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ABSTRACT: Lytic polysaccharide monooxygenases (LPMOs), found

Cellulose active AA10 LPMOs Chitin active AA10 LPMOs
g, A

in family 9 (previously GH61), family 10 (previously CBM33), and the e Al
newly discovered family 11 of auxiliary activities (AA) in the \ Cels2 : cep1
carbohydrate-active enzyme classification system, are copper-dependent

enzymes that oxidize sp>-carbons in recalcitrant polysaccharides such as
chitin and cellulose in the presence of an external electron donor. In this
study, we describe the activity of two AAI10-type LPMOs whose
activities have not been described before and we compare in total four
different AA10-type LPMOs with the aim of finding possible
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correlations between their substrate specificities, sequences, and EPR

signals. EPR spectra indicate that the electronic environment of the copper varies within the AA10 family even though amino
acids directly interacting with the copper atom are identical in all four enzymes. This variation seems to be correlated to substrate
specificity and is likely caused by sequence variation in areas that affect substrate binding geometry and/or by variation in a
cluster of conserved aromatic residues likely involved in electron transfer. Interestingly, EPR signals for cellulose-active AA10
enzymes were similar to those previously observed for cellulose-active AA9 enzymes. Mutation of the conserved phenylalanine
positioned in close proximity to the copper center in AA10-type LPMOs to Tyr (the corresponding residue in most AA9-type
LPMOs) or Ala, led to complete or partial inactivation, respectively, while in both cases the ability to bind copper was
maintained. Moreover, substrate binding affinity and degradation ability seemed hardly correlated, further emphasizing the crucial
role of the active site configuration in determining LPMO functionality.

Lytic polysaccharide monooxygenases (LPMOs) make up a
newly discovered group of carbohydrate-active enzymes,
that as of 2013 are classified as auxiliary activities (AA) in the
CAZy database." Family AA9, previously classified as glycoside
hydrolase family 61 (GH61), and family AA10, previously
classified as carbohydrate binding module family 33 (CBM33),
use an oxidative mechanism to cleave crystalline polysacchar-
ides such as cellulose and chitin.*~* Recently, a new family
(AAL11) active on chitin that appears to have characteristics of
both AA9 and AA10 has been discovered.” AA10-type proteins
occur in all domains of life and are best known from work on
bacterial and viral family members, which initially were believed
to be chitin binding proteins lacking a catalytic function.®”
AA9-type proteins occur in fungi and were originally classified
as glycoside hydrolases because of the observation of a low
endo activity in cellulose degradation.*” Most LPMO-
containing organisms encode several LPMOs that are
upregulated when different cellulose or chitin substrates are
used as the sole carbon source, indicating that these enzymes
are important for the organism’s ability to degrade biomass.'”"!

The first indications of AA10 enzyme activity were published
in 2005 and 2008; chitin binding protein 21 (CBP21) from
Serratia marcescens and E7 and E8 from Thermobifida fusca,
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respectively, were shown to enhance the enzymatic conversion
of insoluble polysaccharides.'>"* In 2010, Vaaje-Kolstad et al.*
showed that CBP21 is an oxidative enzyme that introduces
chain breaks into crystalline chitin in a reaction dependent on a
divalent metal ion, an external electron donor, and molecular
oxygen. Shortly afterward, it was shown that an AA10? as well
as AA9-type LPMOs™'*~ fe could cleave and oxidize cellulosic
substrates. After some initial confusion about the nature of the
divalent metal ion, it has become clear that LPMOs are copper-
dependent enzymes.*"” In addition to having different substrate
specificities, LPMOs also differ in terms of their preference for
the position of reaction. All AAIO enzymes described so far
oxidize C1, whereas for AA9 enzymes, oxidation has been
reported at C1 and C4 or C6. %5118

The CBP21 crystal structure was the first LPMO structure to
be determined.'” This AA10 enzyme has a small and globular
structure with a flat binding surface that seems to be adapted to
binding to crystalline parts of the chitin substrate primarily
through polar interactions. The first AA9-type LPMO structure
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to be determined was that of Cel61B from Hypocrea jecorina
(HjAA9B, CAZy abbreviation).”* AA9- and AA10-type LPMOs
have no significant overall sequence identity but are structurally
similar and contain a highly conserved metal binding site in
their catalytic centers.”** X-ray crystallography and EPR
studies of AA9-type LPMOs have shown that these enzymes
contain a type 2 copper binding site where the copper has six
ligands. The four ligands in the equatorial plane include
nitrogens from two fully conserved histidine side chains and the
N-terminal amino group, together forming a T-shaped histidine
brace; the fourth equatorial ligand is a water molecule
coordinated by a conserved and functionally important
glutamine.*>*"** The axial ligands are the hydroxyl group of
a conserved tyrosine (i.e., most likely a tyrosinate) and another
water molecule.* Available structural information for AA10-type
LPMOs also shows or suggests a T-shaped coordination of the
metal, but only involving the equatorial sites. The tyrosine
residue in AA9-type LPMOs is replaced by phenylalanine in
most AA10-type LPMOs; the glutamine coordinating the axial
water is absent, and access to this axial site seems to be
restricted by a side chain (most commonly an alanine
residue).”’ Another dissimilarity between the two LPMO
families concerns the N-terminal histidine, which tends to be
methylated (Née-Me) in AA9-type LPMOs expressed in their
fungal hosts,”*® whereas such methylation has not been
observed for AA10-type LPMOs [which were all expressed
heterologously (see below)].

