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Starch-binding modules of family 20 (CBM20) are present in 60% of lytic

polysaccharide monooxygenases (LPMOs) catalyzing the oxidative break-

down of starch, which highlights functional importance in LPMO activity.

The substrate-binding properties of starch-active LMPOs, however, are cur-

rently unexplored. Affinities and binding-thermodynamics of two recombinant

fungal LPMOs toward starch and b-cyclodextrin were shown to be similar to

fungal CBM20s. Amplex Red assays showed ascorbate and Cu-dependent

activity, which was inhibited in the presence of b-cylodextrin and amylose.

Phylogenetically, the clustering of CBM20s from starch-targeting LPMOs

and hydrolases was in accord with taxonomy and did not correlate to

appended catalytic activity. Altogether, these results demonstrate that the

CBM20-binding scaffold is retained in the evolution of hydrolytic and oxida-

tive starch-degrading activities.

Keywords: AA13; carbohydrate-binding module; CBM20; lytic

polysaccharide monooxygenase; starch binding; b-cyclodextrin

Starch is a major renewable energy storage polysaccha-

ride in plants and an important resource not only as a

food but also as an industrial feedstock in biofuels,

pharmaceuticals, detergents, and cosmetics [1–3].
Starch consists of two types of homo-glucose poly-

mers: the mainly linear a-1,4-linked amylose and amy-

lopectin, constituting 65–82% (w/w) of the starch

granule and differing from amylose by having a larger

molecular mass and roughly 5% a-1,6-branches of 12–
15 glucosyl units long on average [2,4,5]. Starch is

biosynthesized as insoluble granules, varying in size,

morphology, crystal packing, and crystallinity that

ranges from 15 to 45% depending on botanical origin

[6–8]. Radially alternating amorphous and semicrys-

talline layers in the starch granule arise from the pack-

ing of double helices formed by adjacent branches in

amylopectin, with the semicrystalline regions con-

tributing to resistance of starch to enzymatic degrada-

tion [9,10]. Many industrial applications require the

disruption of starch granules through hydrothermal,

harsh chemical, or enzymatic treatments [11–13].
Despite development of relatively efficient a-amylases

and other starch-degrading enzymes, there is still a sig-

nificant margin for improving starch hydrolysis yields

and shortening processing time, which would signifi-

cantly reduce energy and costs of the process [14,15].

Typically, glycoside hydrolases (GHs) that degrade

complex polysaccharides possess carbohydrate-binding

modules (CBMs) that promote enzyme-substrate prox-

imity and thereby enhance catalytic efficiency [16,17].

Moreover, CBMs can also modulate the specificity and

activity of cognate enzymes against plant cell wall

Abbreviations

AA, auxiliary activity; CAZy, carbohydrate-active enzymes; CBM, carbohydrate-binding module; DSC, differential scanning calorimetry; GH,

glycoside hydrolase; ITC, isothermal titration calorimetry; LPMO, lytic polysaccharide monooxygenase; SBS, starch-binding site; SDS/PAGE,

sodium dodecyl sulfate-polyacrylamide gel electrophoresis; b-CD, b-cyclodextrin.
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polysaccharides [18,19]. Similarly, starch-specific

CBMs, which are assigned into CBM20 in the CAZy

database [20,21], are reported to potentate the activity

of fungal amylolytic enzymes, for example, a-amylases

and glucoamylases on granular starch [22,23]. Cat-

alytic efficiency gains have been also conferred to amy-

lolytic enzymes by fusion to CBM20s, attesting the

importance of these ancillary modules in the decon-

struction of starch [24,25].

Lytic polysaccharide monooxygenases are copper-

dependent enzymes that use molecular oxygen and an

external electron donor to cleave glycosidic bonds in

various polysaccharides, such as cellulose [26,27],

hemicelluloses [28,29], and chitin [30]. These enzymes

are assigned into auxiliary activity (AA) families 9, 10,

11, and 13 in the CAZy database. Similar to other

complex polysaccharide active enzymes, CBMs occur

frequently (~ 30%) together with LPMO catalytic

modules [31]. Knowledge on CBMs occurring with

LPMOs, however, is scarce. Recently, modular

LPMOs comprising AA13 catalytic modules joined to

C-terminal starch-binding CBM20 have been shown to

be active on starch [32,33]. No activity, however, could

be demonstrated for the truncated Aspergillus oryzae

enzyme (AoAA13) lacking the CBM20 that is present

in most enzymes from this family. The purification of

AA13 enzymes using amylose-affinity columns demon-

strates their affinity to starchy ligands, but currently

there are no data on their binding properties.

