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(Background: Lytic polysaccharide monooxygenases (LPMOs) represent a recently discovered enzymatic route to cleave

Results: We report the first basidiomycete LPMO structure and describe enzyme-cellulose interactions with simulation.
Conclusion: We characterize the copper-containing active site and identify loops important for substrate recognition and

Significance: This structure is the first LPMO from a model basidiomycete fungus that contains many LPMO genes.

J

Carbohydrate structures are modified and degraded in the
biosphere by a myriad of mostly hydrolytic enzymes. Recently,
lytic polysaccharide mono-oxygenases (LPMOs) were discov-
ered as a new class of enzymes for cleavage of recalcitrant poly-
saccharides that instead employ an oxidative mechanism.
LPMOs employ copper as the catalytic metal and are dependent
on oxygen and reducing agents for activity. LPMOs are found in
many fungi and bacteria, but to date no basidiomycete LPMO
has been structurally characterized. Here we present the three-
dimensional crystal structure of the basidiomycete Phanero-
chaete chrysosporium GH61D LPMO, and, for the first time,
measure the product distribution of LPMO action on a lignocel-
lulosic substrate. The structure reveals a copper-bound active
site common to LPMOs, a collection of aromatic and polar res-
idues near the binding surface that may be responsible for regio-
selectivity, and substantial differences in loop structures near
the binding face compared with other LPMO structures. The
activity assays indicate that this LPMO primarily produces
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aldonic acids. Last, molecular simulations reveal conforma-
tional changes, including the binding of several regions to the
cellulose surface, leading to alignment of three tyrosine residues
on the binding face of the enzyme with individual cellulose
chains, similar to what has been observed for family 1 carbohy-
drate-binding modules. A calculated potential energy surface
for surface translation indicates that P. chrysosporium GH61D
exhibits energy wells whose spacing seems adapted to the spac-
ing of cellobiose units along a cellulose chain.

Nature employs mixtures of glycoside hydrolases (GHs)” to
convert carbohydrate polymers found in plant, fungal, and algal
cell walls to soluble sugars (1). Recently, a new class of enzymes
was discovered that uses copper-dependent oxidative pathways
for the cleavage of glycosidic linkages (2—5). These oxidative
enzymes, referred to here as lytic polysaccharide monooxyge-
nases (LPMOs), have garnered significant interest because they
enhance degradation of recalcitrant polysaccharides, such as
chitin and cellulose, when added to GH mixtures (6, 7). Vaaje-
Kolstad et al. (2) first observed lytic activity of chitin-binding
protein 21 (CBP21) from the bacterium Serratia marcescens on
B-chitin, which produced soluble C1-oxidized chito-oligosac-
charides (aldonic acids) in the presence of reductants. CBP21
was originally classified as a family 33 carbohydrate-binding
module (CBM33), which are prevalent proteins in biomass-de-
grading bacteria (8). Soon after, a CBM33 enzyme was charac-

” The abbreviations used are: GH, glycoside hydrolase; LPMO, lytic polysac-
charide monooxygenase; PDB, Protein Data Bank; CBM, carbohydrate-
binding module; RMSD, root mean square deviation; RMSF, root mean
square fluctuations; PASC, phosphoric acid-swollen cellulose; MD, molec-
ular dynamics; PES, potential energy surface.
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terized that also produces soluble aldonic acids from cellulose
(3). Similarities in the structures of CBM33s and family 61 GHs
(GH61s) were noted when the structure of Hypocrea jecorina
GH61B was determined (9), including a conserved surface-lo-
cated metal coordination site (2, 9). Shortly after the initial
report on CBP21 (2), it was shown by several groups that GH61s
also employ a metal-dependent oxidative pathway to cleave gly-
cosidic bonds in cellulose (4, 5, 10 —12). The consensus between
CBM33 and GH61 activity to date is that enzymes from both
families utilize copper as the catalytic metal (5, 13) and that
reducing agents, including cellobiose dehydrogenases (4, 11),
ascorbate, reduced glutathione, gallate (2, 3, 5, 10, 12), or non-
carbohydrate species present in biomass (6, 14), are required for
activity.

To date, there are five LPMO structures from five different
fungal GH61s available: H. jecorina GH61B (Protein Data Bank
(PDB) code 2VTCQ) (9), Thielavia terrestris GH61E (PDB codes
3EII and 3EJA) (6), Thermoascus aurantiacus GH61A (PDB
codes 2YET and 3ZUD) (5), and Neurospora crassa PMO-2 and
PMO-3 (PDB codes 4EIR and 4EIS, respectively) (15). Addi-
tionally, there are structures of four different CBM33 enzymes
available: S. marcescens CBP21 (PDB codes 2LHS, 2BEM, and
2BEN) (7, 16), Vibrio cholerae CBM33 (PDB code 2XWX) (17),
Enterococcus faecalis CBM33 (PDB code 4A02) (18), and Burk-
holderia pseudomallei CBM33 (PDB code 3UAM). The GH61
structures all contain a metal ion in the putative catalytic center
of the enzyme, whereas not all CBM33 structures solved to date
contain a metal ion. The catalytic centers in all of these enzymes
are embedded in a flat protein face containing aromatic and
polar residues for putative binding to the surfaces of cellulose
and chitin. Aromatic residues are not usually dominating, but
some GH61s show arrangements similar to what is found on
the binding faces of family 1 CBMs (19-21). The flat catalytic
binding surfaces of LPMOs are putatively suited to cleave gly-
cosidic linkages without decrystallizing polymer chains (13, 22,
23), whereas endoglucanases, with a catalytic cleft, are thought
to mainly act on more accessible, amorphous regions (24). This
may explain why these two enzyme classes are synergistic (2).

