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Materials and Methods

Cloning, Expression and Purification. Genes encoding ScLPMO10B (residues 43-228, UniProt
ID; Q9RJC1) and CelS2 (ScLPMOI10C residues 35-364, Uniprot ID; Q9RJY2) from S.
coelicolor A3(2) were codon optimized for E. coli expression (GenScript) and cloned into the
pRSET B expression vector (Invitrogen) containing the native signal sequence of a S.
marcescens chitin-active LPMO known as CBP21 (1). The pRSET B_cbp21 vector was pre-cut
with restriction endonucleases (Bsml and Hindlll), to remove the nucleotides encoding the
mature CBP21 protein but preserving its signal sequence, prior to fusing the amplified LPMO
genes using the In-Fusion HD cloning kit (Clontech). An expression plasmid encoding a
truncated form of CelS2 (residues 35-234) lacking the CBM2 cellulose binding domain, CelS2-
N, was also produced. The 7. fusca YX genes encoding E7 (TfLPMOI10A residues 37-222;
Uniprot ID Q47QG3) and E8 (truncated form with LPMO domain only; 7/LPMO10B residue
32-225; Uniprot ID Q47PB9) were cloned into the same expression vector from genomic DNA
(ATCC no. BAA-629D-5™), Sequenced vectors were transformed by heat shock into chemically
competent One Shot® BL21 Star™ (DE3) cells (Invitrogen). Fresh colonies were inoculated in
LB-Amp (50 pg/mL) media and grown at 30 °C (ScLPMO10B, CelS2-N and E8-N) or 37 °C
(CelS2 and E7) for 20 hours at 200 rpm. After harvesting cells by centrifugation, periplasmic
fractions were prepared using an osmotic shock method (2), which were sterilized by filtration
(0.2 um) prior to enzyme purification.

CelS2, CelS2-N and E8-N were purified by loading periplasmic extracts adjusted to Buffer A
(50 mM Tris/HCI pH7.5) onto a 5 mL HiTrap DEAE FF anion exchanger (GE Healthcare)
connected to an AKTA purifier FPLC system (GE Healthcare). LPMOs were eluted by using a
linear salt gradient (0-500 mM NaCl) over 100 min at a flow rate of 3.5 mL/min. The LPMO
containing fractions were pooled and concentrated using Amicon Ultra centrifugal filters
(Millipore) with a molecular weight cut-off of 10 kDa. For further clean-up, samples were loaded
onto a HiL.oad 16/60 Superdex 75 size exclusion column (GE Healthcare), with a running buffer
consisting of 50 mM Tris/HCI pH 7.5 and 200 mM NaCl, using a flow rate of 1 mL/min.

ScLPMO10B was purified by a one-step protocol using a 1 mL cation HiTrap CM FF ion
exchange column (GE Healthcare) with 20 mM sodium citrate pH 3.5 as running buffer. Protein
was eluted using a linear NaCl gradient (0-500 mM) over 60 minutes at a flow rate of 1.5
mL/min. E7 was purified by chitin affinity chromatography as described previously for
CBP21(1), using chitin beads (NEB) with 50 mM Tris/HCI pH 8.0 + 1 M (NH4),SOy as starting
buffer and using 20 mM acetic acid pH 3.6 for elution. Protein purity was analyzed by SDS-
PAGE. Fractions containing pure protein were pooled and concentrated and the buffer was
changed to 20 mM MES pH 5.5 prior to storage at 4 °C. Protein concentrations were determined
using the Bradford assay (Bio-Rad).

Apo-enzymes (for ITC and EPR) and Cu**-saturated LPMOs (for degradation experiments)
were generated by 30 min incubation with EDTA or Cu®’, respectively, in a 1:4 molar ratio
(LPMO:EDTA/Cu®"), at room temperature. Excess EDTA/Cu”" was removed by separation
through a EDTA pre-striped PD MidiTrap G-25 column (GE Healthcare) equilibrated with
Chelex (Bio-Rad) treated 20 mM MES buffer pH 5.5 (ITC experiments and copper saturated
enzyme) or 20 mM Pipes buffer pH 6.0 (EPR experiments).