Recently, EPR studies of an AA9-type LPMO active on
cellulose (TaAA9A, CAZy abbreviation) and an AAIlO-type
LPMO with strong affinity for chitin (BaAA10A, CAZy
abbreviation) have revealed differences in the electronic
structures of their copper binding sites.”*' The AA9-type
LPMO displayed a typical type 2 copper EPR signal based on
the Peisach—Blumberg classifications of type 1 and 2 copper
enzymes. The EPR signal for BaAAlOA indicated an
intermediate between type 1 and type 2 copper protein centers.
On the basis of the overall axial envelope of the EPR spectrum,
it was concluded that a type 2 classification is appropriate for
members of the AA10 family; the deviation from standard
values (and from members of the AA9 family) was ascribed to a
distorted coordination geometry, which indeed is visible in
available crystal structures.”’ Notably, BaAA10A probably
oxidizes Cl in chitin (there are in fact no activity data for
this enzyme), whereas TaAA9A oxidizes both C1 and C4 or C6
in cellulose (Quinlan et al,* whether the enzyme oxidizes C4,
C6, or both is a matter of debate).

These dissimilarities in the EPR signals could reflect inherent
differences that separate LPMOs into two families, AA9 and
AA10, but could also relate to differences in substrate
specificity, catalytic efficiency, and/or oxidation mode. To
address this, we have expressed and analyzed the activity of two
AA10-type LPMOs whose oxidative activity had not been
described previously, one active on chitin (from Bacillus
licheniformis, BIAA10A, CAZy abbreviation) and one active on
cellulose (E8 from T. fusca YX, TfAA10B, CAZy abbreviation).
This then allowed us to compare the sequences (mapped on
available structures) and EPR spectra of four AA10-type
LPMOs, in total, two acting on cellulose and two acting on
chitin. The importance of the Phe/Tyr variation close to the
copper site mentioned above, which may codetermine
differences between members of the AA9 and AA10 families,
was addressed by site-directed mutagenesis of Phe219 in one of
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the cellulose-active AA10 LPMOs, CelS2 (ScAA10C, CAZy
abbreviation).

B MATERIALS AND METHODS

Cloning, Site-Directed Mutagenesis, and Protein
Expression. A DNA fragment encoding CBP21 (residues
1-197) from S. marcescens BJL200 (SmAA10A, UniProt entry
083009) was cloned into the pRSET B expression vector
(Invitrogen) with its native signal peptide (residues 1—27), as
previously described.” Full length CelS2 (residues 35—364)
from Streptomyces coelicolor A3(2) (ScAA10C, UniProt entry
QIRJY2) was cloned into the pET-32 LIC vector (Novagen) as
previously described.’ The N-terminal LPMO domain
(residues 35—230) of CelS2, hereafter termed CelS2-N, was
amplified from the pET-32 LIC_cels2 vector and fused into
linearized pRSET B using the In-Fusion HD cloning kit
(Clontech). The pRSET B vector was precut with restriction
endonucleases (Bsml and HindIII) to remove the nucleotides
encoding the mature CBP21 protein but preserving its signal
sequence for periplasmic expression. The N-terminal LPMO
domain (residues 32—225) of E8 from T. fusca YX (TfAA10B,
UniProt entry Q47PB9), hereafter termed E8-N, was amplified
from genomic DNA (ATCC catalog no. BAA-629D-5), as was
the LPMO from B. licheniformis (BIAA10A, UniProt entry
Q62YN7) (residues 32—203) (genomic DNA, ATCC catalog
no. 14580D-5). Both of these latter LPMOs were cloned
without their natural signal peptide and inserted into the
pRSET B expression vector containing the signal sequence of
CBP21, as described for CelS2-N above. A general drawing of
the constructs and their domains is presented in Figure S1 of
the Supporting Information.

The pRSET B_cels2-n plasmid was used as a template for
site-directed mutagenesis of the conserved phenylalanine
residues near the catalytic site. CelS2-N mutants F219A and
F219Y were generated using the QuikChange II site-directed
mutagenesis kit (Agilent Technologies). After the mutated
expression vectors had been verified by DNA sequencing, they
were transformed by heat shock into chemically competent
One Shot BL21 Star (DE3) cells (Invitrogen).