To date, most LPMOs have been found to oxidize the C1
position (25, 11, 12). However, oxidation of the C4 carbon in
the scissile bond to form a 4-keto-aldose moiety has been
described for an LPMO from N. crassa (10). Oxidation has also
been suggested at the C6 carbon (5, 25). There is no general
consensus yet on the spectrum of oxidative chemistry poten-
tially employed by LPMOs, let alone the structural basis of the
selectivity of oxidation. There is significant incentive to under-
stand the structural basis of LPMO action because of their
observed activity improvements to industrial mixtures (6).
Because biomass-degrading enzyme mixtures remain a major
cost driver in production of biofuels (26, 27), including LPMOs
in the industrial enzyme mixtures offers the potential for sig-
nificant cost reductions for enzymatic hydrolysis of biomass.
Thus, determining the LPMO mechanism of action, screening
LPMO activities from natural diversity, and enzyme engineer-
ing for higher activity and stability are now under way (8).

Itis noteworthy that the known GH61 structures and most of
the recent progress on mechanism elucidation are with
enzymes from ascomycete fungi. However, wood decomposi-
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tion in nature is predominantly conducted by basidiomycete
fungi (28, 29), which are broadly divided into brown rot and
white rot fungi (28). Multiple putative and identified GH61
genes have been found in genomes of both types (28 —31), with
the number of genes appearing to be larger in white rot than in
brown rot fungi (28). It is thus of significant interest to study
LPMO structures from basidiomycete fungi. Phanerochaete
chrysosporium, in particular, is one of the most extensively
studied white rot fungi, and as such, its genome was the first
basidomycete sequenced (31). Up to 17 putative P. chrysospo-
rium genes encoding GH61 enzymes (PchGH61s) were initially
identified (31).

We previously cloned the P. chrysosporium GH61D gene and
expressed the protein, referred to here as PchGH61D (Joint
Genome Institute Protein ID: 4691 in Pichia pastoris) (12). We
showed that PchGH61D is a copper-dependent LPMO with
activity on Avicel, filter paper, and phosphoric acid-swollen cel-
lulose, which oxidizes at the C1 carbon. No soluble sugars oxi-
dized at C4 or C6 were detected (12). In the present study, we
present the crystal structure of PchGH61D, the first LPMO
structure from a basidiomycete fungus, and we use x-ray
absorption fine structure scanning to analyze metal binding.
We conduct a structure-based alignment of the PchGH61D
structure with other LPMOs to examine the conservation of
surface and active site residues. Additionally, we show for the
first time the profile of released products when an LPMO
enzyme acts on a real biomass substrate, namely pretreated
spruce. Last, we use MD simulation to study aspects of the
interaction of PchGH61D with the cellulose surface. Overall,
this study contributes to the expanding repertoire of LPMO
structures and identifies key interactions with the hydrophobic
face of cellulose, which will aid in describing the mechanism
and specificity of these important enzymes.

EXPERIMENTAL PROCEDURES

Protein Preparation and Crystallization—Recombinant
PchGH61D was expressed in P. pastoris and purified using
hydrophobic interaction and ion exchange chromatography
after endoglycosidase H treatment, as described previously
(12). The purified protein solution was incubated with 10 mm
EDTA for 3 h and then diluted into 10 mm sodium acetate
buffer, pH 5.0, with 1 mm CuSO, for 30 min. A PD-10 column
(GE Healthcare) was used for buffer exchange to 10 mm sodium
acetate buffer, pH 5.0. After buffer exchange, the protein was
concentrated to 12 mg/ml using a VIVASPIN-6 centrifugal
concentrator (10,000 molecular weight cut-off polyethersul-
fone membrane; Sigma-Aldrich).

The initial search for crystallization conditions for
PchGH61D was done with sitting drop vapor diffusion tech-
niques at 20 °C in a MRC2 well crystallization plate (Hampton
Research) using the JCSG+ Suite sparse matrix screen (Qia-
gen). Crystals for structure determination were obtained at
20 °C with 2.1 M bL-malic acid, pH 7.0, as precipitant, mixed 1:1
(v/v) with 12 mg/ml PchGH61D in 10 mMm sodium acetate, pH
5.0. Prior to data collection, crystals were soaked briefly in crys-
tallization solution mixed with glycerol at 20% (v/v) final con-
centration as cryoprotectant and then flash-frozen in liquid N,.
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Data Collection and Structure Determination—The x-ray
absorption spectrum scan of a PchGH61D crystal was recorded
by measuring the fluorescence signal during energy scan near
the copper absorption edge, using the PyMCA program at the
ID23-1 beamline at the European Synchrotron Radiation Facil-
ity (ESRF) (Grenoble, France). X-ray diffraction data were col-
lected at beamline ID14-1 (ESRF) using a single PchGH61D
crystal. The diffraction data set was reduced and scaled using
the XDS program (32, 33) and the CCP4 program suite (33).
Diffraction data to 1.75 A resolution were used in the scaling
and throughout structure refinement.

The PchGH61D structure was solved by molecular replace-
ment using Phaser (34). The search model was a homology
model of PchGH61D (12), based on the Thielavia terrestris
GHG61E (PDB code 3EII) structure, built by the SWISS-MODEL
Server (35). REFMAC5 (36) was used for structure model
refinements, and manual model rebuilding was performed with
Coot (37), using maximum likelihood (cA) weighted 2F, — F,
electron density maps (38). For cross-validation and R and Ry,
calculations, 5% of the data was excluded from the structure
refinement (39). Solvent molecules were automatically added
using the automatic water picking function in the ARP/wARP
package (40). Picked water molecules were selected or dis-
carded manually by visual inspection of the 2F, — F_ electron
density map. The copper ion bound in the active site was intro-
duced at a final stage of the structure refinement. The coordi-
nates for the final structure model and the structure factors
have been deposited in the PDB (41) with accession code 4B5Q.

