml · liter�1 PTM1 and trace salt solution (see
Invitrogen’s Pichia fermentation process guidelines). Batch phase was
performed at 30°C with agitation of 600 rpm, and the pH was controlled at
5.0 with ammonium hydroxide (28%, vol/vol). The total O2 flow was kept
constant at 0.3 volume of oxygen per volume of fermentation culture per
minute.

After 20 to 24 h on batch phase, the second phase consisted of the
simultaneous addition of 50 g of sorbitol and 0.5% (vol/vol) methanol to
the bioreactor until the yeast cells switched to methanol metabolism (i.e.,
3 h later). The induction phase (phase III) was carried out for 72 h. During
this phase, a solution of methanol containing 12 ml · liter�1 of PTM1 salts
was added at a rate of 5 ml · h�1 · liter�1 of culture under agitation at 800
rpm. Dissolved oxygen was maintained at 20% in the bioreactor. For
CDH production, the induction phase was conducted at 30°C. The tem-
perature was decreased to 25°C for the production of PaGH61A and
PaGH61B to ensure correct maturation of proteins.

Enzyme purification. Culture supernatant was concentrated at least
10-fold using Amicon centrifugal units with a 30-kDa cutoff at 4,000 � g
or an Amicon Vivaflow unit (Millipore, Bedford, MA) with a 10-kDa
cutoff, depending on the culture volume. The concentrated supernatant
was dialyzed against buffer A (Tris-HCl, 50 mM, pH 7.8; NaCl, 150 mM;
imidazole, 10 mM) and loaded onto a nickel chelate His-bind resin (GE
Healthcare, Buc, France) column (0.7 by 5 cm) equilibrated with buffer A
that was connected to an Äkta fast-performance liquid chromatograph
(GE Healthcare). Recombinant enzymes that displayed His6 tags at the C
terminus were eluted with buffer B (Tris-HCl, 50 mM, pH 7.7; imidazole,
500 mM; NaCl, 150 mM). Fractions containing recombinant enzymes
were pooled, concentrated, and dialyzed against HEPES-NaCl buffer
(HEPES, 20 mM; NaCl, 150 mM; pH 5) and further purified onto a
Sephacryl 200 HR column (GE Healthcare) using the same buffer. Frac-
tions corresponding to the core of the unique peak were pooled and dia-
lyzed against sodium acetate buffer (50 mM, pH 4.8).

Protein analysis. SDS-polyacrylamide gels (12%) were prepared as
described by Laemmli (33). Proteins were stained with Coomassie blue
G-250. The molecular mass under denaturing conditions was determined
with reference standard proteins (PageRuler prestained protein ladder;
Thermo Fisher Scientific, IL).

Zymograms were performed in polyacrylamide gels under native and
denaturing conditions. Gels were copolymerized with 0.4% carboxy-
methyl cellulose (CMC). Under native conditions, 50 �g of purified
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PaGH61A or PaGH61B was mixed with the loading buffer (without heat-
ing and a reducing agent such as �-mercaptoethanol) before separation
onto the 12% polyacrylamide gel. After electrophoresis, the polyacryl-
amide gel was soaked in 50 mM sodium phosphate buffer (pH 5) contain-
ing 10 mM ascorbic acid and the mixture was incubated overnight at 45°C
under shaking. Under denaturing condition, classical SDS-PAGE was per-
formed with 150 �g of purified PaGH61A or PaGH61B mixed with the
loading buffer (without reducing agent). After electrophoresis, the SDS-
polyacrylamide gel was washed with deionized water and soaked in 2.5%
(vol/vol) Triton X-100. After 1 h of incubation at 4°C, the gel was soaked
in 50 mM sodium phosphate buffer (pH 5) containing 10 mM ascorbic
acid and the mixture was incubated overnight at 45°C under shaking.
After overnight incubation, gels were stained with 0.1% Congo red solu-
tion under gentle shaking for 1 h and destained with 1 M NaCl for 1 h.
Protein bands exhibiting cellulolytic activity were observed as clear halos
on a red background.

