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Background: The recently discovered Lytic Poly-
saccharide Monooxygenases (LPMOs) are important 
in enzymatic conversion of lignocellulosic biomass. 

Results: We describe structural and functional stud-
ies of NcLPMO9C, which cleaves both cellulose and 
certain hemicelluloses.  
Conclusions: NcLPMO9C has structural and func-
tional features that correlate with the enzyme’s cata-
lytic capabilities. 
Significance: This study shows how LPMO active 
sites are tailored to varying functionalities and adds 
to a growing LPMO knowledge base. 
 
ABSTRACT  
The recently discovered lytic polysaccharide 
monooxygenases (LPMOs) carry out oxidative 
cleavage of polysaccharides and are of major im-
portance for efficient processing of biomass. NcLP-
MO9C from Neurospora crassa acts both on cellu-
lose and on non-cellulose β-glucans, including cello-
dextrins and xyloglucan. The crystal structure of the 
catalytic domain of NcLPMO9C revealed an extend-
ed highly polar substrate-binding surface well-suited 
to interact with a variety of sugar substrates. The 
ability of NcLPMO9C to act on soluble substrates 

was exploited to study enzyme-substrate interac-
tions. Electron spin resonance (EPR) studies demon-
strated that the Cu2+ center environment is altered 
upon substrate binding, whereas isothermal titration 
calorimetry (ITC) studies revealed binding affinities 
in the low micromolar range for polymeric substrates 
that are in part due to the presence of a carbohydrate-
binding module (a CBM1). Importantly, the novel 
structure of NcLPMO9C enabled a comparative 
study, revealing that the oxidative regioselectivity of 
LPMO9s (C1, C4 or both) correlates with distinct 
structural features of the copper coordination sphere. 
In strictly C1 oxidizing LPMO9s, access to the sol-
vent-facing axial coordination position is restricted 
by a conserved tyrosine residue, whereas access to 
this same position seems unrestricted in C4 oxidizing 
LPMO9s. LPMO9s known to produce a mixture of 
C-1 and C4-oxidized products show an intermediate 
situation.  

INTRODUCTION 
Naturally abundant polysaccharides such as cellulose 
and chitin are enticing supplements to fossil re-
sources in the future production of fuels, chemicals, 
and other materials, but the economical integration 
of these alternative carbon sources into fuel produc-
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tion pathways is hampered by their recalcitrance to 
hydrolytic deconstruction. Until recently, the degra-
dation of polysaccharides in plant biomass, such as 
cellulose and various hemicelluloses, was thought to 
be entirely driven by hydrolytic enzymes. However, 
it has been recently shown that oxidative degradation 
catalyzed by lytic polysaccharide monooxygenases 
(LPMOs) (1) plays a significant role (2-6). LPMOs 
are copper-dependent biocatalysts that use molecular 
oxygen and an electron donor to break glycosidic 
bonds (5-9). Electrons may be provided by a reduc-
ing agent such as ascorbic acid, gallate or reduced 
glutathione (5,6) or by a co-secreted enzyme such as 
cellobiose dehydrogenase (10). The catalytic copper-
binding site of LPMOs has unique features that are 
shared with only one other type of enzyme, methane 
monooxygenase (5,11,12). 

Due to their potential use in commercial biomass 
decomposing enzyme mixtures (3), LPMOs have 
attracted considerable attention since their discovery 
in 2010 (6). Initially, LPMO activity was demon-
strated for cellulose and chitin. However, it was not-
ed that the abundance, the large sequence variation, 
and the varying domain composition of LPMOs en-
coded in the genomes of biomass degrading micro-
organisms suggest that some of these enzymes could 
have other substrates (1). Indeed, three studies pub-
lished in 2014 have broadened the LPMO paradigm 
by demonstrating cleavage of soluble cellodextrins 
(13), hemicelluloses with β(1->4) glucan backbones 
(14) and even starch (15). Based on sequence charac-
teristics LPMOs are currently categorized in auxilia-
ry activity (AA) families 9, 10, 11 and 13 of the 
CAZy database (16). AA families 9, 11 & 13 almost 
exclusively contain fungal enzymes, whereas bacte-
rial LPMOs occur in family 10. So far, chitin-
activity has been described for families 10 & 11, 
cellulose activity for families 9 & 10, hemicellulose 
activity for family 9, and starch activity for family 
13. It has been shown that the action of family 9 and 
10 LPMOs on β(1->4) glycosidic linkages may lead 
to oxidation of either the C1 or the C4 carbon of the 
glycan (8,17). Based on sequence analysis and the 
known variation in oxidative outcome of the reac-
tion, it has been suggested that AA9 LPMOs may be 
divided into C1-oxidizing (LPMO1 group), C4-
oxidizing (LPMO2 group) and both C1- and C4-
oxidizing (LPMO3 group) enzymes (18). 
We have recently discovered that NcLPMO9C, a C4-
oxidizing AA9 LPMO (hereafter LPMO9) from 
Neurospora crassa also known as NCU02916 or 
NcGH61-3, shows activity on soluble cellodextrins 
and hemicelluloses with β(1->4) glucan backbones, 
including xyloglucan, glucomannan and β-glucan 

(13,14). NcLPMO9C is a two-domain protein, con-
taining an N-terminal catalytic AA9-domain and a 
family 1 carbohydrate-binding module (CBM1) that 
are connected through a serine- and threonine-rich 
linker comprising approximately 50 amino acid resi-
dues. CBM1s are primarily found in multi-domain 
proteins from fungi and known to bind both crystal-
line and amorphous cellulose (19,20). Approximate-
ly 20 % of all AA9s contain at least one CBM1 do-
main. Up to now, the effect of such binding domains 
on LPMO activity and substrate specificity has not 
been thoroughly investigated.  
In the present study, we set out to explore the struc-
tural basis of the unique functional properties of 
NcLPMO9C. We report the cloning, purification and 
structure determination of NcLPMO9C-N, which is a 
C-terminally truncated variant of NcLPMO9C com-
prising only the AA9-domain. Further insights into 
NcLPMO9C properties were obtained from EPR 
studies in the presence or absence of soluble sub-
strate, studies of metal- and substrate-binding affini-
ties using ITC, determination of the redox potential, 
and activity assays using several substrates and 
NcLPMO9C variants with and without the CBM1. 
Notably, the unique functional properties of NcLP-
MO9C allowed for enzyme-substrate interaction 
studies that have not been possible to date for 
LPMOs, and the novel structure of the enzyme ena-
bled a structural comparison revealing structural 
determinants of the oxidative regioselectivity of the-
se enzymes. 
 