The search for similar structures was carried out using the
Dali server (42). The Lsqman program (43) in the Uppsala Soft-
ware Factory suite was used to provide root mean square devi-
ation (RMSD) values and structure comparison statistics (44).
Coot was used for structural analysis (37), and MacPyMOL
(Schrodinger, LLC) was used for the preparation of structural
figures.

Structure-based Sequence Alignment—Sequences of GH61
enzymes Phchr1]4691 (also known as PchGH61D), 41563,
41650, 41123, 31049, 129325, 121193, 122129, and 10320 (the
numbers indicate Protein ID) were retrieved from the P. chrys-
osporium version 2.0 genome database at the Department of
Energy Joint Genome Institute (45). A structure-based
sequence alignment of the catalytic domains of GH61s with
known crystal structure (PchGH61D, PDB code 4B5Q;
TteGH61E, 3EJA; NcrPMO-2, 4EIR; NcrPMO-3, 4EIS;
HjeGH61B, 2VTC; TauGH61A, 3ZUD) was made with the help
of Dali server constraints (42), to which the other PchGH61
sequences were aligned using the MAFFT program (46) (sup-
plemental Fig. S1). The secondary structure elements of
PchGH61D were assigned using the program STRIDE (47). The
sequence alignment table was edited in ESPript version 2.2 (48).

PchGH61D Activity Assay—Degradation experiments with
PchGH61D were conducted using 0.1% phosphoric acid-swol-
len cellulose (PASC), prepared as described (49), or 0.5% steam-
exploded (225 °C, 10 min) and washed spruce wood chips (50)
in 25 mm sodium acetate, pH 5.3, as substrate. The enzyme and
ascorbic acid concentrations were 34 ug/ml and 1.5 mwm,
respectively. The reactions were incubated for 20 h at 50 °C
with 900 rpm vertical shaking in an Eppendorf Thermo mixer
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and then centrifuged at 21,000 X g for 3 min. The content of
soluble oxidized oligosaccharides in the supernatants was ana-
lyzed by high performance anion exchange chromatography, as
described previously (3, 51).

Computational Study of PchGH61D-Cellulose Interactions—
To conduct classical MD simulations of PchGH61D with a cop-
per ion bound in the enzyme, the charge redistribution in the
active center upon copper binding was examined with elec-
tronic structure calculations, as described in the supplemental
material and shown in supplemental Fig. S2. CHARMM (52)
was used for all simulations. PchGH61D was placed on the
hydrophobic face of cellulose 15 with the active site facing the
cellulose surface, as shown in supplemental Fig. S2. The cellu-
lose model was taken from a 10-ns equilibrated structure for
cellulose 14 from previous work (23). We note that 10 ns was
previously demonstrated to be a sufficient equilibration time
for studying cellulose surface behavior (53). The hydrophobic
face of cellulose on which the protein was placed contains three
cellodextrin chains, and the copper atom in the PchGH61D
active site was placed directly above a glycosidic linkage on the
middle chain. In this orientation, Tyr-28 and Tyr-198 align over
the middle chain on the crystal surface, and Tyr-75 aligns over
the edge chain. The orientation of the enzyme with respect to
cellulose was chosen to be similar to that of the family 1 CBM
from H. jecorina Cel7A in that the enzyme was placed such that
Tyr-28 and Tyr-198 align along a single chain. Shorter simula-
tions were also conducted with PchGH61D rotated 180° in the
opposite direction, which yielded similar results in terms of
how the enzyme active site stabilized over the active site (data
not shown). Additional details related to the simulation setup
and methods can be found in the supplemental material. Last, a
potential energy surface (PES) for the PchGH61D-cellulose
interaction was also constructed to examine the location of sta-
ble energetic wells. This closely follows previous work con-
ducted on the family 1 CBM (19, 54). Details of the PES con-
struction can be found in the supplemental material.

RESULTS AND DISCUSSION

Overall Structure of PchGH61D—PchGH61D crystallized in
space group C, with unit-cell parameters of a = 149.3 A, b =
37.5 A, ¢ = 79.8 A and with a B angle of 117.4°. The asymmetric
unit of the crystal contains two non-crystallographic symme-
try-related molecules (A and B) related by a 2-fold rotation axis,
giving a Matthews coefficient of 2.0 (55). The structure was
solved by molecular replacement using a homology model of
PchGH61D (12) and was refined at 1.75 A resolution. The final
PchGH61D structure model exhibits crystallographic R and
R, values of 18.6 and 22.3% and contains a total of 3,781 non-
hydrogen atoms, including all 434 amino acid residues, two
copper atoms, one mannose residue (in chain A), two glycerol
molecules, and 366 water molecules. The amino acid residues
are numbered according to the mature protein after signal pep-
tide cleavage, starting with His-1. Statistics of diffraction data
and structure refinement are summarized in Table 1. The
RMSD values between all C_, atom pairs of the two molecules in
the asymmetric unit is 0.11 A.