Cellulose Degradation Experiments. For all cellulose degradation experiments, 1 uM LPMO

(CelS2, CelS2-N, ScLPMO10B, E7 or E8-N, charged with copper) was incubated with 2 g/L
phosphoric acid swollen cellulose (PASC), prepared from Avicel (3), Avicel® PH-101, or squid
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pen B-chitin (France Chitin; Marseille, France), in 20 mM ammonium acetate pH 6.0, in the
presence of 2 mM ascorbic acid. The enzyme reactions were incubated in an Eppendorf
Thermomixer set to 50 °C and 900 rpm. To analyze double oxidized products generated by
ScLPMO10B or E7 after 16 h incubation, 0.25 uM of partially pure 7. reesei cellobiohydrolase,
TrCel7A, purified from Celluclast (Novozymes), was added to the soluble fraction in order to
hydrolyze double-oxidized products into two single (shorter) products, oxidized at either the
reducing or the non-reducing end. After 8 h incubation, the sample was split into two and 0.3 uM
of M. thermophilum cellobiose dehydrogenase (MtCDH), purified according to (4), was added,
followed by another 16 h of incubation. For synergy experiments, reactions were run for 4 hours
with an enzyme load of 1 pM LPMO (CelS2, CelS2-N or ScLPMO10B) or 0.5 uM CelS2 + 0.5
uM ScLPMO10B, using the conditions described above. Samples were taken every hour, and the
LPMO reaction was stopped by separating the soluble fraction from the remaining insoluble
fraction by centrifugation (16,000 x g for 5 min). To facilitate product quantification, the soluble
products generated by the LPMOs were treated with 0.25 pM cellobiohydrolase at 50 °C for 16 h
followed by chromatographic quantification of the products for which standards were available;
cellobiose (Glcy) and cellobionic acid (GlcGlclA; obtained by oxidizing cellobiose with
MtCDH). The synergy experiment was performed in the same manner for the 7. fusca LPMO-
pair.

Product Analysis. Native and oxidized products in soluble fractions generated from PASC were
analyzed by matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS). The samples were mixed with a 9 % solution of 2,5-dihydroxybenzoic acid
(DHB) matrix in a 1:2 ratio, and the MS analysis was performed as described previously (5).
Sodium saturation was accomplished by adjusting the sample to 5 mM NacCl (using a 10 mM
NaCl stock solution), followed by 10 min incubation at room temperature, addition of DHB and
MS analysis. In addition, samples were analyzed by high performance anion exchange
chromatography (HPAEC) using a Dionex Bio-LC connected to a CarboPac PA1l column
operated with a flow rate of 0.25 mL/min 0.1 M NaOH and a column temperature of 30 °C.
Native and oxidized products were eluted and largely separated using a stepwise gradient with
increasing amount of eluent B (0.1 M NaOH + 1 M NaOAc), as follows: 0-10 % B over 10 min,
10-30 % B over 25 min, 30-100 % B over 5 min, 100-0 % B over 1 min, 0 % B over 9 min. For
samples from the synergy experiments, only containing short products, a steeper gradient was
used, as follows; 0-10 % B over 10 min, 10-18 % B over 10 min, 18-30 % B over 9 min, 30-100
% B over 1 min, 100-0 % B over 0.1 min and 0 % B over 13.9 min. Eluted oligosaccharides were
monitored by a pulsed amperometric detector (PAD) and chromatograms recorded using
Chromeleon 7.0 software (6).

Protein Crystallization. Crystals of ScLPMO10B and CelS2-N were obtained by hanging drop
vapor diffusion at 20 °C, by mixing an equal volume of the reservoir solution with the
concentrated protein in storage buffer (20 mM Tris/HCI pH 8.0). ScLPMO10B crystallized in 0.2
M zinc acetate, 0.1 M sodium cacodylate pH 6.5 and 9 % v/v 2-propanol at a protein
concentration of 10.3 mg/mL. CelS2-N crystals were obtained using 9 % w/v PEG 10K, 0.1 M
sodium citrate pH 4.5, 0.1 M calcium acetate and 5 % v/v glycerol, at a protein concentration of
9.2 mg/mL. Prior to freezing, the crystals were soaked in cryo-protectant consisting of reservoir
solution with the addition of either 25 % PEG400 (ScLPMO10B- Zn complex) or 15 % glycerol
(CelS2). To obtain a ScLPMO10B-Cu complex, crystals were transferred to a reservoir solution



with a reduced zinc acetate concentration (0.1 M) and containing different CuCl, concentrations
(1 mM-20 mM). The crystals were soaked for various time periods, ranging from 2 min to
overnight. Crystals were flash frozen in liquid nitrogen in a cryo-solution consisting of the
copper soaking solution and 25% v/v PEG 400.