For protein expression, fresh colonies were inoculated into
LB-Amp (Luria broth medium containing S0 pg/mL
ampicillin) medium and grown at 30 °C for 20 h at 200 rpm,
with the exception of the CBP21-producing strain, which was
grown at 37 °C for 16 h. Cells were harvested by centrifugation,
and periplasmic fractions were prepared by osmotic shocking.”*
The periplasmic extracts were sterilized by filtration (0.2 ym)
and stored at 4 °C prior to protein purification.

Purification and Generation of Apoenzymes. CelS2-N
wild type and mutants, E8-N, and BIAA10A were purified using
a two-step protocol, starting with an anion exchange
chromatography step followed by gel filtration. The periplasmic
fraction was adjusted to buffer A [SO mM Tris-HCI (pH 7.5 or
8.5 for the BIAA10A enzyme)] and loaded onto a S mL HiTrap
DEAE FF column (GE Healthcare) connected to an AKTA
purifier fast protein liquid chromatography system (GE
Healthcare). LPMOs were eluted by applying a linear salt
gradient from 100% buffer A [SO mM Tris-HCI (pH 7.5 or
8.5)] to 50% buffer B (buffer A with 1 M NaCl) over 100 min
at a flow rate of 3 mL/min (200 min at 4.5 mL/min for
BIAA10A). CelS2-N and its mutants and E8-N were eluted at
approximately 12% buffer B, whereas BIAA1OA eluted at 8%
buffer B. The LPMO-containing fractions were pooled and
concentrated to <1 mL, using Amicon Ultra centrifugal filters

dx.doi.org/10.1021/bi5000433 | Biochemistry 2014, 53, 1647—1656
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Figure 1. MALDI-TOF MS analysis of LPMO-generated soluble oxidized products. The top two panels show products generated from PASC
degradation by CelS2-N (A) and E8-N (B). The bottom two panels show products generated from f-chitin by CBP21 (C) and BIAA10A (D). The
annotated masses correspond to the potassium adducts of products in the range from DP6 to DP9 of oxidized cello- or chito-oligosaccharides
(Gles_gGlclA or GleNAcg_gGlcNAcl1A). The sodium adducts, at values m/z 16 lower, yield approximately equally intense signals. The inset in panel
A shows the different adducts found in an ionic cluster starting with the sodium adduct of the 1,5 5-lactone, followed by the sodium and potassium
adducts of the aldonic acid, followed by the sodium adducts of the sodium and potassium salts; 100% relative intensity represents 2.2 X 10% 1.5 X
10% 5.6 x 10* and 5.2 X 10* arbitrary units (a.u.) in panels A—D, respectively.

(Millipore) with a molecular mass cutoff of 10000 Da.
Subsequently, samples were loaded onto a HiLoad 16/60
Superdex 75 size exclusion column (GE Healthcare), with a
running buffer consisting of S0 mM Tris-HCl (pH 7.5) and 200
mM NaCl, using a flow rate of 1 mL/min. All LPMOs eluted
approximately 75 min after injection.

CBP21 was purified by chitin affinity chromatography using
chitin beads (NEB) equilibrated in S0 mM Tris-HCI (pH 8.0)
and 1 M (NH,),SO, and eluted with 20 mM acetic acid (pH
3.6)."

Full length CelS2 from intracellular expression was purified
as described previously,®> using standard immobilized metal
affinity chromatography (IMAC) and the nickel NTA IMAC
resin (Qiagen) followed by removal of the His tag using Factor
Xa (Novagen). The free His tag and Factor Xa were removed
using IMAC chromatography and Xarrest agarose beads
(Novagen), respectively.

Protein purity was analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE), and fractions
containing pure protein were pooled and concentrated using
Amicon filters, followed by a change of buffer to 20 mM Tris-
HCI (pH 8.0). Protein concentrations were determined using
the Bradford assay (Bio-Rad).

Apo-LPMOs were generated by incubating 100 #M enzyme
with 400 uM EDTA in 20 mM Pipes buffer (pH 6.5) for 30
min at room temperature. Subsequently, the buffer was
changed to 20 mM Chelex 100 resin (Bio-Rad)-treated Pipes
buffer (pH 6.5), until the EDTA concentration was diluted and
estimated to be <0.1 nM. The protein concentrations were
measured using the Bradford assay.
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Product Analysis by MALDI-TOF MS and HPAEC.
Products formed after incubation of the Cu(II)-saturated
LPMOs with various substrates were analyzed using MALDI-
TOF MS. Purified LPMOs at a concentration of 1 uM were
incubated with 1 mg/mL substrate (phosphoric acid-swollen
cellulose, PASC, prepared from Avicel),* squid pen p-chitin
(France Chitin, Marseille, France), or shrimp shell a-chitin
(Hov Bio, Tromse, Norway) in 20 mM Bis-Tris buffer (pH
6.0) at 37 °C in the presence of 1 mM ascorbic acid. After
incubation for 16 h, the reaction mixtures were centrifuged at
16100g for S min. Samples from the supernatants were mixed
with a 9% solution of 2,5-dihydroxybenzoic acid (DHB) matrix
in a 1:2 ratio, after which the samples were air-dried and
MALDI-TOF MS analysis was performed as described
previously.?