EXPERIMENTAL PROCEDURES  
Cloning, expression, purification. Full length 
LPMO9C from N. crassa (NCU02916; NcLPMO9C) 
was produced in Pichia pastoris using a codon-
optimized gene inserted into the pPICZα-A plasmid 
(21), purified as described previously (22). A gene 
fragment encoding the AA9-domain of NcLPMO9C 
(nucleotides 1-729, encoding 243 residues) was PCR 
amplified from the pPICZαA_NcLPMO9C vector. 
The amplification primers containing EcoRI and 
Acc65I restriction sites for cloning (underlined) were 
F1, 
TTTCGAAACGGAATTCGAAACGATGAAGACT
GGTTCCATCTTGGC, and R2, 
ATGGCCGGCCGGTACCTCAACAAGTGAACA
AAGCTGGACCT. The PCR product was ligated 
into the vector fragment emerging after cleaving the 
pPINK_GAP_AfCel12A vector (23) with restriction 
enzymes EcoRI and Acc65I, using the In-Fusion HD 
cloning kit (Clontech Laboratories, Mountain View, 
CA). This construct leads to constitutive expression 
of the protein driven by the GAP promotor, while 
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secretion of the protein is driven by its native signal 
peptide. After the DNA sequence was confirmed by 
GATC Biotech AG (Germany), the resulting 
pGAP_NcLPMO9C-N plasmid was linearized with 
the restriction enzyme AflII, and used to transform 
competent PichiaPinkTM Strain 4 (Invitrogen, Carls-
bad, CA), according to the supplier’s instructions. 
Positive transformants were selected on PAD (Pichia 
Adenine Dropout) plates (Teknova Hollister, CA) 
and were further cultivated in yeast extractpepto-
nedextrose (YPD) media for detection of LPMO 
expression and activity. 
For the production of NcLPMO9C-N, 50 ml YPD 
medium, containing 2 % (w/v) dextrose, was inocu-
lated with a single colony of a positive P. pastoris 
transformant. After growth at 30 oC and 150 rpm for 
16 h, these 50 ml were used as pre-culture to inocu-
late 1.5 l YPD medium to a starting optical density 
(OD) of 0.15. Cultivation was carried out for 5 days 
at 30 oC and 150 rpm in shake flasks with standard 
baffles until the final OD of 19. Starting YPD media 
contained 1% (w/v) yeast, 2% (w/v) peptone, and 1 
% (w/v) glucose in 0.1 M potassium phosphate buff-
er pH 6.0. Every 24 hours, 1% (w/v) of glucose was 
added to the culture medium and the NcLPMO9C-N 
expression level was monitored by SDS PAGE. 
As the first purification step culture supernatant was 
recovered by centrifugation at 18,000 rpm for 15 min 
followed by sequential filtering through 0.45 µm and 
0.2 µm polyethersulfone (PES) filters (Millipore, 
Billerica, MA, USA). A Vivaflow 200 tangential 
crossflow concentrator (MWCO 10,000 Da, Sartori-
us Stedim Biotech GmbH, Germany) was then used 
to concentrate the supernatant 10-fold and to ex-
change buffer to 25 mM Tris-HCl pH 8.0. The con-
centrated sample was loaded onto a 150 ml DEAE 
Sepharose FF CL-6B column (GE Healthcare Bio-
Sciences AB, Sweden) equilibrated in 25 mM Tris 
pH 8.0, and bound proteins were eluted by applying 
a linear gradient up to 0.25 M NaCl in the same 
buffer. Selected fractions were pooled, concentrated, 
and applied to a Superdex 75 gel filtration column 
(GE Healthcare Bio-Sciences AB, Sweden) in 50mM 
MES buffer pH 6.5 supplemented with 150 mM 
NaCl. Protein purity was assessed by SDS-PAGE, 
and protein concentrations were determined by 
measuring absorbance at 280 nm, using theoretical 
extinction coefficients calculated using the ExPASy 
server (24) (NcLPMO9C: 46910 M-1cm-1, NcLP-
MO9C-N: 32680 M-1cm-1). 
Preparation of crystals, structure determination. 
The search for NcLPMO9C-N crystallization condi-
tions was performed in 96-well sitting drop trays, 
using a Mosquito crystallization robot (TTP Labtech, 

UK) and commercially available screens. Diffracting 
crystals grew at room temperature in a variety of 
conditions containing PEG 3350 and at a protein 
concentration of 1.4 mg/ml (see Results for more 
details). Various efforts were made to obtain crystals 
of NcLPMO9C-N in complex with substrate analogs, 
such as thio-linked cello- and xylo- oligosaccharides. 
In attempts to obtain ligand complexes, NcLP-
MO9C-N was deactivated using EDTA or potassium 
cyanide prior to co-crystallization or soaking exper-
iments with cellulosic or xyloglucan oligomers. 
NcLPMO9C-N crystals were soaked in mother liq-
uor supplemented with 20% glycerol as cryoprotect-
ant and then flash-frozen in liquid N2 prior to trans-
portation and X-ray data collection on beamline 
I911-3 at MAX-lab (Lund, Sweden). The data were 
integrated with XDS (25) and scaled using the pro-
gram Aimless in the CCP4 suite (26). The structure 
was solved by molecular replacement using 
PHASER (27) using the coordinates of another N. 
crassa LPMO, NcLPMO9D also known as NcGH61-
4 or NCU01050 (PDB code 4EIR (18)), as a search 
model.  NcLPMO9D is a single domain C4-
oxidizing LPMO sharing 47% sequence identity with 
NcLPMO9C-N. 
REFMAC5 (28) was used for structure model re-
finements, and manual model rebuilding was per-
formed with Coot (29,30), with maximum likelihood 
σ-A-weighted 2Fobs − Fcalc electron density maps 
(29). For cross-validation and R and Rfree calcula-
tions, 5% of the data was excluded from the structure 
refinement (31). Solvent molecules were automati-
cally added using the automatic water picking func-
tion in the ARP/wARP package (32). Picked water 
molecules were selected or discarded manually by 
visual inspection of the 2Fobs − Fcalc electron density 
maps. The copper or the zinc ions bound in the ac-
tive site of the enzyme in the two different NcLP-
MO9D-N structures were introduced at a final stage 
of the structure refinement. The coordinates for the 
two final structure NcLPMO9D models, and the 
structure factors, have been deposited in the Protein 
Data Bank (PDB; http://www.pdb.org/) with acces-
sion code 4D7U and 4D7V. PyMOL (V1.5) and 
UCSF Chimera (V:1.10.1) was used for analysis of 
the structures and figure preparations. 
Substrate Docking experiments.  The docking study 
evaluated 10 different scenarios (Table 1) in an at-
tempt to identify putative soluble substrate binding 
sites for NcLPMO9C-N. Autodock 4.2 was used to 
compute and cluster the grid-based free energies of 
the enzyme ligand complexes (33). Four different 
ligands, corresponding to those evaluated in the bio-
chemical assessment, were included in the docking 
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studies: xyloglucan (XXGX), cellotetraose (G4), 
cellopentaose (G5), and cellohexaose (G6). The 
XXGX xyloglucan pattern was selected to encom-
pass the glycosidic linkage thought to be the cleav-
age site in tamarind xyloglucan. The ligand confor-
mational state was either fixed with the pyranose 
ring “backbone” in a near-linear conformation or 
allowed to be flexible (Table 1). Oligomers allowed 
to adopt different conformations throughout the 
docking calculation are termed “flexible” in this 
study. This simply means the torsion angles of the 
molecules were free of constraints. A rigid version of 
cellulosic oligomers was considered because the 
“backbone” of cello-oligomers does not change sig-
nificantly in solution. Here, “rigid” refers to a mole-
cule in which the torsion angles associated with the 
glycosidic linkages were restrained.  
The participation of NcLPMO9C-N bound metal 
ions in substrate binding was considered through 
variation of both type and number. Three different 
protein scenarios were considered: (1) NcLPMO9C 
without any metal ions, (2) NcLPMO9C with one 
Cu+ in the histidine brace at the active site and two 
zinc ions in the structurally resolved metal binding 
locations, and (3) NcLPMO9C with Cu+ in the histi-
dine brace, one Cu+ in the metal binding site closest 
to the active center, and a zinc ion in the distal loop 
region. The latter scenario was considered based on 
an early hypothesis that two copper ions were partic-
ipating in catalysis. Ultimately, as described in the 
Results, the EPR studies clearly indicate only a sin-
gle copper atom is required for NcLPMO9C to cata-
lyze cleavage of the β-1,4 linkage.  
Autogrid4 was used to setup the grid maps centered 
on the NcLPMO9C-N active site metal atoms and 
the surrounding protein surface. Grid dimension for 
each case are given in Table 1; a grid spacing of 
0.375 Å was used for each case. Using Lamarckian 
Genetic Algorithm (GA), the search for the most 
favorably docked ligand structures were carried out 
over 200 independent docking runs. The search pa-
rameters for the calculations were set as follows: 
mutation rate of 0.02, crossover rate of 0.80, and a 
maximum number of energy evaluations per run of 
25 million. Initial population and maximum number 
of top individual survivors are given in Table 1.  
Copper is a non-standard atom type in Autodock 4.2. 
Thus, parameters for non-hydrogen-bonding copper 
were incorporated in the parameter file (34). The 
sum of the van der Waals radii of two copper atoms 
was set to 3.40 Å. The van der Waals well depth was 
0.050 kcal/mol. The atomic solvation volume was set 
to 20.58 Å3, and the atomic solvation parameter was 
-0.00110. 

Electron spin resonance studies. To prepare apo 
NcLPMO9C for electron spin resonance (EPR) ex-
periments, purified enzyme was treated with 100 
mM EDTA, followed by desalting using a NAP-5 
column (GE Healthcare Bio-Sciences AB, Sweden) 
equilibrated with Chelex-treated 20 mM Bis-
Tris/HCl buffer, pH 6.0. To reconstitute the copper 
active site, 10 molar equivalents of Cu2+ were added 
from an acidic CuCl2 solution. After 10 minutes of 
incubation at room temperature, excess Cu2+ was 
removed by repeating the desalting procedure de-
scribed above. EPR samples containing 225 µM apo 
NcLPMO9C, 160 µM Cu2+-loaded NcLPMO9C, 160 
µM Cu2+-loaded NcLPMO9C and 20 mg/ml cello-
hexaose (Megazyme International, Ireland), or 160 
µM Cu2+-loaded NcLPMO9C and 15 mg/ml xy-
loglucan isolated from tamarind seeds (Megazyme 
International, Ireland) were frozen and stored in liq-
uid nitrogen.  