Data Collection and Structure Determination. A single-wavelength anomalous diffraction
(SAD) data set was collected on a SCLPMO10B zinc derivative diffracting to 2.14 A (dataset I)
at the zinc edge under cryogenic conditions at ID14-4 (ESRF, Grenoble, France). After data
collection the crystal was translated to the opposite end of the cryo-loop, where the same crystal
was found to diffract to 1.4 A, resulting in a second high resolution data-set being collected (data
set II). The data were processed using XDS (7) and SCALA (8), where auto-processing software
determined the space group to be P 3; 2 1 with unit cell dimensions a=67.2 A, b=67.2 A, c =
107.2 A (with a, B, y = 90.0°, 90.0°, and 120.0° respectively). The presence of one molecule in
the asymmetric unit gave a Vi of 3.35 A’ Da™ (9, 10) with a solvent content of 63.3 %. The
structure was solved using the SHELX suite (11). The zinc sites were located using SHELXD.
Solvent flattening and density modification in SHELXE resulted in sufficient tracing of main-
chain atoms revealing the classically conserved AA10 fold. Visual inspection of the electron
density in Coot (12) allowed partial docking of the sequence to the incomplete model.
ARP/wARP (13, 14) succeeded in tracing the entire protein molecule, and the resulting model
was manually inspected using Coof, where essentially all residues possessed well defined
electron density. Two rounds of manual rebuilding and refinement ensued using Coot and
REFMACS (14) gave a partially refined model of the entire ScLPMO10B enzyme. The model
included eight zinc ions, and had Rerysi/Ree values of 23.4% and 27.6% respectively.

The partial SAD model was used as a molecular replacement model for the high resolution data
set (data set II), which was processed using iMOSFLM (15) and SCALA (8). The structure was
solved using MOLREP (16), and subjected to rigid body refinement, and an initial refinement
step using REFMACS. Following manual rebuilding in Coot the refinement of the structure was
continued using the PHENIX suit (17). Solvent atoms were added using PHENIX refine (18) and
ARP-wARP (19), with the final stages of refinement performed with mixed anisotropic
refinement (excluding solvent) in REFMACS, to yield a model with Rerys/Riree values of 12.5 %
and 14.3 % respectively.

Three data sets were collected under cryogenic conditions at ID29 (ESRF, France) on
ScLPMO10B crystals that had been soaked in a 0.1 M sodium acetate reservoir solution at
different CuCl, concentrations for various time periods. The data were processed using XDS and
SCALA, with cell dimensions isomorphous to the previous datasets (data set II). The model of
the Zinc-complex (data set II), excluding solvent and ions, was used as a search model for
molecular replacement using MOLREP. After rigid body refinement in REFMACS the models
were subjected to simulated annealing and refinement using PHENIX refine. The electron
density in the metal binding site of the enzyme, formed by the histidine brace of His43 and
His150, was examined in all three data sets. Crystals soaked overnight in 1 mM CuCl, or for 2
minutes at 20 mM CuCl, contained a metal ion occupying the exact same position as the zinc ion
of previously collected zinc-complex. Crystals soaked in 20 mM CuCl2 for 30 minutes contained
a bound metal ion shifted 0.5 A towards Tyr219 (Cu-complex, data set III, Table S1). The
positions of the bound metal ions in data set III were confirmed using SHELXD. The calculated



phased anomalous difference map revealed electron density for metal ions, ranging from ca. 5 —
20 e/A’® (map contouring 5-37 o) with two stronger peaks at 34 and 41 e/A> (map contouring 61
and 72 o). The strongest anomalous peak corresponded to the metal ion bound at the histidine
brace formed by His43 and His150. The data were collected at a wavelength of 1.3A, which is
above the zinc edge, but below the copper edge, and thus any copper ions will have a far greater
anomalous contribution compared to any zinc ions binding from the cryo-protectant solution.
Taken together this suggests that the significant anomalous signal seen at the known AA10
copper-binding site in dataset III is a copper ion. Refinement was continued using PHENIX, with
the final stages of anisotropic refinement performed using REFMACS to yield a model with and
Reryst/Riree Value of 12.4 % and 14.0 % respectively.

A native data set was collected on a CelS2 (ScLPMO10C) crystal diffracting to 1.5 A (dataset
IV, Table S1) under cryogenic conditions on ID14-4 (ESRF, Grenoble, France). The data were
processed using XDS (7) and SCALA (8), and the space group determined to be P 2; 2; 2| with
unit cell dimensions a = 83.9 A, b=1229 A, ¢ =156.0 A (a, B, y = 90.0°). The presence of
eight molecules in the asymmetric unit gave a Vi of 2.39 A’ Da™ (9) with a solvent content of
48.6 %. The structure of CelS2 was then solved by PHASER (20) using a model of ScLPMO10B
(dataset II), excluding solvent and ions. The structure was built using the auto-build option in
PHENIX, with subsequent manual building and refinement cycles, maintaining NCS restraints,
performed using Coot and PHENIX. The electron density maps showed clear density in the
metal-binding site at the histidine brace (His35 and His144, molecules A-H). The data were
collected at a wavelength of 0.98 A, which is below the copper edge. A phased anomalous
difference map was calculated using PHENIX, and revealed weak anomalous signals for the
metal ions located at the histidine brace, ranging from 0.11-0.25 ¢/A3 (5-10 o), whereas metal
ions at Asp60, presumed to be Ca>" from the reservoir solution, did not show any anomalous
signal distinguishable from background noise (3.6 o). Given the known very strong preference
for copper over calcium in LPMO10 (21), as well the anomalous signal from the metal in the
histidine brace, we modeled a copper ion in all eight molecules. Solvent atoms were added using
PHENIX refine and ARP-wARP, which included water molecules in close proximity to the
copper ion modeled in the copper-binding site. The final rounds of TLS-refinement, where each
molecule was modeled as a TLS group, were performed using REFMACS, maintaining relaxed
NCS restraints, to yield a model with and Rerys/Rfee value of 19.4 % and 22.2 % respectively.