For semiquantitative analysis of the activity of CelS2-N wild
type and mutants, reactions were set up for each enzyme
variant using the conditions described above for PASC
degradation. After incubation for 16 h, soluble oxidized
products were analyzed by HPAEC using a CarboPac PAl
column and a PAD detector as described by Westereng et al.”®

Analysis of Substrate Binding by CelS2. One microgram
of full length CelS2 or CelS2-N was incubated with an excess of
substrate [S—15 mg; filter paper (Whatman #1, SO pm), dried
shrimp shell a-chitin or squid pen f-chitin] in 50 uL of SO mM
Bis-Tris (pH 6.2) at room temperature with slow inversion of
the tubes. After 3.5 h, the supernatant was removed by
centrifugation and the substrate was washed three times with
500 uL of buffer to remove unspecifically bound enzyme. The
bound enzyme was released by denaturing with SDS when
boiling the substrates in 50 yL of SDS—PAGE sample buffer for

dx.doi.org/10.1021/bi5000433 | Biochemistry 2014, 53, 1647—1656
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Table 1. Spin Hamiltonian Parameters”

Cu(II) buffer CelS2-NP* E8-NY
& 2.059 2,015 2018
g 2.059 2.102 2.103
% 2.270 2267 2262
AL 123 11.7 6.6
ACd 12.3 17.0 15.3
AL 165 153 156

“Assuming collinear g and A®" tensors in all simulations.

CBP21 BIAA10A CelS2-N F219A CelS2-N F219Y
2.039 2.038 2.056 2.048
2.116 2.108 2.058 2.062
2.260 2.262 2.258 2.248
42.3 41.3 1.8 23.0
50.3 483 14.0 3.6
116 125 170 175

The spectra for CelS2-N and E8-N indicate the presence of free copper, which was

corrected by subtracting 30 and 28% of the Cu(II) signal before simulation of the spectra for CelS2-N and E8-N, respectively. “The full length CelS2

has EPR parameters identical to those of truncated CelS2-N. “Units of x107*

-1

10 min. Released proteins, as well as the unbound enzyme
fraction and purified enzyme, were then analyzed on an SDS—
PAGE gel, using Coomassie Brilliant Blue for staining (Bio-
Rad).

Structural Sequence Alignment. PyMod*” was used to
make a structure-based sequence alignment™® of five AA10-type
LPMOs with known structures: EfAA10A (PDB entry 4A02),
BpAAI10A (PDB entry 3UAM), VcAALOB (PDB entry 2XWX),
BaAA10A (PDB entry 2YOX), and CBP21 (PDB entry
2BEM). Chitin activity and binding have been described for
all these LPMOs, except for BpAA10A.'”*"**3° MUSCLE?!
was then used to add the sequences of the AA10-type LPMOs
BIAA10A, TfAA10B, and ScAA10C, which are the subjects of
this study.

Electron Paramagnetic Resonance. The EPR spectra
were recorded using a BRUKER EleXsyS 560 SuperX
instrument equipped with an ER 4122 SHQE SuperX high-
sensitivity cavity. Typical settings when recording spectra at 77
K were a microwave power of 0.1—5.0 mW and a modulation
amplitude of 10 G (copper quantification purposes) or 30 K a
microwave power of 0.5 mW and a modulation amplitude of 5
G when using a liquid helium-cooled Oxford ESR900 cryostat.
To estimate the Cu(II) content in the samples, double integrals
of baseline-corrected EPR spectra, recorded for the samples and
a 100 yM Cu(Il) standard in 1 M perchloric acid, were
compared.

Apoenzymes were generated as described above and were in
Chelex-treated 20 mM Pipes buffer (pH 6.5). EPR studies
using the standard conditions described below showed that the
apo forms of CelS2-N (enzyme concentration of 108 yuM),
CBP21 (108 M), BIAAIOA (88 uM), CelS2-N F219A (108
uM), or CelS2-N F219Y (108 M) did not contain detectable
levels of Cu(Il). For E8-N (31 uM), approximately 22 uM
Cu(Ill) was detected in the “apoenzyme” (EDTA-treated).
Examples of apo-LPMO EPR spectra are shown in Figure S2 of
the Supporting Information. Then, Cu(Il) was added to the
apoenzyme samples to achieve an ~0.9:1 Cu(II):enzyme ratio.
Subsequently, samples were frozen in liquid nitrogen. All
Cu(II) added, or initially present and added in the case of E8-
N, in the samples could be identified within a margin of error of
~20%, which is within the expected precision of such analyses.
For some of the samples, it was necessary to subtract a fraction
of the Cu(Il) from the buffer EPR spectrum prior to EPR
spectrum simulation (see the simulation parameters listed in
Table 1), indicating that not all Cu(Il) remained bound to the
protein upon the making of the frozen EPR samples. The
EasySpin toolbox developed for Matlab was used to simulate
and fit EPR spectra.”?