In this study, we have analyzed the binding of two

AA13 enzymes from Aspergillus terreus and the cereal

pathogen, Magnaporthe oryzae, to starch and the

model ligand, b-cyclodextrin, which is commonly used

as a starch mimic substrate. Our data establish the

ability of starch-active AA13 LPMOs to bind starch

granules and b-cyclodextrin with comparable affinities

to typical amylolytic hydrolases, which highlights the

common and important function of CBMs in granular

starch degradation in both types of enzymes.

Materials and methods

Cloning, production, and purification of

recombinant enzymes

The genes (cDNA) encoding lytic polysaccharide monooxy-

genases of auxiliary activity 13 (AA13) family from

M. oryzae, MoLPMO13A (UniProt: Q2KEQ8), and from

A. terreus, AtLPMO13A (UniProt: Q0CGA6) were synthe-

sized by GenScript (Piscataway, NJ, USA). The synthetic

MoLPMO13A gene was inserted into the pPICZa A vector

(Invitrogen, Carlsbad, CA, USA) using BstBI and XbaI

sites, and AtLPMO13A using XhoI and XbaI sites. These

plasmids were linearized with PmeI and transformed into

electrocompetent Pichia pastoris X-33 cells (Invitrogen) by

electroporation, and selected on YPDS plates supplemented

with 100 lg�mL�1 zeocin following manufacturer’s instruc-

tions (EasySelectTM Pichia Expression Kit; Invitrogen).

Transformants were screened for protein production in

BMGY medium containing 1% (v/v) glycerol and best

secreting transformants were used to produce MoLP-

MO13A and AtLPMO13A in a 5-L Biostat B bioreactor

(Sartorius Stedim Biotech, Goettingen, Germany) as previ-

ously described [34]. The culture supernatants were recov-

ered by centrifugation (14 000 g, 45 min, 4 °C) and filtered

using 0.45-lm membrane filters (Millipore, Bedford, MA,

USA). Both proteins were purified by affinity chromatogra-

phy using b-cyclodextrin (b-CD) sepharose, followed by

size-exclusion chromatography. The cell-free supernatant

was supplemented with (NH4)2SO4 to 0.5 M, followed by

centrifugation (15 000 g, 15 min, 4 °C), and refiltration

before loading onto a 20-mL b-CD sepharose [35] column

and purification as previously described [36]. The elution

fractions containing the purified protein were pooled, con-

centrated, and loaded onto a HiLoad 16/60 Superdex G-75

size-exclusion column (GE Healthcare, Uppsala, Sweden)

and eluted in 10 mM Na Acetate, 150 mM NaCl, pH 5.5 at

1 mL�min�1. Chromatographic steps were performed using

an €AKTA Explorer chromatograph (GE Healthcare) at

4 °C. Protein purity was analyzed by SDS/PAGE, and the

fractions containing pure protein were pooled and concen-

trated with Amicon Ultra centrifugal filters (MWCO

10 kDa; Millipore). Protein concentrations were determined

by absorbance A280, using the theoretical extinction coeffi-

cients calculated using ExPASy server (MoLPMO13A:

71 360 M
�1�cm�1, and AtLPMO13A: 82 360 M

�1�cm�1)

[37].

Mass spectrometry (MS) analysis was employed to verify

correct processing of signal peptide of MoLPMO13A. Puri-

fied MoLPMO13A was precipitated by the addition of

100% acetone (1 : 4 vol) and incubation (�20 °C, 2 h) fol-

lowed by centrifugation (10 000 g, 10 min, 4 °C). The

MoLPMO13A pellet was dried, redissolved (100 lL, 20 mM

Tris-HCl, pH 8), reduced by incubation with dithiotreitol

(10 mM, room temperature, 30 min). Alkylation was per-

formed by reaction with iodoacetamide (15 mM, room tem-

perature, 30 min). The protein was digested with 20 lL
12.5 ng�lL�1 sequencing-grade modified trypsin (Promega,

Madison, WI, USA) and incubated at 37 °C for 16 h.