Determination of the Cell Potential (E°). The cell potential for the redox couple LPMO-
Cu**/LPMO-Cu" was determined as described by Aachmann ef al (21). Oxygen free solutions
(50 pL) of 305 or 153 uM N,N,N’,N’-tetramethyl-1,4-phenylenediamine in its reduced form
(TMP,eq) were mixed with an equal volume of 70 puM Cu2+—charged LPMO in UVettes
(Eppendorf) in a Chelex-treated 20 mM MES buffer pH 5.5, and incubated at room temperature
(298 K). The absorbance at A = 610 nm was measured using a Hitachi U-1900 spectrophotometer
until the signal became stable (8 minutes). The concentration of TMP,, which is equal to the
concentration of LPMO-Cu" (Eq. S1), was calculated from the extinction coefficient of 14.0 mM
''em” for TMP,, (22). From the determined concentrations (TMPo, and LPMO-Cu"), the
equilibrium constant (K) was calculated (Eq. S2). In Eq. S3 the relationship between the free
energy change (AG;°), the equilibrium constant (K) and the cell potential (E°) is shown, where R
is the gas constant, 7 is the temperature in Kelvin, 7 is the electrons transferred in the reaction,
and F is the Faraday constant. The cell potential for the LPMO-Cu*"/LPMO-Cu" redox couple



was determined by adding the known cell potential of 273 mV for TMP,.y/TMP, (23) to the cell
potential of the equilibrium reaction of TMP,q and LPMO,y as outlined in Fig. S12 and (21).

TMP,oq + LPMO*" 2 TMP,, + LPMO** [S1]
_ [TMP4,][LPMOCU "]
" [TMPcq][LPMOCUZ"] [S2]
AG,° = —RT InK = —nFE® [S3]

Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) was used to
determine the dissociation constants (Ky) for CelS2 and ScLPMO10B with Cu”" as ligand. The
ITC experiments were performed with a VP-ITC system from Microcal (24) by measuring the
heat produced by titrating copper to apo-LPMO. 4 uL aliquots (50 in total, 180 s intervals) of
Cu”*" (CuS0Oy) at a concentration of 150 uM (CelS2) or 120 uM (ScLPMO10B) were titrated into
the reaction cell containing 1.42 mL of 5 uM apo-LPMO at a temperature of 10 °C (283 K) and a
stirring speed of 260 rpm. Prior to the experiment, solutions were degassed for 20 min to avoid
air bubbles. Enzyme and ligand were prepared in identical 20 mM Chelex-treated MES buffer
pH 5.5 and measurements were performed in triplicates.

ITC data were monitored and recorded using the Microcal Origin v.7.0 software accompanying
the VP-ITC system (24). All data were corrected for the heat of dilution by subtracting the heat
produced by injection of ligand into the reaction cell after completion of the binding reaction.
These heats had the same magnitudes as when titrating ligand into buffer alone. Theoretical fits
to experimental data were obtained utilizing a non-linear least-squares algorithm for a single-site
binding model used by the Origin software that accompanies the VP-ITC system. For all binding
reactions, data fitted well to a single-site binding model, yielding the stoichiometry (n), the
equilibrium binding association constant (K,), and the enthalpy change (AH;°) of the reaction.
The value of n was found to be between 1.0 and 1.1 per enzyme molecule for all reactions.
Thermodynamic parameters, i.e. changes in reaction free energy (AG;°) and entropy (AS;°) as
well as the dissociation constant (Kg4), were calculated using the following relationships: AG,° = -
RTInK, = RTInKy = AH.° - TAS,°. Errors in AH,°, K4, and AG,° were obtained as SDs of three
experiments. Errors in AS;° and -TAS;° were obtained as propagation of errors.