1650

B RESULTS AND DISCUSSION

LPMO Activity Analysis. The four wild-type LPMOs were
successfully expressed in Escherichia coli. After being purified,
stripped of metal ions, and reconstituted with Cu(Il), all
enzymes showed activity on insoluble polysaccharides [activity
measurements on apo-LPMO are not straightforward as it
appears that all LPMOs free of metal ions are able to scavenge
Cu(Il) from the substrate and a large excess of EDTA is
required to inhibit oxidation].*'”** The N-terminal LPMO
domains of Cel$2®> and E8,"* called CelS2-N and E8-N,
respectively, produced Cl-oxidized cello-oligosaccharides from
cellulose only zpanels A and B of Figure 1, respectively),
whereas CBP21” and BIAA10A produced Cl-oxidized chito-
oligosaccharides from a- and p-chitin [panels C and D of
Figure 1, respectively (data for a-chitin not shown)], but not
from cellulose. To the best of our knowledge, this is the first
time that oxidative cleavage of chitin and cellulose is shown for
BIAAI1OA and ES8, respectively.

For comparative purposes, full length CelS2 was also
produced and purified.® Binding studies of CelS2 showed that
full length CelS2 binds to filter paper whereas the truncated
version, CelS2-N, showed barely detectable binding. For CelS2-
N, SDS—PAGE analyses repetitively indicated a minor loss of
protein material (compare the filter paper unbound fraction
with the control in Figure 2, right panel), which could indicate
weak binding, as one would expect considering the detected
activity. Remarkably, both full length and truncated CelS2
showed strong binding to both a- and f-chitin. Whereas it is
well-known that CBM2s, as present in full length CelS2, bind
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Figure 2. Binding of CelS2 to various substrates. One microgram of
full length CelS2 (left) or truncated CelS2-N (right) was incubated
with filter paper (FP), a-chitin, or f-chitin for 3.5 h in 20 mM Bis-Tris
buffer (pH 6.2) at room temperature. The SDS—PAGE gels document
the protein content in the supernatant (unbound, UB) or bound to the
substrate (bound, B). The bound protein fraction was released from
the substrate by being denatured via boiling in 50 yL of SDS-PAGE
sample buffer for 10 min. Purified enzymes were used as a control
(ctrl.), not incubated with any substrate, to evaluate protein binding.
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Figure 3. Sequence and structural comparison of LPMO active sites. (A) Structure-based sequence alignment of AA10-type LPMOs. Fully conserved
residues are shown with white letters on a pink background; the Cu-coordinating histidines are marked with pink asterisks, and the phenylalanine
mutated in CelS2-N (F219A and F219Y) is marked with a green asterisk. The three conserved tryptophans in CBP21 are marked by blue asterisks.
Residues highlighted in green are located close to the active site and show variation, potentially determining differences between chitin- and
cellulose-active members of the AA10 family (D). (B) Metal coordination in CBP21 representing the AA10-type LPMOs (PDB entry 2BEM).” (C)
Copper coordination in TaAA9A representing the AA9-type LPMOs (PDB entry 2YET).* (D) Expanded view of the active site of CBP21, showing
side chains close to the catalytic center that differ between the chitin-active and cellulose-active members of the AA10 family shown in panel A. Pink
residues are conserved between all members of the AA10 family in this study, and green residues tend to vary between chitin- and cellulose-active
members of the AA10 family. The putative corresponding residues in CelS2 in the unreliable region of the sequence alignment are shown in gray
italics. The naming used in the sequence alignment is that from the recommendations of the CAZy database: SmAA10A, CBP21; TfAA10B, ES;
ScAA10C, CelS2. Abbreviations in panel D: Sm, SmAA10A = CBP21; Sc, SCAALIOC = CelS2. Figures were made using PyMOL.38

to several insoluble polysaccharides, including chitin and
cellulose,®® the strong binding of CelS2-N to a- and pS-chitin
was unexpected, considering the lack of catalytic activity on
these substrates. Upon long incubations (>70 h), we observed
barely detectable amounts of soluble products generated from
P-chitin by both CelS2-N and E8-N (results not shown). Also,
Moser et al."® have described experiments indicating that E8
could act synergistically with a chitinase, suggesting some
activity on f-chitin. Still, taken together, these results lead to
the important conclusion that the ability to bind the substrate
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and substrate activity and/or specificity are not connected. In
other words, the chitin binding demonstrated in Figure 2 is
nonproductive. This suggests that other features, such as the
geometry of the catalytic center or the character of the redox-
active species formed during turnover,”* could determine which
polysaccharides an LPMO can oxidize.