Protein concentration was determined using a Bio-Rad protein assay
(Bio-Rad, Marnes-la-Coquette, France), based on the Bradford proce-
dure, using bovine serum albumin as the standard (34).

Enzyme assays. The activity of CDH was determined by monitoring
the reduction of 0.2 mM 2,6-dichlorophenol indophenol (DCPIP) in 100
mM sodium acetate buffer (pH 4.8) containing 10 mM cellobiose, as
described by Bey et al. (28).

Cellulose cleavage assays. Cleavage assays were performed in 50-ml
Falcon tubes (BD Bioscience) containing 1% (wt/vol) phosphoric acid-
swollen cellulose (PASC) in 50 mM sodium phosphate buffer (pH 4.8) in
a final reaction volume of 10 ml. PASC was prepared as described by
Wood (35). Purified enzymes (CDH, PaGH61A, and PaGH61B) were
added to the reaction mixture described above at different concentrations:
500 �g · g�1 of CDH and 5 to 50 mg · g�1 of PaGH61 enzymes. Assays
were performed at 45°C in an orbital shaker (Infors AG, Switzerland) for
48 h at 140 rpm. After 48 h of incubation, all the samples were centrifuged
at 3,500 rpm for 15 min. The supernatants were filtered through a 0.22-
�m-pore-size membrane before carbohydrate determination. Saccharifi-
cation assays were performed as triplicate independent experiments.

Carbohydrate determination. Monosaccharides, oligosaccharides,
and their corresponding aldonic acid forms generated after PASC cleavage
were analyzed by high-performance anion-exchange chromatography
(HPAEC) as described by Forsberg et al. (36) using nonoxidized cello-
oligosaccharides (Megazyme) as standards. Corresponding oxidized stan-
dards were produced from nonoxidized cello-oligosaccharides by CDH
treatment. All assays were carried out in triplicate. Products were also
analyzed by mass spectrometry (MS) with an Ultraflex II matrix-assisted
laser desorption ionization–time of flight/time of flight (MALDI-TOF/
TOF) instrument (Bruker Daltonic GmbH, Bremen, Germany) with a
200-Hz smart-beam laser as described by Vaaje-Kolstad et al. (18).

RESULTS
Heterologous expression of P. anserina GH61A and GH61B in
P. pastoris. Genome analysis of P. anserina revealed 33 genes
encoding putative GH61 enzymes (37). Of those genes, 8
showed the presence of a carbohydrate binding module from
family 1 (CBM1), which are known to display cellulose-bind-
ing function. Three amino acids (two histidines, with one at the
first position, and one tyrosine) exposed at enzyme surfaces are
known to be required for GH61 activity because they are in-
volved in metal coordination. In PaGH61, these key amino
acids were all conserved. In order to investigate the specificities
of P. anserina GH61, we selected two members, PaGH61A
(GenBank accession number CAP73254.1) and PaGH61B
(GenBank accession number CAP68375.1), for further cloning
and heterologous expression. These two GH61 proteins (i) har-
bored a CBM1 module, (ii) belonged to two distinct subgroups

of GH61 (not shown), and (iii) displayed only 34% amino acid
identity with each other.

The two cDNAs encoding PaGH61A and PaGH61B were
cloned by reverse transcription-PCR using mRNA purified from
P. anserina grown on cellulose. After sequencing, both coding se-
quences were in agreement with those predicted from genomic
data. The two cDNAs encoding PaGH61A and PaGH61B were
inserted into pPICZ�A for subsequent expression in the yeast P.
pastoris. Following induction of selected P. pastoris transformants,
PaGH61A and PaGH61B were successfully expressed and further
produced in a bioreactor to high yield, as we obtained 150 mg and
1 g of each protein per liter of culture, respectively. Electropho-
retic analysis revealed that purified PaGH61A and PaGH61B dis-
played apparent molecular masses of 60 and 50 kDa, respectively
(see Fig. 2, lanes 2 and 3), which were higher than the theoretical
ones (39 and 36 kDa, respectively). This might be due to glycosy-
lation of the linker regions between the catalytic and the CBM1
modules that contain multiple glycosylation sites. In parallel,
CDH was produced in a bioreactor as described by Bey et al. (28).