The overall fold of PchGH61D (Fig. 1A) is a 3-sandwich fold
consisting of two 3-sheets, formed by in total eight -strands.
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TABLE 1

Diffraction data and refinement statistics for the PchGH61D structure
(PDB code 4B5Q)

Data collection

Beamline® ID14:EH1
Wavelength (A) 0.933
Space group C,
Unit cell dimensions

a b, c(A) 149.3,37.5,79.8

B,y () 90.0, 117.4, 90.0
Ry (%) 8.6 (56.3)
1o(h? 109 (2.1)
Completeness (%)° 98.5 (97.5)
Multiplicity” 3.4 (3.3)

Refinement

Resolution(A) 40.7-1.75 (1.84-1.75)
Ryt Repee (%) 18.6/22.3
RMSD, bonds (A)4 0.007
RMSD, angles (degrees)” 1.165
No. of protein residues 434
No. of water molecules 366
No. of metal atoms 2
Average B factor

Overall (A% 20.0

Protein (A%)® 16.7

Metals (A2)° ) 15.5

Organic ligands (A%)° 34.1

Waters (A%)° ) 26.3
Ramachandran outliers’ (%) 0.8

“ Beamlines at the European Synchrotron Radiation Facility (Grenoble, France).

® Values in parentheses are those for the highest resolution shell.

€ Rierge = Sl = DIZ a2 -

9 Data from Engh and Huber (71).

¢ Calculated using MOLEMAN?2 (72).

/Calculated using a strict boundary Ramachandran definition given by Kleywegt
and Jones (73).

One B-sheet, the front sheet in Fig. 1, includes the B1, 83, and
B8 strands, whereas the other includes strands B4, 85, 39, and
B10. Strand B2 is involved in forming both B-sheets, which pack
onto each other to form the core of the protein. The proposed
catalytic center of the enzyme is positioned on a flat surface on
one side of the B-sandwich fold. The PchGH61D structure
shows three extended loops, which are all involved in shaping
the potential substrate-binding surface. The L2 loop region
(residues 17-57) includes two short n-helices. The long C-ter-
minal loop (LC loop, residues 170-217) contains no secondary
structure elements. In the tip of this loop, the backbone atoms
of residues 201-204 (Pro-201, Lys-202, Asn-203, and Phe-204)
display much higher B factors (34.8, 40.0, 39.7, and 26.9 A2,
respectively) than the average B factor for the protein (16.7 A?),
indicating high flexibility in this region (Fig. 1, green). The third,
shorter LS loop (residues 109—-124) forms hydrophobic inter-
actions with the C-terminal LC loop and contains a $-hairpin
motif (residues 110-117; B-strands 86 and 7). Residues 109 —
124 exhibit elevated B factors (average 24.6 A?), indicating that
also the LS loop is quite flexible. Cys-43 and Cys-163 form a
disulfide bridge between the L2 loop and strand f10.
PchGH61D contains two potential N-linked glycosylation sites,
Asn-173 and Asn-203. Both are located on the long C-terminal
LCloop (shown in supplemental Fig. S1). Asn-203 is positioned
in the more flexible region of the loop, close to the potential
substrate-binding surface. Previous results indicated that the
protein is indeed N-glycosylated, because the apparent size was
reduced upon treatment with endoglycosidase H (12). How-
ever, there is no clear electron density at either site for the
GlcNAc residue that should remain after deglycosylation with
endoglycosidase H. On the other hand, one mannose residue
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O-linked to Ser-11 is visible and included in molecule A but not
in molecule B, where the density is too weak at the correspond-
ing position (Fig. 1A4). The electron density map of the
PchGH61D structure does not show any indication of methyla-
tion of the Ne2 of His-1. Such post-translational modification is
visible in the electron densities of some GH61s that have been
structurally described so far (5, 9, 15), all of which are from
filamentous fungi. It may be possible that PchAGH61D is not
methylated at His-1 because it has been expressed in yeast
(P. pastoris). At this stage, we do not know whether methylation
occurs when the enzyme is produced by P. chrysosporium itself.
Nevertheless, it is notable that the non-methylated PchGH61D
enzyme is active (see Ref. 12; see below). It thus seems that
methylation of His-1 is not strictly necessary for GH61 activity.
Notably highly active CBM33-type LPMOs are not methylated
(16, 18).

Like other known LPMO structures, PchGH61D exhibits a
flat putative binding surface in which the proposed catalytic
center is embedded, as shown in detail in Fig. 1B. It is likely that
the details of this binding face dictate catalytic specificity to
given carbon atoms in cellulose substrates as well as specificity
to other polysaccharide substrates (2, 5, 12, 13, 18). Fig. 1B
highlights several residues of potential interest, which are dis-
cussed further below.

Copper Binding and the Structure of the Catalytic Center in
PchGH61D—The x-ray absorption spectrum of the PchGH61D
crystal shows a characteristic absorption edge at 8.9841 keV
(Fig. 2), which indicates that the protein binds copper. Conse-
quently, copper atoms were modeled in the catalytic centers of
both protein molecules with full occupancy, based on the
strong positive peak in the F, — F_ map (Fig. 3A4). The B factors
of the copper atoms in the final model are 14.8 and 16.2 A2 for
molecule A and B, respectively. These low B factors, which are
in the same range as the B factors for the protein backbone,
indicate that copper is strongly bound.

In the final structure, there were unmodeled F, — F, electron
densities within 2.0 A from the copper ion in both the A and B
molecule, which may reflect movement of the metal ion
between different putative reaction states, similar to what has
been suggested for TauGH61A (5). Published GH61 structures
show water molecules, a peroxide ion, oxygen molecules, or a
sulfate ion in this position (5, 6,9, 15). The corresponding space
in PchGH61D is occupied by contiguous electron density that
was interpreted as a glycerol molecule. The glycerol molecule
might be stabilized in this position by hydrogen bonds to the
side chains of GIn-158, His-149, and Tyr-75 (Fig. 3A).