Electron Paramagnetic Resonance Spectroscopy. Metal-free full length CelS2 or
ScLPMO10B in a concentration of 110 pM were mixed with 100 pM Cu®" in 20 mM Chelex-
treated Pipes buffer pH 6.0 for resting state EPR spectroscopy analysis. After addition of Cu®"
the samples were frozen in liquid nitrogen and EPR spectra were recorded using a BRUKER
EleXsyS 560 SuperX instrument equipped with an ER 4122 SHQE SuperX High-sensitivity
cavity and a liquid nitrogen cooled cold-finger. The instrument settings were 0.5 mW microwave
power, 5 G modulation amplitude, and a temperature of 77 K. The EasySpin toolbox developed
for Matlab was used to simulate and fit EPR spectra (25). To estimate Cu®" content in the
samples, double integrals of base line corrected EPR spectra, recorded for the samples and a 100
uM Cu’" standard in 1 M perchloric acid, were compared. The spectra for ScCLPMO10B and
CelS2 indicated the presence of some free copper. Considering that the ITC measurements
clearly show a 1:1 stoichiometry of copper binding and that the quantification of the EPR signals



could account for all added copper, for both LPMOs, the detection of a free copper signal
indicates that not all copper remained bound to the protein upon freezing the EPR samples. To
compensate for this, the EPR signal of free copper, at 20 % signal intensity, needed to be
subtracted before simulation.

Sequence Alignment and Phylogeny.

PyMod (26) was used to make a structure-based sequence alignment (27) of the two S. coelicolor
LPMOs (ScLPMO10B and CelS2, ScLPMO10C) and the chitin active CBP21 (SmLPMO10A,
PDB: 2BEM). MUSCLE (28) was then used to add the sequences of the 7. fusca LPMOs, E7
(T/LPMO10A) and the catalytic domain of E8 (7/LPMO10B). Phylogenetic analysis was carried
out for six S. coelicolor LPMOs and a selection of other LPMOs for which literature data on
substrate specificity is available, using Phylogeny.fr (29).



Table S1. Structural data processing and refinement statistics.

ScLPMO10B ScLPMO10B ScLPMO10B ScLPMO10C
Zn-SAD Zn-complex Cu-complex (CelS2)
Dataset | 11 111 I\
PDB code 40Y8 40Y6 40Y7
Data Collection
beamline ID14-4 ID14-4 1D29 ID14.1
(ESRF) (ESRF) (ESRF) (BESSY)
Wavelength (A) 1.282 1.286 1.300 0.918
Space group P3;21 P3;21 P3;21 P2,2,2,
Cell dimensions
a, b, ¢ (A) 67.267.2107.2 67.6 67.6 107.3 67.567.5107.2 83.9 122.9 156.0
a, B,y 90.0 90.0 120.0 90.090.0 120.0 90.0 90.0 120.0 90.0 90.0 90.0
Resolution (A) 50-2.14 35-1.40 50-1.29 479 —-1.5
Unique reflections 15,162 (994)° 54,273 (6205) 67598 (6449) 254063 (34822)
Multiplicity 15.9 (4.4) 4.5(2.0) 7.9 (2.4) 392.7)
Completeness (%) 93.9 (64.9) 96.0 (76.7) 94.2 (63.2) 99.1 (94.2)
Mean I/ o1 28.1 (4.7) 13.6 (3.6) 13.9 (2.1) 59(1.7)
Rineas 0.108 (0.36) 0.08 (0.23) 0.088 (0.509) 0.103 (0.560)
Anomalous 90.3 (50.8) 87.6 (46.5) 88.4 (36.4) 96.7 (80.1)
completeness
Anomalous 8.7 (2.6) 2.4 (1.3) 4.2 (1.4) 2.0 (1.5)
multiplicity
Refinement Statistics
Reryst /Riree (%0) € 23.4 (27.6) 12.5 (14.3) 12.4 (14.0) 19.4 (22.2)
R.ms.d bond lengths 0.0158 0.01 0.0105 0.0102
A)
R.m.s.d angles (°) 1.477 1.400 1.425 1.385
Number of atoms
Protein 1462 1470 1487 11,962
Solvent - 261 246 1922
Acetate ions — 12 8 -
Metal 8 8 11 12
Ramachandran plot ¢
(%) 97.28 97.3 97.34 97.83
Most favoured 2.72 2.70 2.66 2.17
Additionally allowed 0.0 0.0 0.0 0.0
Outliers

* Values in parentheses are for the highest resolution shells

® R peas as defined by Diederichs & Karplus (30).
€ Reryst = Zhia || Foll Fell / Znka || Fo| where F, and F are the observed and calculated structure
factor amplitudes, respectively. Rg.. 1s calculated from a randomly chosen 5% sample of all

unique reflections.