Zymogram analysis of PaGH61A and PaGH61B. In order
to observe the cellulose-cleaving activity of PaGH61A and
PaGH61B, we performed zymogram analysis in the presence of
CMC (Fig. 1). When gel electrophoresis was performed under
native conditions, clear halos were visualized at the top of the
zymogram in the presence of ascorbic acid, indicating that cel-
lulose was depolymerized (Fig. 1, lanes 4 and 5). Under dena-
turing conditions, halos were visualized at molecular masses
corresponding to those of PaGH61A and PaGH61B (Fig. 1,
lanes 6 and 7).

Synergistic action of PaGH61A and PaGH61B with CDH. To
investigate the synergy between each of P. anserina GH61 and
CDH, cellulose cleavage assays were performed. The products
formed following cellulose cleavage were analyzed by HPAEC-
pulsed amperometric detection (PAD) (Fig. 2) and mass spec-
trometry (Fig. 3). In control reaction mixtures containing P. an-
serina GH61 enzymes or CDH only without any reductant, only
traces of nonoxidized (for PaGH61) or oxidized (for CDH) cello-
dextrins were observed.

FIG 1 SDS-PAGE (lanes 1 to 3) and zymogram analysis (lanes 4 to 7) of
PaGH61 enzymes. For SDS-PAGE, lane 1, prestained molecular mass marker;
lane 2, 10 �g of purified PaGH61A; lane 3, 10 �g of purified PaGH61B; for a
CMC zymogram under native conditions incubated overnight at 45°C under
shaking with addition of 10 mM ascorbic acid, lane 4, 50 �g of rPaGH61B; lane
5, 50 �g of PaGH61A; for a CMC zymogram under denaturing conditions,
lane 6, 150 �g of purified PaGH61B; lane 7, 150 �g of purified PaGH61A.
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Figure 3 illustrates the type of compounds formed when each
PaGH61 enzyme was incubated with CDH on amorphous cellu-
lose. Using HPAEC, it was possible to discriminate a ladder of
oxidized cello-oligosaccharides (from DP2ox [i.e., oxidized cello-
oligosaccharides with a degree of polymerization of 2] to DP5ox)
and nonoxidized cello-oligosaccharides (from DP2 to DP6) (Fig. 2).
The peaks close to nonoxidized cello-oligosaccharides appearing
as shoulders in Fig. 2 were identified as the corresponding lactones
(m/z �2) using mass spectrometry (Fig. 3). The presence of cello-
dextrins presumably oxidized at the C-1 position (m/z �16), as
well as doubly oxidized cellodextrins at the C-1 and C-4 positions
(m/z �14), was confirmed by mass spectrometry. Mass spectrom-
etry analysis revealed that oxidized compounds are underesti-
mated compared to the estimate obtained by HPAEC-PAD anal-
ysis due to the presence of cations from the acetate buffer
(association of oxidized compounds with Na� or 2Na�) (Fig. 3),
although the relative quantities are unclear without further anal-
ysis. Comparison of the two PaGH61 enzymes revealed that
PaGH61A yielded significantly larger amounts of lactone inter-
mediates than PaGH61B (Fig. 2A and B and 3A and B). The main
difference between the two enzymes is the presence among oxi-
dized compounds of two additional peaks with PaGH61B at m/z
1,045 and m/z 1,245 (Fig. 3B) that were absent in the PaGH61A
experiment (Fig. 3A). The product corresponding to m/z 1,045
could be explained by combined oxidations such as doubly oxi-

dized DP6 (m/z �32) with an Na� adduct (m/z �23). The prod-
uct at m/z 1,245 could correspond to triple oxidation of DP7 (m/z
�48) with 2Na�-H� (m/z �47). Since the identification of such
compounds could represent novel types of oxidations, we in-
creased the loading of PaGH61B to enhance this phenomenon
(Fig. 2C). It led almost exclusively to the formation of oxidized
cellodextrins (Fig. 2C and 3C). As expected, mass spectrometry
revealed an enhancement of peaks corresponding to m/z 1,045
and m/z 1,245 (Fig. 3C). MS/MS fragmentation of m/z 1,045 and
m/z 1,245 peaks revealed the presence of DP6 (Fig. 3D) and DP7
(Fig. 3E) oxidized cellodextrins, respectively. In both cases, frag-
mentation patterns could be consistent with oxidation at the C-6
position (geminal diol form) at the reducing end (Fig. 3D and E).