The copper-binding site in PchGH61D is a type II copper
center, which exhibits a hexacoordination. In the geometry, a
square planar coordination was created by nitrogen or nitro-
gen/oxygen atoms (56, 57). In the PchGH61D structure, square
coordination is provided by the main-chain amide group (2.1
A), N6 (1.9 A) of His-1, and Ne of His-76 (2.0 A), whereas there
is no ligand at the fourth coordination position. In HjeGH61B
(PDB code 2VTC (9)), the corresponding position is occupied
by a water molecule. The hydroxyl group of Tyr-160 (2.8 A)
occupies one of the axial positions, whereas the other axial posi-
tion is empty in the hexacoordination geometry. Protein atoms
thus occupy four coordination positions, leaving two sites avail-
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FIGURE 1. Features of the PchGH61D crystal structure. A, schematic representation of the PchGH61D structure with the bound copper atom, depicted as a
sphere in cyan. The L2 loop (residues 17-57) is colored in yellow, the short LS loop containing a B-hairpin in red (residues 109-124), and the C-terminal LC loop
in blue (residues 170-217). All secondary structure elements of the enzyme are labeled according to their position in the protein sequence. The glycosylated
residue Ser-11 and the attached O-linked mannose residue are shown in a stick representation in gray and slate blue, respectively. B, close up view of the structure
showing potentially important residues at the proposed substrate-binding surface and the metal binding site in a stick representation with the same color
coding as in A. The flexible portion of the LC loop (residues 201-204) is colored in green in both panels.

1200

1000

800

Counts

600 —

400

200

1 1 1 |
8.98 9.00 9.02 9.04

Energy [keV]

FIGURE 2. Copper K-edge fluorescence scan of the PchGH61D crystal. The
scan demonstrates that copper is the bound metal.

8.96

able for ligand binding. In the PchGH61D structure, both avail-
able sites are blocked by the bound glycerol molecule (Fig. 34).

Several differences occur in the catalytic center of
PchGH61D compared to other known GH61 and CBM33
structures, as shown in Fig. 3, B and C. One noteworthy varia-
tion involves Tyr-75 in PchGH61D, which is positioned on one
side of the copper atom (Fig. 3B). The corresponding amino
acid is aspartate in NcrPMO-2 and NcrPMO-3 and proline in
HjeGH61B and TauGH61A, which suggests variations in expo-
sure of the copper binding site in different GH61s. Interest-
ingly, metal binding sites of CBM33s differ distinctly from those
of GH61s. The conserved tyrosine in the GH61s (Tyr-160 in
PchGH61D) is a phenylalanine in the CBM33 enzymes (Fig.
3C), lacking the hydroxyl group that participates in metal coor-
dination in GH61s. Thus, in CBM33s, the copper atom is coor-
dinated by three planar interactions only. Interestingly, cur-
rently available limited data indicate that GH61s (5) bind
copper more strongly than CBM33s (13).

Overall Comparison of LPMO Structures—Molecule A of the
PchGH61D structure was used to search for similar structures
in the PDB (41) using the Dali server (42) (see supplemental
Table S1 for listing and quantitative information). The most
similar structure is TteGH61E (46% sequence identity with
PchGH61D), followed by four other fungal LPMOs: two
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FIGURE 3. The metal binding site of LPMOs. A, close up view of the
PchGH61D in the vicinity of the copper binding site (PDB code 4B5Q). The
green F, — F. map of the copper atom is contoured at 0.41 e/A® (30). Cyan-
coloredresidues are coordinated to the copper atom. A glycerol molecule was
modeled below the copper atom at the active site, colored in pink (denoted
GOL). The bound glycerol molecule is stabilized by His-149, GIn-158, and
Tyr-75 (in gray) by hydrogen bonds. B, superposition of the metal binding
sites of PchGH61D (PDB code 4B5Q; cyan) with the metal binding sites of
NcrPMO-2 (4EIR; green), TauGH61A (3ZUD; pink), and HjeGH61B (2VTC;
maroon). The metal ions were modeled as Cu?™ in the first three structures
and as Ni*" in the HjeGH61B structure. C, comparison of the metal binding
site of PchGH61D (cyan) with the corresponding non-occupied metal binding
sites of SmaCBP21 (2BEM; brown) and EfaCBM33 (4A02; orange).

N. crassa LPMOs, NcrPMO-2 and NcrPMO-3 (38 and 34%
identity); TauGH61A (28% identity); and HjeGH61B (30%
identity). Lower, but significant, Z-scores were seen for the bac-
terial LPMOs, earlier classified as CBM33s, namely
SmaCBM33 (known as CBP21), BpsCBD-BP33 from B. pseu-
domallei, EfaCBM33 from E. faecalis, and the N-terminal
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FIGURE 4. Structural comparison of LPMOs. A, superimposed structures of PchGH61D (gray) with other LPMOs (purple): NcrPMO2 (PDB code 4EIR); TteGH61E
(3EJA); NcrPMO-3 (4EIS); TauGH61A (3ZUD); HjeGH61B (2VTC); BpsCBD-BP33 (3UAM); SmaCBP21 (2BEM); EfaCBD-CBM33 (4A02); and VchGlc-binding protein A
(2XWM). Yellow, blue, and red regions correspond to the L2 loop, LC loop, and LS loop, respectively, in the PchGH61D structure. B, aromatic residues (Tyr-28,
Tyr-75, and Tyr-198) on the flat substrate binding surface of PchGH61D are shown on the molecular surface in cyan. The corresponding residues or additional
aromatic residues on the surface of other GH61s are colored as follows. Pink, NcrPMO2 (PDB code 4EIR); red, TteGH61E (3EJA); yellow, NcrPMO-3 (4EIS); orange,
TauGH61A (3ZUD); green, HjeGH61B (2VTC). The residue numbers are indicated beside the depicted residues. C, superposition of the residues shown in B with
the corresponding color, in a stick representation. Tyr-25 in NcrPMO-2 occurs in two conformations in pink.