4 Defined using MolProbity (31).
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Figure S1. Product profiles from PASC degradation experiments with the Thermobifida fusca
LPMOs E7 and ES8-N, analyzed by MALDI-TOF MS (A-D) and HPAEC (E). MALDI TOF MS
of E8-N (A and C) and E7 (B and D) shows that E8-N is a strict C1-oxidizing LPMO as CelS2,
whereas E7 produces a mixture of Cl-, C4- and double oxidized cello-oligosaccharides as
ScLPMO10B. Panels C) and D) are close ups of the heptamer ion cluster with m/z values
corresponding to: 1173, sodium adduct of lactone or ketoaldose; 1175, sodium adduct of native
Glcy; 1189, potassium adduct of lactone or ketoaldose or sodium adduct of double oxidized
heptamer; 1191, sodium adduct of aldonic acid or potassium adduct of native Glc; or sodium
adduct of gemdiol [4-ketoaldose + water (32)]; 1205, potassium adduct of double oxidized sugar;
1207, potassium adduct of aldonic acid or gemdiol form of the 1189 species; 1213, sodium
adduct of the aldonic acid sodium salt; 1229, sodium adduct of the aldonic acid potassium salt.
The large signals in panel D at 1173 (relatively stable 4-ketoaldose compared to a relatively
unstable lactone, and at 1189 (relatively stable 4-keto form) and at 1205 (double oxidized
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product) confirm the C4-oxidizing activity of E7. 100 % relative intensity represents 2.4 x 10*
(A, C) and 1.4 x 10* (B, D) arbitrary units (a.u.), respectively. HPAEC chromatograms (E) show
results for E7 (solid line) and E8-N (dotted line). Peak assignments are based on native standards
and on inferences from previous studies (32, 33); see main text for further explanation.
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Figure S2. Evidence for C4 oxidation by ScLPMO10B. The chromatogram shows product
analysis of the following samples: Magenta, degradation of Glcs with NcLPMO9C (sample size
0.2 puL); the product shown has been identified (by MS and, importantly, NMR) as Glc4GemGlc
[C4 oxidized dimer; (32)]. Blue: degradation of PASC with ScLPMO10B followed by hydrolysis
of soluble products with cellobiohydrolase (sample size 2 puL). Black: mixture of 0.2 pL of the
NcLPMO9C sample and 1.8 pL of the ScLPMO10B/cellobiohydrolase sample; as expected the
black peak assigned as Glc4GemGlc corresponds approximately to the sum of the blue and the
magenta peak underneath. The left peak, produced in the ScLPMOI10B reaction only is
GlesGIclA.
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Figure S3. HPAEC chromatograms to verify the occurrence of double oxidized products formed
by ScLPMOI10B (A-B) and E7 (C). First, ScLPMO10B or E7 was incubated with PASC over
night in the presence of ascorbate; subsequently the soluble fraction was taken and analyzed by
HPAEC (panel A and C, top chromatogram). The remaining soluble fraction was digested by a
cellobiohydrolase for 8 h and analyzed (panel A and C, dotted chromatogram). Finally, MtCDH
was added to the resulting mixture of short oligomers followed by incubation for another 16 h to
oxidize the reducing ends of the C4-oxidized (i.e. non reducing end-oxidized), regenerating
double oxidized species (panel A and C, lower chromatogram). Panel (B) shows a zoom in on
the double oxidized products that elute late in the gradient and that are not well resolved. Panel D
shows the same experiment for CelS2 (negative control), showing that this enzyme only
produces Cl-oxidized products (hence no difference is observed between the two lower
chromatograms). DHA, dehydroascorbate.
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Figure S4. MALDI-TOF MS spectra showing LPMO activity on squid pen B-chitin for S.
marcescens CBP21 (A, D), ScLPMO10B (B, E), and E7 (C, F). Panels A-C show oxidized
products ranging from DP 4-9, whereas panels D-F show a zoom in on the octamer ion cluster.
Panel G shows more details of the ScLPMO10B octamer ion cluster revealing the presence of
deacetylated products (which are observed for ScLPMO10B and E7 but hardly for CBP21). AA
stands for the aldonic acid of the chito-octamer (GIcNAc;GIcNAcl1A). 100 % relative intensity
represents 1.7 x 10* (A, B), 0.7 x 10" (C), 1.1 x 10" (D), 0.8 x 10* (E; G), and 0.5 x 10* (F)
arbitrary units (a.u.), respectively.
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CelS2 (light grey). Products were generated by incubation of PASC (2 g/L) with the indicated
LPMO concentrations, in a 20 mM ammonium acetate buffer pH 6.0, at 50 °C, followed by
cellobiohydrolase digestion of the soluble products. The reductant concentration was set to a
ratio of 1:2000 enzyme/reductant in all samples.
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Figure S6. Time course of products released from PASC by the 7. fusca LPMO pair. The figures
show (A) cellobionic acid and (B) cellobiose obtained after incubation of 1 uM LPMO (E8-N or
E7) or a mixture of 0.5 pM E8-N and 0.5 uM E7 with 2 g/ PASC and 2 mM ascorbic acid in 20
mM ammonium acetate buffer pH 6.0, at 50°C for three hours, followed by cellobiohydrolase
hydrolysis of the soluble products. Standard deviations were calculated based on three
independent reactions. Panel C) provides dose-response data for E7 (grey) alone and E8-N
(black) alone at the indicated concentrations, using the same conditions. The reductant
concentration was set to a ratio of 1:2000 enzyme/reductant in all samples.
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Figure S7. Structural overview of cellulose oxidizing LPMOs from S. coelicolor and comparison
with the chitin active LPMO from S. marcescens. (A-C) Cartoon representations; secondary
structure elements are shown in red, for B-strands, and blue, for a-helices. Metal ions are shown
as orange spheres, with coordinating histidine side chains shown as green sticks. (A) ClI-
oxidizing CelS2 (ScLPMOI10C) (B) C1/C4-oxidizing ScLPMO10B; (C) chitin-active CBP21
(SmLPMOI10A; 2BEM). Note that helix H3 (cyan) is hidden behind helix H1 in all three
structures, and that helix H2.1 in ScLPMO10B is hidden behind the B-sheets. (D) Structure-
based sequence alignment made with PyMOD, including the sequences of the related 7. fusca
cellulose active LPMOs E7 (Tf/LPMOI10A; C1/C4-oxidizing) and the catalytic domain of E8
(T/LPMO10B; Cl-oxidizing). Cysteines involved in disulfide bridges are highlighted in yellow.
Known secondary structures are indicated as colored text, B-strands (red) or a-helices (blue) and
residues at the putative binding surface are highlighted in grey (for the proteins with known
structures only). Asterisks indicate fully conserved residues, and green diamonds indicate amino
acids coordinating the copper ion.
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EALPMO10A o BaLPMO10A