Trypsination was stopped by addition of trifluoroacetic

acid (TFA) to 0.5% (v/v) and the sample was dried in a

SpeedVac and purified with ZipTip C18 column. Samples

(1 lL) were spotted directly onto an MTP AnchorChip tar-

get plate (Bruker Daltonics, Bremen, Germany), allowed to

dry, and overlaid with 1 lL 0.5 lg�lL�1 a-cyano-4-hydro-
xycinnamic acid (CHCA) matrix in 90% acetonitrile, 0.1%

TFA. The analyses were performed using an Ultraflex II

MALDI-TOF/TOF MS (Bruker Daltonics, Germany). The
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obtained mass spectra were processed with FlexAnalysis

and BIOTOOLS software (Bruker Daltonics). The MS and

MS/MS data were used as query to search NCBInr data-

base using an in-house-licensed Mascot search engine

(Matrix Science, London, UK) and the following parame-

ters: allowed global modification, carbamidomethyl cys-

teine; variable modification, oxidation of methionine;

missed cleavages, 1; peptide tolerance, 80 ppm; MS/MS tol-

erance, � 0.5 Da.

Deglycosylation

N-glycosylation sites were predicted using the servers

NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/)

and GlycoEP (http://www.imtech.res.in/raghava/glycoep/).

O-glycosylation sites were predicted using the servers

NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) and

GlycoEP.

AtLPMO13A (10 lg) was incubated with 2 lL Endo H

(New England Biolabs, Ipswitch, MA, USA) in a 20-lL
reaction volume at 37 °C for 4 h. MoLPMO13A (1 lg)
was incubated with 1 lL Jack bean a-mannosidase (Sigma-

Aldrich, St. Louis, MO, USA) and/or 1 lL b-mannosidase

(Megazyme, Bray, Ireland) in a 10 lL reaction volume for

2 h at 25 °C and for another 2 h at 37 °C. Mobility shifts

were analyzed using SDS/PAGE.

Thermal stability of the recombinant LPMOs

Differential scanning calorimetry (DSC) was used to ana-

lyze the conformational stabilities of MoLPMO13A and

AtLPMO13A using a Nano DSC instrument (TA Instru-

ments, New Castle, DE, USA). Protein samples (10 lM)
were dialyzed against 3 9 1000 volumes of 10 mM Na acet-

ate buffer, pH 5.5 for 24 h, degassed and loaded into sam-

ple cells, and scanned (20–100 °C, 1 °C�min�1) with the

dialysis buffer in the reference cell. Baseline scans, collected

with buffer in both reference and sample cells, were sub-

tracted from sample scans, and the UNIVERSAL ANALYSIS

software (TA Instruments) with a DSC add-on was used to

model the reference cell and baseline-corrected thermo-

grams using a two-state scaled model to determine Tm (un-

folding temperature, defined as the temperature of

maximum apparent heat capacity) and the calorimetric heat

of unfolding ΔHcal.

Amplex Red activity assay

An assay based on Amplex Red and horseradish peroxidase

was used to measure the extent of H2O2 generation, which

is a side reaction catalyzed by the reduced LPMO copper

center [38]. The assay was performed in 100 mM sodium

phosphate pH 6.5 by incubating 50 lM Amplex Red,

1 U�mL�1 horseradish peroxidase, 20 lM AtLPMO13A,

0–200 lM ascorbate as reductant in 200 lL at 25 °C, and
the absorbance at 571 nm (A571) was measured in a micro-

titer plate reader. Removal of the catalytic copper ion was

carried out by incubating 50 lM LPMO with 1 mM EDTA

in 20 mM HEPES, pH 7.5 for 30 min at room temperature,

followed by desalting using a Sephadex G-25 column (GE

Healthcare) equilibrated and eluted with a 10 mM MES,

pH 6.5. To investigate recovery of activity from copper-

depleted enzyme, 100 lM CuSO4 was added and excess cop-

per was removed as described above. The inhibition of the

enzyme by b-cylodextrin or amylose of degree of polymer-

ization 17 was tested by performing the same assay in the

presence of varying amounts of the carbohydrates.