LPMO Sequence Analysis. To provide a structure- and
sequence-based basis for interpreting the divergent functions of
AA10-type LPMOs, a structure-based alignment of all members
of the AA10 family with known structures was made and used
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Biochemistry

/6B

o1,
1

Cu(ll) buffer

BIAA10A

" Cu(ll) buffer

T T T
300 325 350

Field (mT)

T T
250 275

1
375

T T T 1
300 325 350 375

Field (mT)

T T
250 275
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to guide alignment of the proteins with unknown structures
included in this study (Figure 3A). The level of sequence
identity between the cellulose-oxidizing and chitin-oxidizing
LPMOs is low (21 and 25% for CelS2-N and CBP21 or
BIAAI1OA, respectively, and 29 and 31% for E8-N and CBP21
or BIAAIOA, respectively), whereas the level of sequence
identity is ~50% among LPMOs with the same substrate
specificity (46% between the two cellulose-active and 51%
between the two chitin-active members of the AA10 family).
The metal binding histidines (His28 and His114 in CBP21) are
conserved, as are the phenylalanine (Phel87 in CBP21) and
the alanine (Ala 112 in CBP21) that are believed to help in
shaping the copper binding site in AA10-type LPMOs (Figure
3A,B,D).2*

Notably, several residues close to the copper binding site
seem to differ between the cellulose-active and chitin-active
LPMOs (Figure 3A,D). A residue that could be important for
substrate specificity is Ile180 in CBP21, which is conserved or
replaced by Val in other chitin-active members of the AA10
family. This residue lines a pocket on the enzyme surface in the
direct proximity of the active site. The two cellulose-active
members of the AA10 family contain an arginine at this
position.

Another difference between cellulose-active and chitin-active
LPMOs that possibly relates to substrate specificity stands out.
There are three residues in the N-terminal part of the chitin-
active LPMOs, close to the active site (CBP21 residues GInS7,
SerS8, and Glu60) that all are solvent-exposed and highly
conserved. Because this sequence region is highly diverse
(Figure 3A), the sequence alignment is unreliable, and it is thus
difficult to predict the corresponding residues in the cellulose-
active members of the AA10 family; it is clear though that the
sequences vary in this region.

Additional features appearing from this comparison concern
the catalytic center itself and the flow of electrons to the copper
ion. LPMOs can recruit electrons from a variety of sources,
including cellobiose dehydrogenase.'*'>** Nothing is known
about how electrons are transferred to and through LPMOs.
The chitin-active LPMOs contain a fully conserved cluster of
three tryptophans that is located directly below the copper
binding site (Figure 3D) and that, by analogy to other redox
enzymes,”>*® could play a role in electron transfer.'”*"** While
the tryptophan residue closest to the metal site (Trpl78 in
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CBP21) is conserved in the two cellulose-active LPMOs, the
other two are not (Figure 3A,D). CelS2 has Tyr, Phe, and Trp,
whereas E8 has Tyr, Trp, and Trp.

A potentially important difference between the copper
binding sites of AA9-type and AA10-type LPMOs concerns
the methylation of the N-terminal histidine in the former, a
post-transcriptional modification with unknown function. This
modification has not been observed in heterologously expressed
(and active) LPMOs, including Phanerochaete chrysosporium
AA9D? produced by Pichia pastoris and the AA10 LPMOs
discussed here, which were all expressed in E. coli. To verify the
state of the N-terminal histidines in the proteins used for the
EPR studies, we analyzed tryptic peptides from recombinantly
produced CelS2-N, E8-N, BIAA10A, and CBP21 and found, as
expected, that none of the N-terminal tryptic fragments were
methylated. Importantly, a similar analysis of CBP21 separated
by SDS—PAGE from a culture supernatant of S. marcescens
grown on chitin did not exhibit methylation of the N-terminal
histidine (results not shown).

EPR Spectroscopy. The resting EPR spectra of the Cu(II)-
charged AA10 LPMOs showed differences between the two
cellulose-degrading enzymes, CelS2-N and E8-N, and the two
chitin-degrading enzymes, CBP21 and BIAA10A (Figure 4).
The EPR spectra of these enzymes have been simulated, and
the estimated spin Hamiltonian parameters are summarized in
Table 1. The g and A tensors reflect the active site copper
coordination environment. The simulations indicated slightly
rhombic g tensors for all enzymes, with CelS2-N and E8-N
displaying a higher degree of rhombicity (i.e., a larger difference
between g, and gy) than CBP21 and BIAA10OA. The g, and
Ax,yCu parameters could not be simulated with the same
accuracy as g, and A,“" because the EPR lines in the high-field
region are broad and overlap. This is in accordance with what
was observed in the work of Hemsworth et al.>! for BaAA10A,
a chitin binding AA10 from Bacillus amyloliquefaciens.