EPR spectra were recorded using a BRUKER 
EleXsyS 560 SuperX instrument equipped with an 
ER 4122 SHQE SuperX High-sensitivity cavity and 
a cold finger. The spectra were recorded using 0.05-1 
mW microwave power and 2 or 10 G modulation 
amplitude and at a temperature of 77 K. Spin quanti-
fication was carried out by comparing double inte-
grated spectra of samples to a standard of 500 µM 
CuCl2 in 1 M HClO4. The EasySpin toolbox devel-
oped for MATLAB (MathWorks, USA) was used to 
simulate and fit EPR spectra (35). Only the gz and 
|Az| values were determined accurately while gx, gy, 
|Ax|, and |Ay| were estimated using the EasySpin 
automatic fitting procedure. 
Isothermal titration calorimetry studies. Isothermal 
titration calorimetry (ITC) experiments were per-
formed with a VP-ITC system from Microcal, Inc 
(Northampton, MA) (36). Solutions were thoroughly 
degassed prior to experiments to avoid air bubbles in 
the calorimeter. Chelex-treated 20 mM Mes buffer 
(pH 5.5) was used for all binding studies. For bind-
ing of Cu2+ to apoNcLPMO9C-N (prepared as de-
scribed above for NcLPMO9C, eluted with 20 mM 
Chelex-treated MES buffer pH 5.5), typically 5 µM 
of the enzyme was placed in the reaction cell with a 
volume of 1.42 mL, and 150 µM CuSO4 was placed 
in the ITC syringe. Aliquots of 4 µL were injected 
into the reaction cell at 180 s intervals with a stirring 
speed of 260 rpm and temperature of 10 oC. The 
titrations were complete after 40 injections. For 
binding of (Glc)6 to NcLPMO9C, 30 µM of the cop-
per-saturated enzyme (prepared as described above) 
was placed in the reaction cell and 11 mM of the 
ligand in the syringe. Aliquots of 8 µL were injected 
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at 180 s intervals with a stirring speed of 260 rpm 
and temperature of 25 oC. The titrations were com-
plete after 40 injections. For binding of NcLPMO9C 
or NcLPMO9C-N to xyloglucan, 0.9 µM of xyloglu-
can (225 kDa, from tamarind seeds, Megazyme) was 
placed in the reaction cell and 500 µM of the enzyme 
in the ITC syringe. Aliquots of 6 µL were injected 
into the reaction cell at 180 s intervals with a stirring 
speed of 260 rpm and temperature of 10 oC. The 
titrations were complete after 50 injections. For 
binding of NcLPMO9C or NcLPMO9C-N to phos-
phoric acid-swollen cellulose (PASC; prepared from 
Avicel as described by T.M. Wood (37)), 0.146 
mg/ml of substrate was placed in the reaction cell. 
The concentration of PASC was set to be 4.5 µM 
based on an estimation that the average chain length 
of Avicel-derived PASC is 200 glucose units (38). 
500 µM of the enzyme was placed in the ITC sy-
ringe. Aliquots of 6 µL were injected into the reac-
tion cell at 180 s intervals with a stirring speed of 
260 rpm and temperature of 25 oC. The titrations 
were complete after 50 injections. ITC data were 
collected automatically using the Microcal Origin 
v.7.0 software accompanying the VP-ITC system 
(36). Prior to further analysis, all data were corrected 
for heat of dilution by subtracting the heat produced 
by continuing injections of ligand into the reaction 
cell after completion of the binding reaction. These 
heats had the same magnitudes as the heats of titrat-
ing ligand into buffer alone. The data were fitted 
using a non-linear least-squares algorithm using a 
single-site binding model employed by the Origin 
software that accompanies the VP-ITC system, 
yielding the stoichiometry (n), the equilibrium bind-
ing association constant (Ka), and the enthalpy 
change (ΔHr°) of the reaction. Errors in ΔHr°, Kd, 
and ΔGr° were obtained as standard deviations of at 
least three experiments. Errors in ΔSr° and –TΔSr° 
were obtained through propagation of error. 
Determination of redox potential. The cell poten-
tial (Eo) for the NcLPMO9C-Cu2+/ NcLPMO9C-Cu+ 
redox couple was determined as described previous-
ly (7,39). In short, 50 µL of 70 µM Cu2+-saturated 
NcLPMO9C was incubated at room temperature 
with 50 µL of an oxygen free solution of 200 µM 
reduced N,N,N’,N’-tetramethyl-1,4-
phenylenediamine (TMPred) in Chelex-treated 20 
mM MES pH 5.5. Solutions were made oxygen free 
by bubbling of N2 (g) through the buffer for 1 hour 
prior to addition to TMPred and concentrated LPMO 
solutions. The reactions took place in UVettes (Ep-
pendorf) and the absorbance at 610 nm was moni-
tored using a Hitachi U-1900 spectrophotometer 
until the signal became stable. From this, the concen-

tration of TMPox was calculated based on its extinc-
tion coefficient of 14 mM-1 cm-1 (39) followed by 
determination of the equilibrium constant for the 
electron transfer reaction. Finally, from the known 
cell potential of 273 mV for the TMPox/TMPred redox 
couple (40) the cell potential of NcLPMO9C-Cu2+/ 
NcLPMO9C-Cu1+ was determined as outlined in 
(7,17).  
Substrate degradation studies. Prior to activity 
measurements, pure NcLPMO9C and NcLPMO9C-N 
were copper saturated as described above for 
NcLPMO9C. To analyze activity on polymeric sub-
strates, we employed the fact that the C4-oxidizing 
NcLPMO9C generates novel reducing ends (14). 5 
mg/ml xyloglucan from tamarind seed (Megazyme 
International, Ireland) or PASC was incubated with 4 
µM Cu-saturated NcLPMO9C or NcLPMO9C-N in 
40 mM sodium phosphate pH 6.5, and in the pres-
ence or absence of 2 mM ascorbic acid. Reactions 
were incubated at 50 oC and shaking at 1000 rpm. At 
appropriate time points, 40 µl samples were taken, 
and the enzyme reaction was quenched by addition 
of 60 µl DNS-solution (0,04 M 3,5-dinitro salicylic 
acid in 1.0 M K-Na-tartrate, 0.4 M NaOH). After 
mixing, the samples were incubated for 10 min in 
boiling water. The samples were centrifuged, and 50 
µl of the supernatant was transferred to a 384-well 
plate, and the absorbance at 540 nm was measured 
using a Multiscan FC microplate photometer (Ther-
mo scientific, Waltham, MA). Calibration was done 
with cellobiose (Glc2; Megazyme) for PASC sam-
ples and a xyloglucan heptasaccharide called XG7 (a 
glucose tetramer where all glucose units, except the 
one at the reducing end, are substituted with xylose, 
XXXG; Megazyme) for xyloglucan samples. All 
results shown have been corrected for background 
absorbance from reactions containing only the sub-
strate or substrate and ascorbic acid. 
Reactions for degradation of soluble cello-
oligosaccharides contained 0.2 mM cellopentaose 
(Glc5) and 1.5 µM Cu-saturated NcLPMO9C or 
NcLPMO9C-N in 20 mM MES pH 6.0, with or 
without 1 mM ascorbic acid. Reactions were incu-
bated at 50°C and shaking at 1000 rpm. At appropri-
ate time points, 50 µl samples were taken and mixed 
with 50 µl 0.2 M NaOH to quench the enzyme reac-
tion. Products were analyzed by high performance 
anion exchange chromatography (HPAEC) using an 
ICS3000 system (Dionex, Sunnivale, CA) as de-
scribed previously (41). 2.5 µl sample was injected 
onto a CarboPac PA12 x 250 mm analytical column 
(Dionex) coupled to a CarboPacPA12 x 50 mm 
guard column kept at 30°. Cello-oligosaccharides 
were eluted in 0.1 M NaOH at 0.25 ml/min by in-
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creasing the concentration of Na-acetate linearly 
from 0 to 0.1 M in 10 min, then from 0.1 to 0.18 M 
in 10 min, followed by a 2 min exponential gradient 
to 1 M Na-acetate. Between each run, the column 
was reconditioned by running initial conditions for 
14 min. Cello-oligosaccharides with a DP of 2-5 
were used as standards. 
 