DISCUSSION

Podospora anserina represents an interesting model to study oxi-
dative deconstruction of lignocellulose since this coprophilic fun-
gus displays an impressive array of genes encoding putative GH61
enzymes (37). The reason for the existence of multiple enzymes in
fungi is not yet known, and the question arises whether each en-
zyme has a different role in fungi by targeting different substrates
and/or generating different products, as suggested by Phillips et al.
(12). Among the set of P. anserina GH61 enzymes, we successfully
produced PaGH61A and PaGH61B to high levels in a bioreactor
(up to 1 g · liter�1 for PaGH61B). As GH61 activity is not easily

FIG 2 Products generated following the synergistic action of PaGH61 and CDH on cellulose. Analysis was performed using HPAEC-PAD after 48 h of
incubation at 45°C under shaking of 1% (wt/vol) PASC in 50 mM sodium acetate (pH 5) with CDH/PaGH61. (A, B) Action of PaGH61A at 5 mg · g�1 (A) and
PaGH61B at 5 mg · g�1 (B) in association with 500 �g · g�1 of CDH; (C) products formed by combination of PaGH61B (50 mg · g�1) with 500 �g · g�1 of CDH.
All experiments were carried out in triplicate. nC, nanocoulomb.
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FIG 3 MALDI TOF/TOF spectra of products following the combined action of PaGH61 with CDH. Analysis was performed after 48 h of incubation at 45°C
under shaking of 1% (wt/vol) PASC in 50 mM sodium acetate (pH 5). (A) PaGH61A (5 mg · g�1) combined with CDH (500 �g · g�1); (B) PaGH61B (5 mg · g�1)
combined with CDH (500 �g · g�1); (C) PaGH61B (50 mg.g�1) combined with CDH (500 �g · g�1). MS/MS fragmentation was performed on products released
at m/z 1,045 (D) and m/z 1,245 (E) under the same conditions described for panel C. Identified compounds are labeled in black for native cellodextrins and in
red when the products are oxidized. aa, aldonic acid; al, aldonolactone/lactone; OI, oxygen incorporation; *, compounds are subject to hypothesis. The numbers
in different-colored boxes refer to the masses of compounds identified during MS/MS fragmentation.
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detectable, we set up a simple method based on zymogram analy-
sis using ascorbate as a reductant to evaluate GH61 activity. The
presence of activity halos demonstrated that PaGH61A and
PaGH61B were functionally produced by P. pastoris with a correct
processing of the signal peptide that is required for activity since
the N-terminal residue is one of the residues that coordinates
copper.