By plotting A, values versus g, values for several types of
copper-containing proteins and model compounds, Peisach and
Blumber§ observed clear grouping of type 1 and 2 copper
proteins.”” The cellulose-oxidizing TaAA9A (g, = 227, and
A" =162 x 107* cm™)* falls nicely into the group of typical
type 2 proteins, as do CelS2-N and E8-N (Table 1; g, and A,
values are very similar to those found for TaAA9A).
Interestingly, the A,“" hyperfine splitting for the chitin-
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oxidizing LPMOs is substantially smaller than for the cellulose-
oxidizing LPMOs (Table 1; values of 116 and 125 X 10™* cm™
vs 153 and 156 X 10™* cm™ for the cellulose-active LPMOs).
This places the two chitin-oxidizing LPMOs between the usual
Peisach—Blumberg type 1 and type 2 classifications. The same
was observed for BaAA10A (g, = 2.25, and A,°" = 135 x 107*
cm™),*! which has a sequence 49% identical to that of CBP21
(Figure 3A). Hemsworth et al.*' noted that although BaAA10A
falls between the usual Peisach—Blumberg classifications of type
1 and type 2 copper enzymes, the overall axial envelope of the
EPR signal would suggest that a type 2 classification is
approp1‘iate.21’3’9

Another difference between the cellulose and chitin-active
enzymes is that the CelS2-N and E8-N EPR spectra show
superhyperfine splitting on the order of 11—-16 X 10™* cm™
that is likely to originate from at least two nitrogen atoms
coordinating the copper atom (an example is shown for CelS2-
N in Figure 4, left). Such superhyperfine splitting is virtually
absent from the spectra for the chitin-active LPMOs (Figure 4,
right), and this can indicate differences in active site g strain and
A strain. The physical origin of g and A strain lies in
distributions of spin Hamiltonian parameters (i.e., the
orientation of the paramagnetic centers) caused by the
structural flexibility of the active site. Because cellulose-active
LPMOs have less g and A strain than the chitin-active enzymes,
they are more likely to have more structurally defined Cu(II)
environments.

It has previously been suggested that the observed differences
in the electronic structures of TaAA9A* and BaAA10A”' are
due to inherent differences between AA9-type and AA10-type
LPMOs.*' Our data suggest that these previously observed
differences are not family-dependent. Instead, they may relate
to substrate specificity and/or other aspects of the catalytic
features of the enzymes (see below for further discussion).

Site-Directed Mutagenesis of CelS2-N. All four AA10-
type LPMOs investigated have a phenylalanine reaching out
from the enzyme core toward the copper ion, independent of
the substrate preference. While this is a conserved residue in
AA10-type LPMOs, it tends to be a tyrosine in AA9-type
LPMOs, including TaAA9A [Tyr196 (Figure 3C)], though it
should be mentioned that a minor number of members of the
AA10 family have a tyrosine and those of the AA9 family have a
phenylalanine. To gain insight into the importance of this
residue, CelS2-N mutants F219A and F219Y were generated
[Phe219 corresponds to Phel87 in CBP21 (shown in Figure
3B)]. The mutants were expressed at levels comparable to that
of the wild type and purified in the same way. The activity of
the mutants was analyzed by MALDI-TOF MS and HPAEC.
The F219Y mutant showed no activity, whereas the F219A
mutant showed reduced activity (Figure 5). The amount of
soluble products obtained upon PASC degradation suggested
that the F219A mutant has a relative activity of approximately
15% compared to that of the wild-type enzyme. These data
show that the aromatic ring of Phe219 is not essential for
LPMO activity, although it does contribute. It is interesting that
the mutation of Phe219 to Tyr, which is present in almost all
members of the AA9 family at this position (Figure 3C), was
detrimental to activity.

We also investigated copper coordination for the CelS2-N
mutants using EPR. The overall EPR envelopes (Figure 6) for
the F219 mutants are similar to that of the wild type, with lower
g and higher A, values. The data clearly show that the copper
site remains intact in both mutants, although with minor
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Figure S. HPAEC chromatograms of oxidized products generated by
variants of CelS2-N. Products were analyzed after incubation of CelS2-
N wild type or CelS2-N F219A with PASC in 20 mM Bis-Tris (pH
6.0) at 37 °C for 16 h in the presence of 1 mM ascorbate: (--+) CelS2-
N wild type and (—) CelS2-N F219A mutant. The peak labeled Glc,
is the result of a cleavage near the reducing end of the polymer. Such
sugar moieties will not contain any oxidized functional groups when a
Cl-oxidizing LPMO interacts with cellulose. Shorter oligomers were
also observed prior to the 16 min elution time but were omitted from
the figure for the sake of clarity. The peak labeled DHA eluting right
after GlesGlcA corresponds to dehydroascorbate.

modifications (see values in Table 1). For inactive CelS2-N
F219Y, the superhyperfine splitting is even more prominent
than for wild-type CelS2-N (Figure 6).