RESULTS 
Overall structural analysis and metal binding. 
NcLPMO9C-N was crystallized in space group P21 
with approximate unit-cell dimensions of a = 44 Å, b 
= 67 Å, c = 66 Å, β = 101o, and with 2 molecules in 
the asymmetric unit. We present two structures of 
NcLPMO9C-N. The first one (PDB code 4D7U), 
obtained at 1.56 Å resolution from a crystal grown in 
the presence 0.2 M ammonium citrate and 20% 
PEG3350, has one copper ion bound in the catalytic 
center, similar to other known AA9 structures. The 
second structure (PDB code 4D7V), determined at 
1.9 Å resolution from a crystal grown in the presence 
of 0.2 M zinc acetate and 20% PEG3350, contains 3 
zinc ions per protein molecule. Data collection and 
refinement statistics for both structures are summa-
rized in Table 2, whereas Figure 1 shows structural 
features that are discussed further below. The two 
structures are highly similar, with a root-mean-
square deviation (RMSD) of 0.55 Å for all Cα at-
oms. The biggest variations occur in the loop that 
comprises residues 64-78, which binds one of the 
zinc ions (Figure 1c & 1d). Similar to other LPMO9s 
of known structure, NcLPMO9C-N folds into a β-
sandwich of two β-sheets consisting of eight β-
strands in total. The first β-sheet is formed of β-
strands β1 (residues 3-10), β3 (residues 56-63) and 
β6 (residues 130-136), while the second one is com-
posed of strands β5 (residues 106-114), β4 (residues 
86-94), β7 (residues 143-153) and β8 (residues 164-
175). In both structures, residues 180-185 display 
increased temperature factors, and the corresponding 
electron density was weak or even absent, especially 
for Ser183 and Asn184 in some monomers. Weak 
electron density is also observed in the region span-
ning residues 68-74 of monomer B of the three-metal 
structure. Neither of the two structures showed signs 
of glycosylation. 
There are two disulfide bridges in the NcLPMO9C-N 
structure. The first one, formed between Cys39 and 
Cys169 (partially cleaved due to X-ray radiation 
damage), is common among all known LPMO9 
structures and connects loop L2 to strand β8 (Figure 
2). The second disulphide bond, formed between 
Cys-139 and the C-terminal amino acid, Cys-227, is 

observed in about half of LPMO9s with known 
structures (Figure 2).  
The copper ion lies in the center of a flat surface that 
interacts with the substrate (Figure 1 a & b).(7) The 
copper site is very similar to that in other LPMOs, 
resembling an octahedral coordination environment 
with tetragonal distortion due to the Jahn-Teller ef-
fect, and with four of six coordination positions oc-
cupied by protein ligands (5,42). The equatorial 
plane comprises the protein’s N-terminal amino 
group (at 2.3 Å), the Nδ of His1 (2.0 Å) and the Nε 
of His83 (2.0 Å), forming what has been termed a 
”histidine-brace”(5). While His1 tends to be methyl-
ated in LPMO9s produced in fungi (5), His1 in Pich-
ia-produced NcLPMO9C was not methylated, as 
previously observed for C1-oxidizing PcLPMO9D 
(or PcGH61D), which was also expressed in P. pas-
toris (42). There is no density in the fourth equatorial 
coordination position that is facing the solvent. Ac-
cess to the protein-facing axial position, is limited by 
the phenolic oxygen of a buried tyrosine, Tyr166 
(3.0 Å). In the solvent-facing axial position, there is 
extra density both in the σ-A-weighted Fo-Fc map 
contoured at 3σ and the σA-weighted 2Fo-Fc map 
contoured at 1σ. This density could perhaps reflect a 
citrate molecule with partial occupancy, since there 
was 0.2 M citrate in the crystallization solution, but 
the data did not allow reliable modeling of a citrate 
molecule or any other compound, in the electron 
density map.  
In the structure of the zinc-soaked protein, the histi-
dine brace is occupied by zinc instead of copper. 
Like the copper, ion the zinc ion is coordinated by 
the N-terminal amino group and the Nδ of His1 
(with distances of 2.2 Å and 2.1 Å, respectively) and 
the Nε of His83 (2.1 Å). An overview over all dis-
tances related to metal binding is provided in Table 
3. The fourth equatorial position and the solvent-
facing axial position are both occupied by acetate 
ions with distances of 2.3 Å and 3.3 Å from the cop-
per to the oxygens of the carboxyl group, respective-
ly. The axially interacting acetate is replaced by a 
water molecule in some of the NcLPMO9C-N mole-
cules and was thus modeled with partial occupancy. 
The oxygen atom of the Tyr166 side chain is located 
at a distance of 3.8 Å from the bound Zn atom. Su-
perposition of the copper- and zinc- structures indi-
cated that the Zn is displaced by approximately 0.8 
Å relative to the copper, explaining the longer dis-
tance to Tyr166 (3.8 Å and 3.0 Å, respectively). 
Relative to the copper structure, the zinc-
coordinating histidines show an 8° shift in their ψ 
dihedral angle (Δψ=-8°). 
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The zinc structure reveals two possible additional 
metal binding sites that are also located in the flat 
planar substrate-binding surface. The second zinc ion 
is coordinated by His64 and is located at a distance 
of approximately 7.7 Å from the active site ion, 
while the third zinc ion is coordinated by Asp74 and 
is 7.0 Å away from the second zinc atom (Figure 
1d). Both metals are coordinated by amino acids 
belonging to a sequence insertion that seems unique 
for strictly C4 oxidizing LPMO9s, also referred to as 
the PMO2 subfamily (43) (Figure 1d & 2). Notably, 
the EPR and ITC experiments described below 
strongly indicate that NcLPMO9C binds only one 
copper ion with high affinity and that this is suffi-
cient for activity. 
Since NcLPMO9C has been found to act on soluble 
substrates including cellodextrins and xyloglucan 
fragments (13,14), attempts were made to obtain 
crystallograpic data for an enzyme-substrate com-
plex. Despite the use of a variety of substrates (thio-
linked celloligosaccharides with a DP of 2-5, thio-
linked xylopentaose, celloligosaccharides with a DP 
of 5 and 7, xylogluco-oligosaccharides, low molecu-
lar lignin and β-glucan), and a massive number of 
crystallization trials using both soaking and co-
crystallization, such data were not obtained. The 
protein molecules in the NcLPMO9C-N crystals are 
very tightly packed, especially close to the catalytic 
centre of the enzyme, with a distance of approxi-
mately 5 Å between two protein molecules. This 
distance is relatively small and there is thus very 
little room left for a ligand molecule to diffuse into 
the crystal and bind in the active centre of the en-
zyme.  
Comparison to other LPMO structures. Using the 
Dali server (44), the closest structural homologue of 
NcLPMO9C was found to be another C4-oxidizing 
LPMO, NcLPMO9D (PDB code 4EIR) (4). The 
second closest structural homologue is NcLPMO9M 
(NCU07898, PDB code 4EIS, 39% sequence identi-
ty; C1/C4 oxidizing (43)), followed by a Thermo-
ascus aurantiacus LPMO (TaGH61A, PDB code 
3ZUD, 39% sequence identity; C1/C4 oxidizing (5)), 
GH61E from Thielavia terrestris (TtGH61E, PDB 
code 3EJA, 44% sequence identity; predicted to be 
C1 oxidizing (18)) and Cel61B from Hypocrea 
jecorina (HjLPMO9B, PDB code 2VTC, 31% se-
quence identity; predicted to be C1/C4 oxidizing 
(18)).  
Importantly, while the histidine brace and the tyro-
sine in the protein facing axial position are structur-
ally highly conserved, comparison of the seven 
available LPMO9 structures reveals differences in 
the accessibility of the solvent-facing axial position 