domain of Gbp-A from V. cholera. For example, the structural
comparison of PchGH61D with EfaCBM33 included only 95 C,,
atoms, with an RMSD value of 1.82 A (Z-value = 9.3). Note that
to date, there is no structural information for CBM33 domains
known to act on cellulose. Fig. 4 shows structural superposi-
tions of PchGH61D with the aforementioned nine different
fungal and bacterial LPMOs. The most prominent structural
differences are shown and indicate potential determinants of
binding affinity and substrate specificity, as discussed below.
At the metal binding site, His-149 and GIn-158 are highly
conserved in all fungal LPMOs. Their side chains point toward

AV N
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the copper atom, but they are too far away to form coordination
interactions (4.7 and 3.9 A, respectively). His-149 is suitably
positioned to provide a hydrogen bond to any ligand binding to
one of the two copper coordination positions that are available
for substrate binding. In PchGH61D, the His-149 imidazole
ring is rotated 180° compared with its counterpart in other
structures, probably because it makes a hydrogen bond to one
hydroxyl of the glycerol ligand (Figs. 18 and 34). One imidazole
nitrogen is close to the side chain oxygen of GIn-158 (3.4 A),
and if rotated 180°, the distance would be even shorter (3.1 A).
This suggests an interaction between His-149 and GIn-158,
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although the geometry is far from ideal for a hydrogen bond.
Gln-158 in turn interacts with the hydroxyl group of the con-
served Tyr-160 that is axially coordinated to the copper atom. It
remains to be seen if these residues are conserved because they
participate directly in the catalytic mechanism or if their pri-
mary role is to maintain the shape and electrostatic properties
of the metal binding site.

Structure and sequence comparisons (Fig. 4 and supplemen-
tal Fig. S1) show variations in the three loop regions that com-
prise the putative substrate-binding surfaces in LPMOs. Gen-
erally, the LC and LS loop regions are more extended in fungal
LPMOs compared with the bacterial LPMOs (Fig. 4A4). The L2
loop varies within fungal LPMOs as well; PchGH61D,
TteGH61E, and NcrPMO-2 have shorter L2 loops compared
with HjeGH61B, TauGH61A, and NcrPMO-3 (Fig. 4A4). The
only conserved amino acid present in the L2 region is a cysteine,
Cys-43 in PchGH61D, that forms a disulfide bond to Cys-163 in
the B10 strand. Despite the overall structural diversity shown in
Fig. 44, there are similarities in the exposure of aromatic resi-
dues that may impact binding, as highlighted in Fig. 4B. The
extended L2 loops in three of the GH61 structures contain
tyrosines (Tyr-23 in HjeGH61B; Tyr-24 in TauGH61A; Tyr-20/
Tyr-24 in NerPMO-3) that occupy spatially similar locations on
the surface as Tyr-28 in PchGH61D and Tyr-25 in NcrPMO-2
(Fig. 4, B and C). It is noted that the L2 loop in NcrPMO-3
actually contains two tyrosine residues side-by-side at this loca-
tion. In PchGH61D, weak electron density and high B factors
indicate that the Tyr-28 side chain is flexible. Similar flexibility
is not seen for the tyrosines in the NcrPMO structures, possibly
because they are involved in the crystal packing (15). In
TteGH61E, Glu-23 replaces Tyr-28 of PchGH61D. Instead,
TteGHG61E has an additional exposed tyrosine, Tyr-192, next in
sequence to the highly conserved tyrosine in the LC loop, which
the other enzymes do not have (Fig. 4B). Tyr-191 and Tyr-192
form a similar substrate-binding motif in 7teGH61E as present
in CBM1s (20).

P. chrysosporium LPMO Comparison—Nine PchGH61s,
including PchGH61D, were chosen for inclusion in the
sequence alignment (supplemental Fig. S1) because previous
studies had indicated that they may be important for growth on
lignocellulosic substrates (58 — 60). Six of the enzymes contain a
C-terminal family 1 CBM (Phchr1|41563, 41650, 31049,
129325, 121193, and 10320), whereas three do not
(Phchr1|41123 and 122129 and PchGH61D). Only the pre-
dicted catalytic domains were included in the sequence align-
ment of supplemental Fig. S1. As with LPMO sequences across
species, PchGH61s exhibit significant sequence variability.
Three PchGH61s exhibit longer L2 loops (Phchrl|129325,
121193, and 10320) similar to HjeGH61B, TauGHG61A, and
NcrPMO-3, whereas there is no major length variation in the LS
or LC loop regions.

With respect to the active site residues, the histidine residues
around the copper atom are conserved with the exception of
Phchr1|122129, which contains an arginine residue instead of
His-76 (PchGH61D numbering). The axial tyrosine residue in
PchGH61D, Tyr-160, is conserved with the exception of
Phchr1|41123, which contains a gap at this position. As in the
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FIGURE 5. High performance anion exchange chromatography; chromat-
ogram showing soluble aldonic acids (degree of polymerization 2-6)
obtained upon incubation of 0.1% (w/v) PASC or 0.5% (w/v) steam-exploded
spruce with 34 ug/ml PchGH61D in 25 um sodium acetate, pH 5.3, 1.5 mm
ascorbic acid for 20 h at 50 °C. Note the difference between the relative
amounts of products released from the two substrates. Control reactions
without enzyme yielded no detectable aldonic acids (data not shown).

known LPMO structures, Gln-158 is completely conserved in
all PchGH61s.