Insoluble starch-binding assay

Binding of MoLPMO13A to insoluble wheat starch

(Sigma-Aldrich) was analyzed using wheat starch, which

was washed three times with MilliQ water, followed by

10 mM Na acetate, pH 5.5. Enzyme aliquots (2.3 lM or

4.7 lM) were added to 0, 1, 5, 10, 20, 30, or 45 mg�mL�1

starch suspensions in the above buffer to a final volume of

300 lL. The suspensions were incubated at 4 °C for 1 h,

and then centrifuged (4000 g, 5 min, 4 °C) to pellet the

starch. Free enzyme concentrations (A280) in the super-

natants from each suspension were measured and used to

determine the fraction of bound protein. A one-site binding

model was fit to the binding isotherms, where P is protein,

S is starch, and Bmax is the maximum binding capacity:

[Pbound] = Bmax�[S]/(Kd + [S]), by nonlinear regression

(Langmuir isotherm) using PRISM 6 software (GraphPad, La

Jolla, CA, USA). Controls without added enzyme, and

with enzyme and 2 mM b-CD were performed.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were

carried out using a MicroCal iTC200 calorimeter (Micro-

Cal, Northampton, MA, USA). AtLPMO13A (200 lM),
dialyzed against 10 mM MES, pH 6.5 overnight, was

titrated with 2 mM b-CD dissolved in the same buffer at

25 °C with an initial injection of 0.4 lL, followed by 21

injections of 1.8 lL. Baseline measurements were made

using an identical injection regime in the absence of pro-

tein. A one-binding site model was fit to the integrated nor-

malized data to determine the binding parameters using the

MICROCAL ORIGIN software package (OriginLab, Northamp-

ton, MA, USA).

Bioinformatics analysis

The CAZy database was used to retrieve AA13 sequences.

The characterized The Aspergillus nidulans modular

AnAA13 (UniProt: Q5B1W7), that contains a CBM20 was
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used as a query in a BLAST search against the nonredun-

dant protein database [39] to retrieve additional orthologs

which were not assigned in the CAZy database. Sequences

with alignment scores above 200 were retrieved. Conserved

domain searches were performed using NCBI Conserved

Domain Database [40], to omit sequences lacking the puta-

tive CBM20. Multiple sequence alignments of AA13 cat-

alytic modules and CBM20s from all retrieved AA13

orthologs were performed using MUSCLE [41] and ren-

dered using ESPRIPT [42]. Sequences of 24 CBM20s from

fungal GH13 a-amylases and GH15 glucoamylases were

used for comparison with 75 sequences of CBM20s from

LPMOs. A phylogenetic tree was calculated from the align-

ment using the ClustalW2 phylogeny with default settings

[41] and visualized using DENDROSCOPE 3.5 [43].

Results and Discussion

Heterologous expression of the recombinant

LPMOs and enzyme stability

MoLPMO13A and AtLPMO13A were produced and

purified at high yields (Fig. 1). Both enzymes migrated

as smeary bands with higher apparent molecular

masses than the theoretically those calculated from the

sequences (42 734 Da and 37 220 Da for AtLP-

MO13A and MoLPMO13A, respectively). The larger

observed size is likely a result of O- and/or N-glycosy-

lations, which are predicted for both LPMOs. Particu-

larly, O-glycosylation in the serine/threonine-rich

linker, connecting the catalytic module to the C-term-

inal CBM20 (Fig. S1). Moreover, AtLPMO13A has a

predicted N-glycosylation site (N379) in the CBM20

(Fig. S1), at a position suggested to interact with the

substrate at starch-binding site 1 [23]. Glycosylation of

this site is likely to reduce affinity due to steric hinder-

ing. Treatment with EndoH, which cleaves N-glycans,

however, did not result in a visible change in migration

pattern on the gels (data not shown). Therefore, the

larger apparent size of the enzymes was mainly attrib-

uted to O-glycosylation. A combination of a- and b-
mannosidase treatment of the LPMOs resulted in an