that correlates with the regioselectivity of the oxida-
tion reaction. The two C1-oxidizers have a tyrosine 
in this position, whose hydroxyl group blocks access 
to the axial position to essentially the same extent as 
what is achieved by a conserved alanine in C1-
oxidizing LPMO10s (11,17). The mixed C1- and C4- 
oxidizers have a proline instead of a tyrosine provid-
ing better access to the axial position (Figure 3c & 
3d). In strict C4 oxidizers, the axial position appears 
fully accessible due to the tyrosine being replaced by 
an alanine in NcLPMO9C, and an aspartate pointing 
away from the copper in NcLPMO9D. Another 
strictly C4-oxidizing N. crassa LPMO9, named 
NCU02240 (43), whose structure has not yet been 
determined, also has an aspartate in this position. 
As observed in earlier studies (18,42,43) and as 
clearly visible in Figure 1 and 3 LPMO9s show large 
variation in their putative substrate-binding surfaces. 
Three of these regions (Figure 1) are known as the 
L2 (residues 10-49), LS (residues 114-128) and LC 
(residues 176-226) loops (42,45). In addition, strictly 
C4-oxidizing AA9 LPMO’s contain an insertion, 
referred to here as the L3 loop (resides 64 – 78) that 
potentially also affects the substrate-binding surface 
(Figure 2). The variability in these loops is likely to 
provide a tunable scaffold for substrate specificity. 
Figure 3b shows that the variation in these loops 
indeed results in quite different binding surfaces, 
when comparing PcLPMO9D (active on cellulose 
but not on xyloglucan (14)) with NcLPMO9C. Com-
pared to PcLPMO9D the substrate-binding surface 
of NcLPMO9C is more extended and crowded with 
polar residues. It should be noted that nothing is 
known about possible activities on xyloglucan for 
the other five LPMOs with known structures. 
Further Insight into the catalytic center from EPR 
Spectroscopy, ITC measurements, and determina-
tion of redox potentials. EPR spectroscopy was used 
to assess whether the unique properties of NcLP-
MO9C are reflected in the electronic structure of the 
bound copper ion. The spin Hamiltonian values gz = 
2.267 and |Az| = 152 x 10-4 cm-1 obtained for the 
Cu2+-loaded full length enzyme are very similar to 
those obtained previously for cellulose-oxidizing 
LPMOs in the AA9 and AA10 families analysed at 
pH values varying from 5.0 to 6.5 (5,9,17,46), and 
indicate a type 2 copper active site. Spin quantifica-
tion of Cu2+ in Cu2+-loaded NcLPMO9C was con-
sistent with one copper binding site per monomer. 
Interestingly, the addition of the soluble substrates 
cellohexaose or tamarind seed xyloglucan to Cu2+-
loaded NcLPMO9C in the absence of reductant led 
to clear and similar changes in the EPR spectra (Fig-
ure 4), indicative of structural changes in the Cu2+ 

 at SL
U

 L
ibrary on July 21, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


 8 

active site and providing the first ever experimental 
proof for substrate binding-effects on the copper-site. 
The simulated spin Hamiltonian values changed to gz 
= 2.226 and |Az| = 175 x 10-4 cm-1 for both substrates 
upon binding (Figure 4a), and superhyperfine split-
ting, reflecting the interaction between the unpaired 
electron and nitrogen nuclei adjacent to the Cu2+, 
was greatly enhanced (Figure 4b). The spectral enve-
lopes for NcLPMO9C interacting with D-
cellohexaose or xyloglucan were nearly identical, 
showing that the two substrates affect the catalytic 
center of NcLPMO9C in a similar manner. 
ITC-measurements of the binding of Cu2+ to NcLP-
MO9C at pH 5.5 yielded data that fitted well to a 
single-site binding model, yielding the stoichiometry 
(n), the equilibrium binding association constant 
(Ka), and the enthalpy change (ΔHr°) of the reaction 
(data not shown). The value of n was found to be 
between 0.9 and 1.1 per enzyme molecule. The dis-
sociation constant was determined to be 33 ± 10 nM 
with ∆Gr° = −9.7 ± 0.2 kcal/mol, ∆Hr° = −5.4 ± 0.2 
kcal/mol, and –T∆Sr° = −4.3 ± 0.3 kcal/mol.  
The redox potential for the NcLPMO9C-Cu2+/ 
NcLPMO9C-Cu+ redox couple was determined as 
described previously (7,39), yielding a value of 224 
± 3 mV. Combining the redox potential and dissocia-
tion constants for Cu2+ in three thermodynamic rela-
tionships (7) allowed estimation of the dissociation 
constant for reduced copper (Cu+), resulting in a 
value of 6.1 nM. These values for copper binding 
and the redox potential are similar to those previous-
ly found for LPMO10s at pH 5.5 – 6.0 (7,9,17). 
Enzyme activity and substrate specificity. Previous 
studies have shown that NcLPMO9C is active on 
both xyloglucan and cellulosic substrates, including 
soluble β-glucans and cellodextrins (13,14). To 
compare the activities on various substrates and to 
determine the influence of the CBM1 domain, reac-
tion conditions were optimized such as to obtain 
reasonably linear initial progress curves allowing 
rate comparisons. This entailed incubating Cu2+-
saturated enzyme, with or without the binding mod-
ule, with tamarind xyloglucan, PASC or cellopen-
taose in the presence of ascorbic acid as reducing 
agent. Samples taken at appropriate time points were 
analyzed using the DNS-assay (for polymeric sub-
strates) or HPLC (for cellopentaaose). The results 
show no effect of the removal of the CBM1-domain 
on the degradation rate of PASC (Figure 5a) or cel-
lopentaose, but for xyloglucan, removal of the bind-
ing module had a negative effect on the degradation 
rate (Figure 5b). The degradation rate for the full-
length enzyme on polymeric xyloglucan was approx-

imately 0.1 s-1, whereas all other reactions gave rates 
of approximately 0.04 s-1. 
The binding reaction between Cu2+-saturated NcLP-
MO9C and different substrates in the absence of 
reductant was assessed using ITC. The first substrate 
investigated was polymeric xyloglucan from tama-
rind seeds with a molecular mass of 225 kDa and 
estimated degree of polymerization of the main chain 
of 594 (calculated from the sugar composition). The 
binding dissociation constant at pH 5.5 and 10 oC 
was determined to be 2.3 ± 0.5 µM with ∆Gr° = −7.3 
± 0.2 kcal/mol, ∆Hr° = −0.4 ± 0.1 kcal/mol, −T∆Sr° = 
−6.9 ± 0.2 kcal/mol, and a binding stoichiometry of 
30 ± 8 (Figure 6). The shape of the ITC binding 
curve is described by the so-called Wiseman c-value 
(36), which can be expressed as: c = nKa[M]t (1), 
where n is the stoichiometry of the reaction, Ka is the 
equilibrium binding association constant, and [M]t is 
the protein concentration. It is well established that 
c-values within in the range of 10 < c < 1000 are a 
prerequisite for meaningful calculations of Ka (36). 
Under the given conditions, the Wiseman c-value is 
14. When the truncated version (NcLPMO9C-N) was 
titrated against the same substrate, the binding iso-
therm changed from being sigmoidal to hyperbolic, 
indicating weaker binding and a c-value below 10 
(Figure 6) (36,47). It has been shown that binding 
thermodynamics can be obtained even if c is in the 
range of 0.01 < c < 10 if a sufficient portion of the 
binding isotherm is used for analysis (47). This is 
achieved by ensuring a high molar ratio of ligand vs. 
protein at the end of the titration, accurate 
knowledge of the concentrations of both ligand and 
receptor, an adequate level of signal-to-noise in the 
data, and known stoichiometry. Fitting of the theo-
retical data to the experimental data suggested a ten-
fold lower binding affinity (~24 µM). Since the stoi-
chiometry of the reaction is not known, this value is 
uncertain. Still, it is clear that the truncated form 
binds weaker to the xyloglucan than the full-length 
form. 
Secondly, both full-length and truncated forms were 
titrated with PASC with an estimated average degree 
of polymerization of 200, at pH = 5.5 and t = 25 oC. 
Interestingly, the full-length form binds in two sepa-
rate modes (Figure 6) where one is clearly stronger 
(Kd = 0.013 ± 0.004 µM with ∆Gr° = −10.8 ± 0.2 
kcal/mol, ∆Hr° = −1.1 ± 0.1 kcal/mol, –T∆Sr° = −9.7 
± 0.2 kcal/mol, and n = 2.6 ± 0.6) than the other (Kd 
= 0.64 ± 0.04  µM, ∆Gr° = −8.4 ±0.1 kcal/mol, ∆Hr° 
= −1.1 ± 0.1 kcal/mol, and n = 11.4 ± 0.2). The trun-
cated form only displayed a single binding mode (Kd 
= 0.54 ± 0.16  µM, ∆Gr° = −8.5 ±0.2 kcal/mol, ∆Hr° 
= −1.1 ± 0.1 kcal/mol, –T∆Sr° = −7.4 ± 0.2 kcal/mol, 
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and n = 5.2 ± 0.4). All three fits yielded acceptable 
c-values ranging from 60 to 900. The data suggest 
that upon removal of the CBM1, the high-affinity 
binding mode is lost. 
Binding of the soluble substrate (Glc)6 to NcLP-
MO9C (pH 5.5, t = 25 oC) was found to be much 
weaker, having a Kd of 0.81 ± 0.08 mM, with ∆Gr° = 
−4.3 ± 0.2 kcal/mol, ∆Hr° = −2.5 ± 0.5 kcal/mol, –
T∆Sr° = −1.8 ± 0.5 kcal/mol (Figure 6b). These val-
ues were obtained assuming a 1:1 binding stoichi-
ometry between NcLPMO9C and (Glc)6. Consider-
ing the binding surface of NcLPMO9C, it is conceiv-
able that two (Glc)6 molecules can bind simultane-
ously. Assuming a 2:1 binding stoichiometry, the fit 
yielded a virtually identical Kd within experimental 
errors (0.85 ± 0.09 mM), albeit with a lower enthalpy 
change (∆Hr° = −1.0 ± 0.4 kcal/mol) and a higher 
entropy change (–T∆Sr° = −2.3 ± 0.5 kcal/mol). 
Substrate docking experiments. An extensive com-
putational docking study was carried out to identify 
potential substrate-binding sites on NcLPMO9C-N. 
Using Autodock 4.2 to compute and cluster grid-
based free energies of enzyme ligand complexes 
(48), we evaluated 10 different scenarios (Table 1) 
involving four known substrates and three different 
bound metal ion configurations (Figure 7). For the 
substrates, both flexible and rigid conformational 
states were considered to examine the limitations of 
fixed torsion angles. Clustering analysis of the 
docked ligand position conformations (with a 0.5 Å 
root-mean-square deviation) and calculated binding 
free energies revealed no clearly preferred confor-
mation for any of the considered ligand binding con-
ditions. As in the case of structural studies attempt-
ing to capture NcLPMO9C-N/substrate complexes, 
we were unable to conclusively identify a favorable 
binding orientation for any of the four ligands under 
any metal binding conditions. Increasing degrees of 
freedom through reduced dihedral restrictions were 
also unsuccessful in enabling the solution of a mini-
mum energy bound conformation. 
 