In terms of conspicuous residues on the putative PchGH61D
binding surface (Fig. 4, B and C), five PchGH61s display aro-
matic residues in sequence positions similar to Tyr-28, whereas
Phchr1[41123, 31049, and 122129 do not. Residues correspond-
ing to Tyr-75 vary considerably within PchGH61s as well and
can be aspartate, proline, glycine, alanine, or asparagines. Nota-
bly, as discussed above (Fig. 3), Tyr-75 may indirectly affect
copper binding, so variation at this position may result in vari-
ation in the active sites of PchGH61s (Fig. 3). The third surface-
located aromatic residue, Tyr-198, is completely conserved
among PchGH61s.

Degradation of PASC and Steam-exploded Spruce by
PchGH61D—To date, LPMOs, including PchGH61D, have
been shown to conduct oxidative cleavage of cellulose. How-
ever, the production of oxidized oligomeric products from a
heterogeneous biomass substrate, rather than a model cellulose
substrate, has not been thoroughly addressed (61). To that end,
Fig. 5 demonstrates that PchGH61D produces C1-oxidized cel-
lo-oligosaccharides not only from PASC, a model substrate, but
also from steam-exploded spruce. The same oligosaccharides
are found for both substrates but, as expected, at different
amounts. It has previously been claimed (2) that such differ-
ences could indicate differences in substrate accessibility.
Action on a well ordered hydrophobic surface of cellulose crys-
tal where only every second glycosidic bond would be accessible
for the enzyme is likely to yield predominantly even-numbered
soluble products, a tendency also observed for the spruce incu-
bation (Fig. 5). Such a periodicity would be less visible for less
crystalline substrates where chains are accessible from “any”
side, as for PASC.

PchGH61D-Cellulose  Interactions —Studied with MD
Simulation—For the MD simulations, PchGH61D was placed
on the hydrophobic face of cellulose I; to examine the enzyme-
substrate interactions, to identify residues that are potentially
important for binding, and to examine any conformational

VOLUME 288+NUMBER 18-MAY 3, 2013



t=0ns t=100 ns

P. chrysosporium GH61D Structure and Dynamics

B

o ) O
et ok
oo i At o ond Pl Pl Fenle

t=0ns t=100 ns

FIGURE 6. Simulation results for PchGH61D on the hydrophobic surface of cellulose. A, cluster view of PchGH61D with snapshots taken every 5 ns, colored
by RMSF from blue (low) to red (high). The tyrosine side chains (Tyr-28, Tyr-75, and Tyr-198) are shown in pink stick format in the conformation obtained after 100
ns. B, the copper (shown as a cyan sphere) fluctuates at ~5 A from the hydrogen atom on the C1 carbon during the MD simulation. , side view of PchGH61D on
the cellulose surface att = 0 nsand t = 100 ns. The loops are colored as in Fig. 1. D, back view of PchGH61D on the cellulose surface att = 0 nsand t = 100 ns.

changes that occur upon interaction with cellulose. The initial
system geometry is shown in supplemental Fig. S3. It has not
been determined if LPMOs bind to and perform oxidation on
the hydrophobic face of cellulose or chitin microfibrils. How-
ever, it has been hypothesized (6, 9) that the aromatic and polar
residues on the flat surfaces exhibit structural similarities to
Type A CBMs, several of which are known to bind to the hydro-
phobic face of cellulose I (62, 63). Additionally, the orientation
of LPMOs relative to the surface of cellulose is also currently
unknown (15). Given the similarity of aromatic residues lining
the putative binding face, we aligned PchGH61D in an orienta-
tion similar to the orientation of the family 1 CBM from H. jeco-
rina (21, 64). An MD simulation was conducted for 100 ns (sup-
plemental Movie S1). Supplemental Fig. S4 shows the RMSD of
the protein relative to the crystal structure, the root mean
square fluctuations (RMSF) per residue, and for comparison,
the B factors of the PchGH61D crystal structure. Supplemental
Fig. S5 shows schematic representations of PchGH61D colored
by B factor and RMSF as well for further comparison. The
RMSD values indicate that after the initial equilibration of cel-
lulose, conformational changes are minor, and the RMSF
results indicate that the primary fluctuations arose almost com-
pletely from the LC and LS loops. The B factor results shown in
supplemental Fig. S5, although not strictly comparable because
the chemical environments of the crystal and simulated
PchGH61D enzymes are different, suggest that the LC and LS
loops are the most flexible in both cases.

Fig. 6A shows a cluster diagram of PchGH61D on the cellu-
lose surface with the protein backbone colored by RMSEF, which
shows that there is significant flexibility in the LC and the LS
loops. Fig. 6B shows the distance from the active site copper to
the hydrogen atom on the C1 carbon, which fluctuates near 5.0
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A during the MD simulation. Although the binding pose of
molecular oxygen to copper is not yet known definitively for
LPMO enzymes, a distance of 5 A could most likely bring the
superoxo intermediate that is hypothesized to be generated on
the copper (13) sufficiently close to abstract a hydrogen atom or
conduct nucleophilic attack of the C1 carbon. Fig. 6, C and D,
shows the initial and final states of PchGH61D on the cellulose
surface from two views. PchGH61D is apparently a C1 oxidizer,
but further studies on the catalytic mechanism and on LPMOs
with other oxidation preferences are needed to understand the
specificity for C1, C4, or possible C6 oxidation.