ScLPMO10B

CelS2

Figure S8. Conserved cavities on the substrate binding surface of chitin active LPMO10s. The
picture shows the surfaces of three chitin-active LPMOs (EfLPMO10A, CBP21 (SmLPMO10A),
and BaLPMOI10A; no activity data have been published for the latter but is known that this
protein has high affinity for chitin substrates (34), and two cellulose-active LPMOs
(ScLPMO10B and CelS2). The cellulose-active LPMOs have a positively charged side chain
(Arg212 in CelS2 and His214 in ScLPMO10B) that fills the cavity present in the chitin-active
LPMOI10s. The latter have a hydrophobic side chain in the bottom of the cavity (Ilel78 in
EfLPMOI10A, 1le180 in CBP21 and Vall89 in BaLPMO10A). Protein surfaces are shown in a
transparent representation of the molecular surface. Amino acid side chains and the protein main
chain are shown in stick and cartoon representation, respectively. The copper ions are shown as
golden colored spheres.
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His214 His214

Cu

Figure S9. Active site of ScCLPMO10B with bound copper (left panel) or zinc (right panel). The
two oxygen moieties of the acetate ion (ACT) are bound in the solvent-facing axial position
(labeled “Ax”) and in a slightly skewed equatorial position (labeled “Eq”). The structural data
demonstrate the capability of ScLPMO10B to bind a ligand in the solvent-facing axial position.
Amino acid side chains and the protein main chain are shown in orange colored stick and cartoon
representation, respectively. The copper and zinc ions are shown as golden and grey colored
spheres, respectively. The acetate ion is shown in stick representation with red colored oxygen
atoms and orange colored carbon atoms. Distances between atoms are indicated by dashed lines.
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Figure S10. Active sites in all eight CelS2 molecules in the asymmetric unit. Panel (A) shows
the individual sites, whereas panel (B) shows a superposition. Amino acid side chains are shown
in stick representation. The water molecules and copper ions are shown as red and golden
spheres, respectively.
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Figure S11. Thermograms (upper) and binding isotherms with theoretical fits (lower) for A)

titration of 150 pM Cu®’ to 5 pM apo-CelS2 and B) titration of 120 uM Cu®*" to 5 pM apo-
ScLPMO10B in MES buffer pH 5.5 at 10 °C.
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1) CelS2 ScLPMO10B

TMPred + LPMO-Cu?* &= TMPox + LPMO-Cu* K=0.3, E°=-31mV K=0.43, E° =-22mV
TMPox + & — TMPred E*=273mV E*=273mV
LPMO-Cu* + e — LPMO-Cu* E° =242 mV E*=251mV