apparent decrease in size on SDS/PAGE gels (data not

shown), which confirms O-mannosylation of the

enzymes as observed for other LPMOs expressed in

P. pastoris [38,44,45]. The yield of mannosidases treat-

ment was too low to allow a preparative deglycosyla-

tion of the enzyme. Mass spectrometric analysis

confirmed that the signal peptide of MoLPMO13A

was correctly processed to yield a native N terminus

(data not shown), which is a prerequisite for LPMO

activity. The stability of the LPMOs was investigated

using DSC analysis, which showed that both enzymes

were highly thermostable attesting their structural

integrity. The denaturing temperatures (Tm) were 70.0

and 70.9 °C, for AtLPMO13A and MoLPMO13A,

respectively (Fig. S2). Both thermograms featured a

single peak suggesting that the unfolding processes of

the catalytic and CBM20 modules were overlapping.

These Tm temperatures are slightly higher but compa-

rable to other reported Tm values for fungal LPMOs

(63.0–68.9 °C) [38]. This is also in agreement with the

large calorimetric enthalpy of approximately

480 kJ�mol�1 for both proteins.

Starch-specific LPMOs activity assays

The Amplex Red assay showed that AtLPMO13A was

active and that the activity correlated with ascorbate

concentration and time (Fig. 2). The depletion of cop-

per ion almost abolished activity, which was restored

when the enzyme was reincubated with CuSO4

(Fig. 2). These data confirmed that the Cu-active site

of the enzyme was intact. We have also observed inhi-

bition of activity in the presence of either 1 mM b-
cyclodextrin or 0.5 mM amylose with an average

degree of polymerization of 17, which suggests that

both these ligands block the access to the active site.

We have also observed the dependence of activity on

enzyme concentration. Moreover, the generation of

A     B   kDa
200

116.3

66.3
55.4

36.5
31

21.5

14.4

Fig. 1. SDS/PAGE showing Mark 12 protein standard (Invitrogen)

in the left lane and recombinant purified MoLPMO13A and

AtLPMO13A in lanes A and B, respectively.
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nonoxidized oligomeric products from both AtLP-

MO13A and MoLPMO13A was observed by thin

layer chromatography and MALDI-TOF analysis,

when the enzymes were incubated with amylose, but

no oxidized products could be identified. No products

were detected after incubation with b-cyclodextrin
(data not shown).

Starch-specific LPMOs bind to starch granules

and the starch mimic b-cyclodextrin

MoLPMO13A and AtLPMO13A were purified using

b-cyclodextrin (b-CD) affinity chromatography

suggesting that both enzymes possess affinity for

starch. Indeed, the binding of MoLPMO13A to wheat

starch granules was demonstrated (Fig. 3). Control

experiments performed in the presence of 2 mM b-CD
abolished binding, which confirms the binding speci-

ficity and precludes aggregation artifacts (data not

shown). An equilibrium dissociation constant

Kd = 8.70 � 1.90 mg�mL�1 and a maximum binding

capacity of 35% were determined from the binding

isotherms. This affinity is roughly one order of magni-

tude higher than that reported for the cyclodextrin gly-

cosyltransferase from Bacillus circulans, which harbors

a CBM20, using potato starch as ligand

(Kd = 0.79 mg�mL�1) [46]. This enzyme, however, pos-

sesses significant affinity in its active site to b-cyclodex-
trin and helical structures in starch, which is likely to

contribute to the higher affinity. By comparison, the

affinity of the MoLPMO13A to wheat starch was

roughly one order of magnitude higher than the

enzyme comprising the homologous CBM20 from the

Aspergillus niger glucoamylase fused to a b-galactosi-
dase using corn starch as ligand (Kd = 55.6 mg�mL�1)

[25]. M. oryzae is a rice pathogen [47,48], while A. ter-

reus, for example, is frequently associated with crops,

for example, wheat and potatoes [49,50], which may

affect the starch type preference for enzymes from

these organisms. Nonetheless, the binding of MoLP-

MO13A to wheat starch clearly demonstrates compa-

rable binding to amylolytic CBM20-containing

hydrolases.

b-CD is widely accepted as a model probe for the

binding of different starch-binding proteins to starch

[51–53]. The binding of recombinant AtLPMO13A to

this model ligand was measured using ITC (Fig. 4).