During the simulation, the LC loop becomes quite mobile at
~30 ns (supplemental Fig. S44 and Fig. 6A). This conforma-
tional flexibility is related to a conformational change in the
side chains of Phe-112 (in another relatively flexible region) and
Phe-204 relative to one another during the MD simulation.
This observation agrees with the structural data presented
above, showing that part of the LC loop exhibits significantly
higher B factors than the rest of the protein (supplemental Figs.
S4C and S5). Additionally, concomitantly with the Phe-112
conformational change, the LS loop undergoes a significant
translational motion toward the cellulose surface, where it
forms hydrogen bonds to an edge cellodextrin chain via both
backbone and side chain atoms.

From the MD simulation, we examined the role of the three
tyrosine residues (Tyr-28, Tyr-75, and Tyr-198) that may be
important for binding, we looked for other conspicuous resi-
dues in the putative binding face, and we studied the active site
position over cellulose. Table 2 lists the average interaction
energy of relevant protein residues with the cellulose surface.
The energetic cut-off for examining interactions was 3 kcal/mol
on average over the 100-ns MD simulation. As shown, many of
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TABLE 2
Residues that interact with cellulose in the MD simulations

Average interaction

Residue energy
kcal/mol
His-1 —5.42
Tyr-28 —10.86
Ser-29 —6.79
Tyr-75 —10.17
Asn-114 —3.81
Gly-115 -321
Gln-116 —7.40
His-149 —4.56
Val-150 —523
Tyr-198 —9.50
Asn-199 —5.03

the residues that form the putative cellulose binding face in the
crystal structure are present in the interaction energy analysis.
However, some residues that are not initially bound to the cel-
lulose also appear. Notably, the LS loop that contains Asn-114,
Gly-115, and GIn-116 forms long lived contacts with the cellu-
lose surface.

Fig. 7A shows the positions of the three tyrosine residues
and the PchGH61D active site over the cellulose surface.
Upon docking of PchGH61D on the cellulose surface, Tyr-28
and Tyr-198 align over the same chain, and their position is
quite stable during the simulation. Tyr-198 hydrogen-bonds
with the adjacent chain as well during the simulation. Addi-
tionally, Tyr-75 is bound to the adjacent cellulose chain on
the edge of the crystal upon docking, and it retains this con-
formation over 100 ns. The active site position (defined as
the center of mass of His-1, His-76, Tyr-160, and the copper
atom) remains in the same position over the cellulose surface
during the MD simulation directly above a glycosidic bond in
the middle chain. The results obtained here suggest that,
overall, the active site is stable near the proposed site of
attack.

Also, a PES was constructed for the PchGH61D-cellulose
interaction, as described in the supplemental material. The PES
was constructed with explicit solvation using methods similar
to those used in previous work conducted on a family 1 CBM
(19, 54). The PES in Fig. 7B suggests that the enzyme is enthal-
pically stable above glycosidic linkages separated by ~10 A,
where the enzyme can abstract accessible hydrogen atoms. The
stabilization every 10 A, which is approximately the length of a
cellobiose unit, is similar to that observed for a family 1 CBM
(19, 54).

We note that this study is limited to MD simulations of the
PchGH61D over the putative site of attack, which does not
account for diffusion on the surface or the chemical reaction.
In a previous study to examine the diffusion and orienta-
tional preferences of a family 1 CBM on cellulose, diffusion
and orientation on cellulose required 43 us to reach conver-
gence (21). Because LPMOs are substantially larger, under-
standing their orientational preferences and studying their
diffusion along the surface would probably require simula-
tion times on the order of hundreds of ws without the use of
enhanced sampling methods. Thus, the questions of
PchGH61D diffusion and orientation on the cellulose surface
are outside the scope of the present study. Additionally, we
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FIGURE 7. A, histogram of the tyrosine residues (Tyr-28, Tyr-75, and Tyr-198)
and the PchGH61D active site positions on the cellulose surface. The bottom
two layers of cellulose are not shown, and the cellulose chains are truncated,
both for visual clarity. The color code denotes the position on a 0.1 X 0.1-A
grid on the cellulose surface, with red being low density and blue being the
highest density. B, PES of PchGH61D on cellulose. The x direction is along the
chains of cellulose, and the y direction is perpendicular to the cellulose chains.
Energy minima are found over the putative site of attack, with ~10-A separa-
tion (i.e. a distance corresponding to a cellobiose unit).

note that LPMOs generally present a challenge to typical
protein simulations because of the active site. The approach
used here wherein an ad hoc potential was developed may be
generalized to other copper monooxygenases, but we stress
that the potential developed here is only appropriate for
PchGH61D and only then for examining questions for which
copper ion diffusion out of the active site is not relevant.
Quantum mechanics/molecular mechanics approaches will
be necessary to study the reaction mechanism and questions
related to binding of other metals in the active site.

CONCLUSIONS

Here, we have solved the first LPMO structure from a
basidiomycete fungus, the wood-degrading model organism,
P. chrysosporium. This fungus contains up to nine LPMOs
known to be expressed when grown on lignocellulosic sub-
strates (12, 59). Because extensive work has been done on
other model glycoside hydrolase (65—68) and dehydrogen-
ase enzymes (69, 70) from P. chrysosporium, the P. chrys-
osporium LPMOs offer an excellent model system to under-
stand the need for multiple oxidative activities to degrade
biomass. The PchGH61D structure revealed potentially
important residues around the active site and putative bind-
ing surface that may impart differences in LPMO specificity
and activity. With simulation, we demonstrated that several
conformational changes occur upon PchGH61D binding to
cellulose, which suggest roles of conserved loops in substrate
binding. Going forward in the burgeoning field of LPMO
biochemistry, it is likely that a combination of structural,
biophysical, and computational studies, such as that
presented here, will be necessary to fully understand the
diversity of LPMO structures as well as its functional
consequences.
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