DISCUSSION AND CONCLUSIONS 
The primary aim of the current study was to analyse 
the structural and biochemical features of NcLP-
MO9C with its unprecedented substrate specificity 
towards soluble cello-oligosaccharides and hemicel-
lulosic substrates. To this end, the crystal structure of 
the catalytic domain of the enzyme was determined 
and several functional analyses were conducted. 
Considering the ability of NcLPMO9C to bind pro-
ductively to soluble substrates one major goal of our 
work was to produce the first ever crystallographic 

insight into LPMO-substrate interactions. However, 
in spite of multiple efforts using a wide variety of 
experimental conditions, such insight was not ob-
tained; no enzyme-substrate complexes could be 
captured through the structural studies, and docking 
experiments were inconclusive. On the other hand, 
our EPR data clearly reveal effects of substrate-
binding on the configuration of the copper site, and 
the ITC data provides the first glimpse of substrate 
binding affinities involved in LPMO action. 
After some initial uncertainty regarding the nature of 
the active site metal (3,6), it is now well established 
that LPMOs are copper-dependent monooxygenases 
(5,7,9). Although binding of multiple bivalent metal 
ions has been observed in the crystal structures for 
several LPMOs (5,17), available experimental and 
theoretical data consistently indicate that the active 
site copper centers are mononuclear (11,12,17,49). 
The additional metal ions observed in the zinc struc-
ture of NcLPMO9C are coordinated by amino acids 
belonging to a sequence insertion unique for strictly 
C4 oxidizing LPMO9s, but Figure 2 shows that the 
residues interacting with zinc ions in NcLPMO9C 
are not conserved in C4 oxidizing NcLPMO9D. The 
metal sites do not look like high affinity sites (only 
one ligand) and are too far away from the copper site 
to affect the catalytic center. Still, since the addition-
al sites are located in the flat planar substrate-
binding surface, it cannot be excluded that they play 
a role in enzyme-substrate interactions, thus perhaps 
co-determining the unique specificity of NcLP-
MO9D. 
Detailed functional characterization revealed that 
NcLPMO9C resembles other well-studied LPMOs in 
many ways. Enzyme rates are in the order of 0.04 – 
0.1 per second, i.e. similar to rates observed for other 
LPMOs (6,50). Likewise, both the copper affinity 
and the redox potential of NcLPMO9C resemble 
those of other LPMOs (7,9,17), although higher af-
finity for copper (< 1 nM) has been reported for 
TaLPMO9A (5). The dissociation constant for Cu2+ 
determined here closely resembles dissociation con-
stants that were recently determined for a C1- (31 
nM) and a C1/C4-oxidizing (12 nM) cellulose-active 
LPMO10 at the same pH (5.5) (17). Notably, these 
LPMO10 enzymes are also very similar to NcLP-
MO9C in terms of their spin Hamiltonian values.  
The fact that NcLPMO9C is active on soluble sub-
strates allowed us to obtain a first glimpse of sub-
strate-binding affinities in LPMOs. We obtained 
reliable data for binding of full length NcLPMO9C 
to (soluble) polymeric xyloglucan, showing dissocia-
tion constants of 2.3 ± 0.5 µM. Binding to cellohex-
aose was about 350 times weaker. Encouraged by 
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these results we also obtained ITC data for binding 
of (insoluble) PASC, revealing two binding modes, 
one of which with a considerably lower Kd (0.013 ± 
0.004 µM), relative to binding of xyloglucan. Inter-
estingly, the data suggest that only the lower affinity 
binding mode for PASC is maintained in the truncat-
ed protein. The data for the truncated protein show 
that the catalytic domain of NcLPMO9C has higher 
affinity for cellulose (Kd = 0.54 ± 0.16 µM) than for 
xyloglucan (Kd roughly estimated at 24 µM; Fig. 
6A). The CBM1 improves the affinity for both sub-
strates, and the effect seems larger for cellulose, as 
one could expect considering the known substrate 
specificities of CBM1s. We note that the affinities 
for cellulose determined in the present study are high 
compared to literature data (51,52) and that further 
work on these affinities is of major interest. Future 
studies could address the cooperativity between 
binding of the CBM1 and the catalytic domain and 
the impact of having different binding modes in the 
catalytic domain (i.e. LPMOs versus e.g. processive 
glycoside hydolases). 
Low affinities for short soluble substrates offer a 
convenient explanation as to the failed attempts at 
obtaining crystals of enzyme-substrate complexes 
and may also explain why an extensive computation-
al docking studies did not reveal NcLPMO9C specif-
ic binding of cellotetraose or xyloglucan fragments 
at any point along the protein surface. Furthermore, 
low affinities for soluble substrates may be taken to 
indicate that the natural substrate of the LPMO is 
polymeric. The latter intuitively makes sense, since 
cellulolytic microbes have many other enzymes ca-
pable of cleaving soluble dextrins, whereas cleavage 
of polymeric glucans and their co-polymeric com-
plexes is more challenging. 
Measurement of LPMO kinetics is notoriously diffi-
cult and literature is almost devoid of kinetic data. 
Under the conditions used here to obtain reasonably 
linear progress curves, the differences in substrate-
affinity were hardly reflected in the obtained rates. 
Apparently, under these substrate concentrations, 
substrate binding is not the main rate-limiting factor. 
More detailed kinetic analyses, as well as more ex-
tended binding studies, preferably under ”natural 
conditions”, are needed to obtain further insight into 
the biological function of NcLPMO9C, and other 
LPMOs, in biomass conversion. The activity meas-
urements depicted in Fig. 5 indicate that the CBM1 
domain of NcLPMO9C is of importance for the ac-
tivity on xyloglucan, possibly because the affinity of 
the truncated protein is so low that substrate binding 
becomes a rate-limiting factor. 