The data established moderate affinity binding to b-

Fig. 2. Amplex Red activity assay performed on AtLPMO13A. (A)

The enzyme displays higher activity with increased ascorbate

concentration; (B) The Cu ion-deprived enzyme shows markedly

lower activity as compared to the control (no Cu ions are added or

depleted from the enzyme). The activity of the Cu ion-deprived

enzyme was restored by the addition of CuSO4. These data

demonstrate that the Cu-active center of the recombinant enzyme

is intact.

Fig. 3. MoLPMO13A binding to insoluble wheat starch. The

binding isotherms show the binding of 2.3 lM (black circles) and

4.7 lM (gray circles) enzyme to wheat starch (1–45 mg�mL�1). The

data are shown as means of duplicates � standard deviations and

the fits of a one-binding site model to the data are depicted as

grey lines.
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CD with an association equilibrium constant,

Ka = (2.74 � 0.18) 9 104 M
�1 equivalent to a

dissociation constant, Kd = 37 lM and a favorable free

energy change, DG = �25.4 kJ�mol�1. The binding

was driven by a favorable enthalpy

(DH = �63.0 � 0.48 kJ�mol�1), which was off-set by

an unfavorable entropy (�TDS = 37.6 kJ�mol�1). The

binding affinity of AtLPMO13A to b-CD is slightly

lower, but in the same range as the Kd (~ 10 lM)
obtained for the isolated CBM20 from the A. niger

glucoamylase [54] and the Kd (~ 19 lM) for the full-

length enzyme [55]. The thermodynamic signature of

binding is also very similar, which suggests that the

binding affinity of the CBM20 appended to the A. ter-

reus LPMO is similar to counterparts that occur with

starch-degrading hydrolases. Notably, the obtained

binding stoichiometry (n) was 0.54 as compared to

value of two obtained for typical CBM20 domains

that possess two binding sites [55]. It cannot be

excluded that the binding stoichiometry is reduced due

to the presence of a fraction of the enzymes with

impaired binding due to steric hindrance caused by

glycosylation (Fig. S1), but the ITC affinity and ther-

modynamic parameters clearly demonstrate a typical

binding pattern of modular GHs that target starch

aided by a CBM20 module. It is not possible from

these data to rule out the presence of additional bind-

ing sites on the catalytic module, which may be

impaired due to glycosylation. Interestingly, activity

was only possible to demonstrate on the full-length

LPMO from A. nidulans, which suggests that the

starch binding mediated by the CBM20 contributes

importantly to the catalytic potency of starch-active

LPMOs [32]. Solvent accessible aromatic residues are

almost invariably present in the active sites of GHs,

but are conspicuously lacking in LPMO counterparts,

which is indicative of a more dynamic lower affinity

substrate binding in the active sites of LPMOs as com-

pared to GHs. Hence, the affinity and the specificity of

the CBMs may be important for targeting of the

LPMOs activity to specific sites at the surface of com-

plex insoluble substrates. Removal of the cellulose

binding CBM2 from LPMOs of AA10 enzymes

(ScLPMO10C and TfLPMO9B) resulted in a twofold

reduction in cellulolytic activity toward cellulosic sub-

strates in vitro [56,57]. In contrast, the deletion of a

CBM1 from an AA9 enzyme (NcLPMO9C) did not

affect the LPMO activity against cellulosic substrate

but decreased it against xyloglucan [58]. Clearly, addi-

tional studies are needed to highlight the role and the

contribution of CBMs to the mode of substrate bind-

ing and function of LPMOs.

Evolutionary conservation of CBM20 from starch-

active LPMOs and GHs

Currently, the family AA13 contains only 14 LPMO

sequences in the CAZy database (http://cazy.org/

AA13.html), which only displays finished GenBank

entries. A BLAST search using AnAA13 as a query

uncovered a total of 75 LPMO homologs possessing

CBM20 modules. The A. terreus LPMO (AtLP-

MO13A), which is currently not in the CAZy data-

base, is a close homolog to the characterized

AnAA13, sharing 75% identity, and this study con-

firms the binding functionality of this starch-specific

LPMO. An analysis of all AA13 LPMOs showed

that the catalytic modules share 60–80% sequence

identity including the conserved catalytic residues

reported for other LPMOs (Fig. S3) [59]. Strikingly,

approximately 60% of these sequences possess a C-

terminal CBM20, frequently associated with amy-

lolytic hydrolases [22], which corresponds to a twice

as high relative occurrence of CBMs as compared to

the average in LPMOs. This suggests an

Fig. 4. Isothermal titration calorimetry (ITC) of the binding of

AtLPMO13A to b-cyclodextrin. Binding thermogram (top), and

normalized integrated heat response (lower panel, black squares)