Iy

Cu* +e _, Cu* E° =160 mV E* =160 mV
LPMO-Cu* — LPMO-Cu? + e E°=-242 mV E°=-251mV

Cu? + LPMO-Cu' = Cu" + LPMO-Cu*

1y
Cu* + LPMO-Cu* = Cu* + LPMO-Cu?
LPMO-Cu?* = LPMO + Cu#

E°=-0.082 V, AG* = 1.9 kcal/mol

E° =-0.082 V, AG* = 1.9 kcal/mol
Ki =31 nM, AG® = 9.7 kcal/mol

E°=-0.091V, AG* = 2.1 kcal/mol

E° =-0.091 V, AG:* = 2.1 kcal/mol
Kd =12 nM, AG:° = 10.3 kcal/mol

LPMO-Cu* = LPMO+ Cu*

AG® =11.6 kcal/mol, K = 1.1 nM  AG:® = 12.4 kcal/mol, K« = 0.3 nM

Figure S12. Calculation of the dissociation constant for the LPMO-Cu’ complex at 10 °C (283
K). The constant for binding of Cu’ can be calculated by combining three thermodynamic
relations (21). First, I) the cell potential for LPMO-Cu®/LPMO-Cu’ was measured
experimentally by determining the equilibrium constant from the electron transfer reaction
between the mediator TMP,.¢/TMP,, and LPMO-Cu*”LPMO-Cu" and obtained from the relation
RTInK = nFE°. Second, II) the E° derived from relation I) is combined with the known cell
potential for reduction of Cu®" in aqueous conditions to yield the free energy change (AG:°) for
the reduction of aqueous Cu*" by LPMO-Cu" using the relation AG,° = —nFE°. Third, III) by
combining the AG,° for binding of Cu** derived from ITC (Table 1) with the AG.° for the
electron transfer between aqueous Cu®" and LPMO-Cu”, the dissociation of LPMO-Cu" can be
calculated using the relation AG,° = RT InKj.
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Figure S13. X-band EPR spectra (solid lines) with simulations (dotted lines) for ScLPMO10B,
full length CelS2 and Cu(Il) in buffer. The EPR spectra were recorded at 77 K using a
microwave power of 0.5 mW.

23



160 - "l v
140 - ° v v
-~ ° AAY, cellulose active W
g 1207 ° AA10, chitin active @
Tg 100 - AA10, cellulose active
Q AA11, chitin active
(—E 80 4 Type 1 Cu-proteins @
L:):(N 60 - * Type 2 Cu-proteins W
P 4
40 4
T T

220 222 224 226 228 230 232

g -value

Figure S14. A Peisach — Blumberg plot of different LPMOs compared to selected typical type 1
and type 2 copper proteins. Shown are: chitin-active SmLPMO10A (CBP21) (35), BILPMO10A
(35) and presumably chitin-active BaLPMO10A (36) (®); cellulose-active TaLPMO9A (37) (m),
TfLPMO10B (E8-N) (35), ScLPMO10B and ScLPMO10C (CelS2) (35) (A); chitin-active
AoLPMOI11 (38) (4); the type 2 proteins bovine erythrocyte superoxide dismutase (39), pig
plasma benzylamine oxidase (40), pig kidney diamine oxidase (41), spinach diphosphate
carboxylase (42) (V); the type 1 proteins horseradish umecyanin (43), plastocyanin (44),
pseudoazurin (45), and cucumber basic protein (46) (¢).
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Figure S15. Position of the conserved active site alanine. (A; identical to Fig. 5 in the main
manuscript). Structural superposition of CelS2 (green) and ScLPMO10B (orange) active sites
(superposed using the “histidine brace” and the metal ion), with side chains shown in stick
representation and back bone shown as cartoon. Black and grey dashed lines indicate the axially
and equatorially coordinated ligands, respectively. The acetate ion coordinated in the solvent-
facing axial position is labeled “ACT” the picture does not show the skewed equatorial contact
between the acetate and the copper; see Fig. S9). Note the 2.5 A relative sift in the position of
Alal42/148 between CelS2 and ScLPMO10B; in the former, the alanine (Alal42) is much closer
to the acetate oxygen that is bound in the axial position in ScLPMO10B. Panel (B) shows the
active site of ScLPMOI10B in stick representation, illustrating the hydrogen bond interactions
between the side chain of Aspl46 and main chain nitrogen atoms. Panel (C) shows a structural
superposition of CelS2 (green color) with LPMO9s with C1 (PcLPMO9D in pink color), C4
(NcLPMOOD in white color) and mixed C1/C4 (TaLPMO9A in orange color) activity. The
structural superposition was based on the histidine brace and the metal ion. The only other
structure of an LPMO9 with presumed C1 activity [inferred for phylogenetic clustering; (47)],
THLPMOOYE (48) shows a tyrosine in the same position as in PcLPMQO9D. Side chains are shown
in stick representation and the back bone is shown as cartoon. The copper ions are shown as a
golden colored sphere in all panels.
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