The synergistic action between P. anserina GH61 monooxy-
genase and CDH was revealed by the identification of nonoxi-
dized, singly oxidized, and multiply oxidized cello-oligosaccha-
rides (Fig. 2A to C and 3A to C). It has been suggested that
apparition of native cellodextrins could take origins in oxidative
cleavages near the reducing ends releasing an intact nonreducing
moiety (12). When PaGH61A and PaGH61B were associated with
CDH, different behaviors were observed. PaGH61A released more
lactone products than PaGH61B. These lactone products are
spontaneously hydrolyzed to their corresponding C-1 oxidized
products (Fig. 4). In the PaGH61A experiment, doubly oxidized
compounds were detected; they displayed masses that presumably
correspond to C-4 oxidation (4-keto sugar) and C-1 oxidation
(aldonic acid form). PaGH61B mainly yielded peaks correspond-
ing to oxidized cello-oligosaccharides, and this phenomenon was
enhanced when PaGH61B was added to high concentrations. An-
other striking difference between PaGH61A and PaGH61B was
observed by the identification of two products (m/z 1,045 and m/z
1,245) released by the combination of PaGH61B with CDH. This
suggests that PaGH61A and PaGH61B display different specifici-
ties with respect to the oxidation position. It has been proposed
that the m/z 1.245 product could result in ketal formation from
the 4-keto sugar (12). However, a 6-ketal sugar (i.e., geminal diol)
is more likely because (i) it is more stable than a 4-ketal sugar, (ii)
it would be further promoted under acidic conditions, and (iii) it
could be stabilized by the environment. An equivalent form has
already been identified following oxidation of sugars by galactose
oxidase. Indeed, fungal galactose oxidases (EC 1.1.3.9) are single
copper metalloenzymes that catalyze the oxidation of primary al-
cohols to their corresponding aldehydes with strict regioselectiv-
ity, and a galactose oxidase from Fusarium spp. was shown to

target the C-6 position of galactose to produce aldehyde. The al-
dehyde was identified, using nuclear magnetic resonance, as a
6-ketal sugar (i.e., geminal diol) in water (38). Our hypothesis is
supported by the MS/MS fragmentation patterns of the m/z 1,245
and the m/z 1,045 products that would correspond to triple oxi-
dation for DP7 and double oxidation for DP6 at the reducing end,
respectively (Fig. 3D and E). As hydrogen abstraction at the C-4 or
the C-1 position would lead to the formation of a copper hy-
droperoxo intermediate with subsequent cleavage of the glyco-
sidic bond, the most probable explanation for the observed frag-
mentation pattern of the m/z 1,245 and the m/z 1,045 products
would be a triple oxidation (m/z �48) with a C-1 aldonic acid
together with two 6-ketal sugar groups and a double oxidation
(m/z �32) with a C-1 aldonic acid together with one 6-ketal sugar
group (Fig. 3D and E). The increase of these oxidized species upon
high-level loading of PaGH61B could be interpreted in two ways:
the additional oxidation takes place directly either onto cellulose
or onto soluble cello-oligosaccharides. Such C-6 oxidations could
occur along the cellulose chain during hydrogen abstraction with-
out subsequent cleavage.

To date, three classes of LPMOs have been described. Type 1
LPMOs generate products oxidized at C-1, probably initially in
the lactone form, which is then spontaneously hydrolyzed to yield
an aldonic acid. Type 2 LPMOs generate products oxidized at the
nonreducing end. Formation of a 4-ketoaldose could result from
oxidative cleavage proceeding by the same general mechanism
proposed for oxidation at C-1. It has been suggested that LPMO-3
catalyzed oxidation of cellulose with less specificity than LPMO-1
(oxidation in the C-1 position) and LPMO-2 (oxidation in the C-4
position) (8). The regiospecificities of PaGH61A and PaGH61B
observed in the present study do not allow us to assign them to
these proposed LPMO classes since experiments were performed
in the presence of CDH.

Analysis of the genome sequence of P. anserina demonstrated
an unexpected enzymatic arsenal (32, 37, 39). This coprophilic
fungus displays a large array of GMC oxidoreductases, including
two CDHs, a pyranose oxidase, a galactose oxidase, a copper rad-
ical oxidase, and several laccases, that could be relevant for in vivo

FIG 4 Schematic representation of products formed by the synergistic action of PaGH61 and CDH.
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synergy with LPMOs upon lignocellulose oxidative reactions. We
are only at the beginning of the characterization of the enzymatic
cocktail of P. anserina with the biochemical characterization of
two members of the P. anserina GH61 family that have revealed
striking differences in regiospecificities. We have demonstrated
unambiguously that PaGH61A and PaGH61B are both able to act
in concert with the P. cinnabarinus CDH to degrade cellulose with
the concomitant release of novel types of oxidized products, in-
cluding oxidation at the C-6 position for one of the enzymes.
Further characterization of the other members of the P. anserina
GH61 family is needed to get insights into the role of these en-
zymes in vivo.
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