are shown and the fit (black line) of a one-site binding model to the

data. Titrations were performed in 10 mM MES, pH 6.5 at 25 °C.
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evolutionary advantage conferred by the CBM20 in

the breakdown of starch, which applies for both

LPMOs and GHs.

The alignment of sequences showed that CBM20

appended to AA13 are highly similar to counterparts

appended to GH13 and GH15 (Figs 5 and S4) [60].

Overall, the three out of four consensus starch-binding

sites (SBS) 1 and 2 carbohydrate-binding residues (cor-

responding to W543, K578, W590, and W563 of

A. niger glucoamylase [53]) are conserved in CBM20s

from fungal AA13, GH13, and GH15. It has been

shown that substitutions of these residues cause sub-

stantial affinity losses for starchy substrates [23,54]. At

SBS1 one of tryptophans (W590 in A. niger glucoamy-

lase) is substituted by tyrosine in several AA13 pro-

teins, including MoLPMO13A, and glycine in one

AA13 protein. The subtle change from a tryptophan

to a tyrosine is unlikely to cause major affinity

changes. Furthermore, the two polar residues at SBS1

(corresponding to K578 and N595 of A. niger glu-

coamylase) that are known to form hydrogen bonds

with starchy ligands, are conserved in all except one

AA13 form Verticillium dahliae. The conservation of

functional residues in LPMO-associated CBM20s is in

agreement with the ITC affinity measurements that

show comparable binding affinity and thermodynamics

to fungal CBM20s. To investigate if CBM20 from

LPMOs could be distinguished from counterparts in

hydrolases, for example, a-amylases and glucoamy-

lases, we performed a phylogenetic analysis of all

CBM20 sequences from LPMOs and 24 amylolytic

hydrolases (Fig. 6). Notably, the CBM20 sequences

clustered largely based on taxonomy, with no apparent

regard to the nature of the cognate catalytic module

(i.e., LPMO or hydrolase). These findings suggest a

strong pressure to retain the CBM20 as a common

binding scaffold during the evolution of catalytically

diverse oxidative LPMOs and hydrolases targeting

starch. This is also consistent with the early observa-

tions of Janecek et al. [61] with regard to clustering of

CBM20 in amylolytic hydrolases.

In conclusion, this study presents the first quantita-

tive data on the binding properties of starch-active

LPMOs possessing CBM20 modules. The measured

binding affinities and thermodynamic fingerprint

revealed a binding pattern typical of CBM20-contain-

ing amylolytic hydrolases. These results suggest that

starch-binding of AA13 enzymes is mediated mainly

by the CBM20 part, but the presence of lower affinity

binding sites on catalytic modules cannot be excluded.

Sequence analysis revealed the conservation of ligand-

binding residues in CBM20s from fungal starch-speci-

fic LPMOs and hydrolases suggestive of a shared func-

tion of these starch-binding modules in both catalytic

contexts. This is also supported by the phylogenetic

clustering of CBM20 sequences according to taxonomy

with no obvious correlation with the activity of

appended catalytic modules. The conservation of the

CBM20-binding scaffold in the evolution of different

oxidative and hydrolytic starch-degrading enzymes

asserts the pivotal role of these modules in targeting

granular starch.

*

* *

.

Fig. 5. Sequence alignment of CBM20 modules from AtLPMO13A, MoLPMO13A and fungal characterized GH13 a-amylases and

GH15 glucoamylases. Fully conserved residues are in white letters and gray background, the SBS1 residues (two tryptophans/tyrosine

and a lysine) are marked with stars, and SBS2 tryptophan is marked with black dot. The UniProt accessions and organisms are

indicated.
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