In the quantum mechanical calculations described by 
Kjaergaard et al. (12), the closest modeled Cu2+ lig-
ands in the equatorial plane include the three nitro-
gen atoms of the histidine brace and a hydroxide. 
Kjaergaard et al. also confirmed the presence of this 
hydroxide/water using EXAFS spectroscopy. While 
density corresponding to a hydroxide/water molecule 
in the fourth equatorial position has been observed in 
some LPMO structures such density was not ob-
served in the structure of NcLPMO9C, possibly be-
cause of photo-reduction of the copper by the X-ray 
beam (53). The EPR envelope though confirms a 
d(x2-y2) ground state (gz > gx, gy) typical for an elon-
gated octahedron. Thus, the singly occupied molecu-
lar orbital (SUMO) is centered at the Cu2+ and en-
compasses the N/O ligands in the equatorial plane. 
The weak axial interaction between the copper ion 
and the hydroxyl group of Tyr166 observed in the 
NcLPMO9C crystal structure is in agreement with a 
tetragonal distortion of the Cu2+ site due to the Jahn-
Teller effect. The spectral change observed when 
binding substrate to NcLPMO9C reveals substrate-
induced conformational changes. Such conforma-
tional changes may include a general distortion of 
the amino acid Cu2+ ligands or displacement/ reor-
dering of coordinating water molecules. The in-
creased intensity of the superhyperfine splittings 
indicates that the structural change upon substrate 
binding enhances the interaction between the coordi-
nating 14N-atoms of the histidine brace and the un-
paired electron. Binding of cellohexaose and xy-
loglucan had similar effects on superhyperfine split-
ting in the gx-gy area (Figure 4b). This suggests that 
the copper-site only interacts with the (common) β-
glucan part of the xyloglucan and that the chemical 
outcome of the reaction should be the same for both 
substrates, as is indeed observed [cleavage of a β(1-
>4) glucose-glucose bond with oxidation of C4 
(14)]. 
All in all, the presented data indicate that the unique 
functionality of NcLPMO9C is not due to properties 
of the enzyme’s catalytic site as such, but rather to 
features of its substrate-binding surface and, at least 
to some extent, the presence of a CBM1. The most 
noticeable feature of the substrate-binding surface is 
that it is quite extended and highly polar (Figure 3b), 
properties that align well with the ability to bind 
complex, branched polysaccharides such as xyloglu-
can. The structural determinants of the substrate-
specificity of LPMOs remain mysterious and it 
should be noted that differences in these specificities 
might not only rely on binding as such, but also on 
binding geometries being sufficiently optmized for 
binding to become productive. 
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Most interestingly, accumulating structural data for 
LPMO9s reveal structural differences in the copper 
coordination sphere that correlate with the oxidative 
outcome of the reaction (Figure 3c and 3d). In the 
strictly C1 oxidizing LPMO9s, access to the solvent-
facing axial position is restricted by the hydroxyl 
group of a conserved tyrosine, whereas access to this 
same position seems unrestricted in strictly C4 oxi-
dizing LPMO9s. In terms of access to the solvent-
facing axial position, LPMO9s that oxidize C1 and 
C4 show an intermediate situation (Figure 3). A sim-
ilar difference has been observed when comparing a 
strictly C1 oxidizing LPMO10 with an LPMO10 that 
can oxidize both C1 and C4 (17). It has been shown 
that end-on binding of dioxygen is energetically 
favourable (12,49), however, while Kim et al. model 
O2 binding at the exposed axial position, Kjaergaard 
et al. propose a model where the equatorial OH lig-
and is replaced by O2. This discrepancy is probably a 
result of different initial structural models and basis 
sets used in the DFT calculations. The preferred 
binding mode (or modes) of O2 has not been deter-
mined experimentally. It is tempting to speculate that 
O2 binding in LPMOs with unrestricted access to the 
axial site leads to C4 oxidation and that C1 oxidation 
perhaps requires binding of dioxygen in another 
position. Alternatively, structural variation at the 
exposed axial site could affect the geometry of the 
enzyme-substrate complex, which could cause a 
different oxidative outcome, even if dioxygen bind-
ing to the copper does not vary. From an evolution-
ary point of view, development of both C1 and C4 
oxidizing LPMOs seems logical, since different cel-

lulases, such as cellobiohydrolases moving into op-
posite directions, will respond differently to the dif-
ferent oxidations (54,55). 
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FIGURE LEGENDS 

Figure 1. Structural representations of NcLPMO9C-N. (a) Cartoon representation of the copper-bound structure; 
copper is depicted as a cyan sphere; (b) close up of the copper binding site with the electron density map around 
the active site in gray mesh (contoured at 1σ); (c) overall structure of the copper-loaded protein rotated by 90o 
along the horizontal axis compared to the view in panel a; (d) structure of the zinc-loaded protein with the three 
bound zinc ions depicted as brown spheres; the orientation is similar to that in panel c. Note the structural varia-
tion in the loop coordinating the third zinc ion (residues 70-76 in the L3 loop, colored in pink). 

Figure 2. Structure-based sequence alignment of LPMO9s with known structures. The proteins included are: 
NcLPMO9C-N (PDB code 4D7U) NcLPMO9D (PDB code 4EIR), TtLPMO9E (PDB code 3EII), PcLPMO9D 
(PDB code 4B5Q), TaLPMO9A (PDB code 3ZUD), NcLPMO9M (PDB code 4EIS) and HjLPMO9B (PDB code 
2VTC). Fully conserved residues are shown in white on a red background. Blue frames indicate that more than 
70% of the residues in the corresponding columns exhibit similar physico-chemical properties (indicated as red 
residues on a white background). Blue triangles indicate residues coordinating the active site metal and yellow 
triangles indicate residues involved in binding of two additional zinc ions. The secondary structure assignment (β-
strands indicated as blue arrows and α-helices as red cylinders) refers to NcLPMO9C-N and was determined with 
DSSP (56). The oxidative regio-specificity of the LPMOs, indicated on the left, was assigned based on experi-
mental evidence(4,5,13,57) or, for HjLPMO9B and TtLPMO9E, by inference from the sequence-based categori-
zation (43,45). The residue numbered 80, which affects the accessibility of the solvent-facing axial copper coordi-
nation site, as shown in Figure 4c & 4d and discussed in detail in the text, is indicated by a black asterisk. The 
loop regions that contribute to shaping the substrate-binding surface, named L2, LC, L3 and LS (see text), are 
marked by horizontal bars under the sequence, with color coding as in Figure 2. The figure was prepared with 
Escript. 

Figure 3. Structural comparison of LPMO9s. (a) Superposition of PcGH61D (green; PDB: 4B5Q) with NcLP-
MO9C-N (colored as in Figure 2). (b) Comparison of protruding surface residues in NcLPMO9C (colored as in 
panel a) with residues at equivalent positions in C1-oxidizing PcLPMO9D (green). Panel b is rotated 90o along 
the horizontal axis compared to panel a. (c & d) Superposition of the copper sites of seven LPMO9s with known 
structure; C1, C1/C4 and C4 oxidizers are colored green, yellow and magenta, respectively. The orientation 
shown in panel c is similar to that in panel a, whereas the orientation in panel d resembles that of panel b. Residue 
numbers refer to NcLPMO9C, with the exception of grey labels in panel b, which refer to PcLPMO9D. The cop-
per in NcLPMO9C is shown as a cyan sphere in all panels. 

Figure 4. NcLPMO9C EPR spectra. (a) EPR spectra of 160 µM Cu2+-loaded NcLPMO9C in the absence (upper 
panel) or presence (lower panel) of the soluble substrates cellohexaose (20 mg/ml) or xyloglucan (15 mg/ml). 
Spectra were recorded at 77 K, 1 mW microwave power, and 10 gauss modulation amplitude. The simulated spec-
tra (SIM) for each species are shown underneath the corresponding experimental spectra (simulation parameters 
for the cellohexaose and xyloglucan spectra were identical). (b) The effect of substrate on superhyperfine splitting 
in the high field region. The splitting constants (|A| ~ 13 x 10-4 cm) are consistent with coupling to nearby nitro-
gen nuclei. Spectra were recorded at 77 K, 1 mW microwave power, and 2 gauss modulation amplitude. 

Figure 5. Comparison of substrate degradation rates. Degradation of 5 mg/ml PASC (left) or tamarind xyloglucan 
(right) by 4 µM NcLPMO9C with or without (“ –N”) the CBM-domain, at 50 °C, monitored by measuring the 
formation of reducing ends. In the absence of a reductant, the enzyme reactions did not yield reducing ends (not 
shown).  
Figure 6. Thermograms: panel a (upper panels), and binding isotherms with theoretical fits (lower panels) ob-
tained for the titration of NcLPMO9C (left) and NcLPMO9C-N (right) into 0.9 µM xyloglucan (top) and 0.146 
mg/ml PASC (bottom). The concentration of PASC was set to be 4.5 µM based on an estimated degree of 
polymerization of 200(38). All experiments were carried out at pH 5.5. The temperature was 25 ºC for PASC and 
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10 ºC for xyloglucan; panel b (upper panel) binding isotherms with theoretical fits (lower panel) obtained for the 
binding of 11 mM (Glc)6 to 30 µM NcLPMO9C-Cu2+ at t = 25 °C. 
Figure 7. Illustration of the three different bound metal scenarios considered in the computational docking study 
of NcLPMO9C-N. 
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TABLES 

Table 1. NcLPMO9C-N ligand docking cases considered in this study. The receptor column describes the metal 
ions included in the active site. The “Torsion Angles” describes whether torsion angles along the glycosidic link-
ages were held fixed or not. Search parameters for each case are given in the remaining columns. More details are 
provided in the Materials and Methods section. 

Receptor Ligand Torsion 
 Angles Grid Box Runs Popula-

tion 

Min. 
Survi-
vors 

no metals G4 rigid 60*120*120 200 200 3 
1 Cu+, 2 

Zn G4 rigid 60*120*120 100 300 3 

2  Cu+, 1 
Zn G4 rigid 60*120*120 200 300 3 

1  Cu+, 2 
Zn G4 flexible 100*100*100 300 300 1 

2  Cu+, 1 
Zn G4 flexible 100*100*100 300 300 1 

2  Cu+, 1 
Zn G5 rigid 60*120*120 200 200 3 

2  Cu+, 1 
Zn G6 rigid 60*120*120 200 200 3 

no metals XXGX flexible 60*120*120 200 200 3 
1  Cu+, 2 

Zn XXGX flexible 60*120*120 200 200 3 

2  Cu+, 1 
Zn XXGX flexible 60*120*120 200 200 3 
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Table 2. Diffraction data and refinement statistics for the two NcLPMO9C-N structures.  