B CONCLUDING REMARKS

In this study, we demonstrate the activity of two members of
the AA10 family, whose catalytic action has not previously been
described, BIAA10A, which oxidizes chitin substrates, and the
catalytic LPMO domain of E8 (TfAA10B), which oxidizes
cellulose. This allowed us to conduct a comparative study of
four AA10-type LPMOs, two acting on chitin and two acting on
cellulose.

Substrate binding studies with CelS2 and CelS2-N yielded
remarkable results in which both showed strong binding to
chitin, on which the enzymes are not active, and weaker and
almost no binding to cellulose, on which the enzymes are
active. Notably, when LPMO functionality is being assessed, it
is important to realize that functional studies normally are
conducted with non-natural (i.e., heavily processed) substrates
that may be both heterogeneous and structurally dissimilar
from “real life”. In any case, the data for CelS2 clearly show that
differences in the ability to bind certain substrates cannot
explain differences in the substrate specificity of catalytic action.
All in all, our data suggest that variation in the substrate
specificity of LPMOs is determined by the copper active site
configuration (because we did observe differences by EPR)
and/or the geometry of the enzyme—substrate interaction.
Both are conceivably affected by sequence variations directly
adjacent to the copper binding site, as discussed above. There
are major variations in residues possibly involved in
determining substrate specificity (Figure 3D), and there are
variations in a cluster of conserved aromatic residues, including
Trp178/210 and possibly extending to Phel87/219 (Figure
3D), that may be involved in electron transfer.”'

The EPR data show that there is considerable variation in the
copper-coordinating environments of AA10-type LPMOs.
Importantly, the EPR spectra of cellulose-active AA10-type
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Figure 6. X-Band EPR spectra (—) with simulations (--) for CelS2-N WT, F219A, and F219Y (left). The right panel shows close-ups of the
superhyperfine splitting. The EPR spectra were recorded at 30 K using a microwave power of 0.5 mW.

LPMOs are very similar to the EPR spectrum of the cellulose-
active AA9-type LPMO TaAA9A," despite the fact that this
AA9 enzyme shows some structural differences in or close to
the copper binding site. First, the N-terminal copper-
coordinating histidine is methylated, which is not the case in
the AA10 LPMOs. Second, a conserved Phe in AA10 LPMOs,
with its C¢ atom located 4.0 A from the metal ion in CBP21
(Figure 3B), is replaced by a Tyr in most AA9-type enzymes,
with its hydroxyl group 2.8 A from the metal ion (Figure 3C).
The tyrosine residue [Tyr196 in TaAA9A (Figure 3C)] may
not be as important as anticipated, because the distance
between the tyrosine/tyrosinate in TaAA9A is longer (2.8 A)
than the average 2.38 A Cu—OTyr bond.** Moreover, while
mutation of Phe219 to Tyr in CelS2 inactivated the enzyme,
the EPR spectrum showed that the copper site remained intact,
although with minor modifications. There is no crystal structure
for CelS2 or any other cellulose-active AA1O to conclude if
there is sufficient space for the added hydroxyl group, which
may be the reason why CelS2-N F219Y is inactive. Other
mutations (Phe219Ala in this study and Tyr153Phe in TtAA9E
described by Harris et al.”) indicate that neither the Phe in
AA10-type LPMOs nor the Tyr in AA9-type LPMOs is
absolutely necessary for activity.

While our data show that there is a correlation between EPR
observable variation in the copper binding sites and variation in
LPMO functionality, more work needs to be done before the
structural basis of LPMO substrate specificity and oxidative
power can be unraveled in detail.

As stated by Hemsworth et al,*"** there are clear differences
between the active sites of AA10 and AA9. One such difference
concerns the steric congestion caused by conserved hydro-
phobic amino acid sides (Alal12 and Phel87 in CBP21),
possibly forcing the substrate to bind solely in the equatorial
positions. Our results suggest that the presence of these
residues does not determine substrate specificity, which rather
seems to be determined by variation at positions that are
slightly more remote from the catalytic center. One would
certainly expect the structural differences in the copper binding
sites themselves to have effects, but these apparently cannot be
detected by EPR (or in terms of variation in substrate
specificity). Several monomeric copper—oxygen species are
known and proposed to be capable of sp> carbon oxidation,*>*!
and it is possible that the AA9 and AA10 enzymes differ in
terms of how they are generated. Recently, Kim et al. showed,
using quantum mechanical calculations, that oxygen binds end-
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on (') to copper and that a copper-oxyl-mediated oxygen
rebound mechanism is energetically preferred on an AA9-type
LPMO.* It would be interesting to undertake same analyses of
the oxygen activation process for members of the AA10 family
with varying substrate specificities and compare Cl-oxidizing
members of the AA9 and AA10 families with similar substrate
specificities.

B ASSOCIATED CONTENT

© Supporting Information

A general drawing of the constructs and the domain
architecture of LPMOs in this study (Figure S1) and X-band
EPR spectra for apo and Cu(II)-charged CelS2 and CBP21
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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