 1 metal structure 3 metal structure 
Space group details 
Cell dimensions (a, b, c) (Å) a=44.3, b=66.8, c=66.08 a=44.3, b=67.5, c=65.6 
α, β, γ (ο) 90, 101.3, 90 90, 100.9, 90 
Space group P21 P21 
No. of molecules per asymmetric unit 2 2 
Data collection and processing statistics 
Station (synchrotron) I911-3 Lund max lab I911-3, Lund max lab 
Wavelength (Å) 1.000 1.000 
No. of observations 166092 198749 
No. of unique reflections 49150 29831 
Max. resolution (A) 1.56 1.9 
Completeness (outermost shell) (%) 91.3 (29.2) 99.3(98.4) 
1Rmerge (%) 4.0 31.1 
Mean((I/sd(I)) (outermost shell) 15.5 (3.1) 6.8 (2) 
CC1/2 99.9 (94.8) 98.9 (87.2) 
Multiplicity 3.3 (1.8) 6.7 (6.6) 
Outermost shell (Å) 1.59-1.56 1.94-1.9 
Refinement statistics 
Resolution range (Å) 64.81-1.56 64.41-1.9 
Rwork/Rfree (%) 15.7/18.6 (25/28) 21.3/26.8 (31/31) 
R.m.s.d., bond lengths (Å) 0.005 0.01 
R.m.s.d., bond angles (o) 1.1 1.44 
No. of reflections 46509 28300 
No. of protein atoms 3376 3362 
No. of solvent molecules 561 427 
No. of glycerol molecules 5 (2 in chain A, 3 in chain B) 2 (chain A) 
No. of acetate ions - 8 (3 in chain A and 5 in chain B) 
No. of metal atoms 2 (Cu) 6 (Zn) 
Average B factor (Å2) for protein residues   
Overall 12.6 9.7 
Main chain atoms 12.6 9.8 
Side chain atoms 12.6 9.7 
Average B factor (Å2) for heteroatoms   

Water molecules 24.14 18.6 
Metal atoms 8.04 16.4 
Glycerol molecules 16.67 23.2 

Acetate ions - 16.3 
Ramachandran plot2 (%)   

Favoured region 97.3 97.5 
Allowed region 2.7 2.5 

PDB entry 4D7U 4D7V 
1Rmerge = Σhkl Σi | Ii(hkl) - <I(hkl)> | / Σhkl Σi Ii(hkl) (48), calculated using a strict boundary Ramachandran plot 
Kleywegt and Jones (58). 
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Table 3. Distances (in Å) between the metal ion bound in the primary metal binding site (i.e. the copper site) and 
the closest residues in the active site of NcLPMO9C-N in the copper and the zinc structure. 
 

NcLPMO9C-N 
structure 

4D7U (copper) 4D7V (zinc) 

Chain A Chain B Chain A Chain B 

Me - N(His1) 2.3 2.3 2.2 2.3 

Me - Nδ(His1) 2.0 2.0 2.1 2.2 

Me - Nε(His83) 2.0 2.0 2.1 2.1 

Me -O (Tyr166) 3.0 3.0 3.8 3.5 
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FIGURES 

 

  

Figure 1. Structural representations of NcLPMO9C-N. (a) Cartoon representation of the copper-bound structure; 
copper is depicted as a cyan sphere; (b) close up of the copper binding site with the electron density map around 
the active site in gray mesh (contoured at 1σ); (c) overall structure of the copper-loaded protein rotated by 90o 
along the horizontal axis compared to the view in panel a; (d) structure of the zinc-loaded protein with the three 
bound zinc ions depicted as brown spheres; the orientation is similar to that in panel c. Note the structural varia-
tion in the loop coordinating the third zinc ion (residues 70-76 in the L3 loop, colored in pink). 
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Figure 2. Structure-based sequence alignment of LPMO9s with known structures. The proteins included are: 
NcLPMO9C-N (PDB code 4D7U) NcLPMO9D (PDB code 4EIR), TtLPMO9E (PDB code 3EII), PcLPMO9D 
(PDB code 4B5Q), TaLPMO9A (PDB code 3ZUD), NcLPMO9M (PDB code 4EIS) and HjLPMO9B (PDB code 
2VTC). Fully conserved residues are shown in white on a red background. Blue frames indicate that more than 
70% of the residues in the corresponding columns exhibit similar physico-chemical properties (indicated as red 
residues on a white background). Blue triangles indicate residues coordinating the active site metal and yellow 
triangles indicate residues involved in binding of two additional zinc ions. The secondary structure assignment (β-
strands indicated as blue arrows and α-helices as red cylinders) refers to NcLPMO9C-N and was determined with 
DSSP (56). The oxidative regio-specificity of the LPMOs, indicated on the left, was assigned based on experi-
mental evidence(4,5,13,57) or, for HjLPMO9B and TtLPMO9E, by inference from the sequence-based categori-
zation (43,45). The residue numbered 80, which affects the accessibility of the solvent-facing axial copper coordi-
nation site, as shown in Figure 4c & 4d and discussed in detail in the text, is indicated by a black asterisk. The 
loop regions that contribute to shaping the substrate-binding surface, named L2, LC, L3 and LS (see text), are 
marked by horizontal bars under the sequence, with color coding as in Figure 2. The figure was prepared with 
Escript. 
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Figure 3. Structural comparison of LPMO9s. (a) Superposition of PcGH61D (green; PDB: 4B5Q) with NcLP-
MO9C-N (colored as in Figure 2). (b) Comparison of protruding surface residues in NcLPMO9C (colored as in 
panel a) with residues at equivalent positions in C1-oxidizing PcLPMO9D (green). Panel b is rotated 90o along 
the horizontal axis compared to panel a. (c & d) Superposition of the copper sites of seven LPMO9s with known 
structure; C1, C1/C4 and C4 oxidizers are colored green, yellow and magenta, respectively. The orientation 
shown in panel c is similar to that in panel a, whereas the orientation in panel d resembles that of panel b. Residue 
numbers refer to NcLPMO9C, with the exception of grey labels in panel B, which refer to PcLPMO9D. The cop-
per in NcLPMO9C is shown as a cyan sphere in all panels. 
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Figure 4. NcLPMO9C EPR spectra. (a) EPR spectra of 160 µM Cu2+-loaded NcLPMO9C in the absence (upper 
panel) or presence (lower panel) of the soluble substrates cellohexaose (20 mg/ml) or xyloglucan (15 mg/ml). 
Spectra were recorded at 77 K, 1 mW microwave power, and 10 gauss modulation amplitude. The simulated spec-
tra (SIM) for each species are shown underneath the corresponding experimental spectra (simulation parameters 
for the cellohexaose and xyloglucan spectra were identical). (b) The effect of substrate on superhyperfine splitting 
in the high field region. The splitting constants (|A| ~ 13 x 10-4 cm) are consistent with coupling to nearby nitro-
gen nuclei. Spectra were recorded at 77 K, 1 mW microwave power, and 2 gauss modulation amplitude. 
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Figure 5. Comparison of substrate degradation rates. Degradation of 5 mg/ml PASC (left) or tamarind xyloglucan 
(right) by 4 µM NcLPMO9C with or without (“ –N”) the CBM-domain, at 50 °C, monitored by measuring the 
formation of reducing ends. In the absence of a reductant, the enzyme reactions did not yield reducing ends (not 
shown).  
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b 

 
Figure 6. Thermograms: panel (a) (upper panels) and binding isotherms with theoretical fits (lower panels) ob-
tained for the titration of NcLPMO9C (left) and NcLPMO9C-N (right) into 0.9 µM xyloglucan (top) and 0.146 
mg/ml PASC (bottom). The concentration of PASC was set to be 4.5 µM based on an estimated degree of 
polymerization of 200(38). All experiments were carried out at pH 5.5. The temperature was 25 ºC for PASC and 
10 ºC for xyloglucan; panel (b) (upper panel) binding isotherms with theoretical fits (lower panel) obtained for the 
binding of 11 mM (Glc)6 to 30 µM NcLPMO9C-Cu2+ at t = 25 °C. 
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Figure 7. Illustration of the three different bound metal scenarios considered in the computational docking study 
of NcLPMO9C-N. 
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