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Summary

Lytic polysaccharide monooxygenases (LPMOs) are monocopper enzymes of industrial and 

biological importance. In particular, LPMOs play important roles in fungal lifestyle. No 

inhibitors of LPMOs have yet been reported. 

In this study, a diverse library of 100 plant extracts was screened for LPMO activity-

modulating effects. By employing protein crystallography and LC-MS we successfully 

identified a natural LPMO inhibitor.

Extract screening revealed a significant LPMO inhibition by methanolic extract of 

Cinnamomum cassia (cinnamon), which inhibited LsAA9A LPMO from Lentinus similis 

in a concentration-dependent manner. With a notable exception, other microbial LPMOs 

from families AA9 and AA10 were also inhibited by this cinnamon extract. The 

polyphenol cinnamtannin B1 was identified as the inhibitory component by 

crystallography. Cinnamtannin B1 was bound to the surface of LsAA9A at two distinct 

binding sites, one close to the active site and another at a pocket on the opposite side of the 

protein. Independent characterization of cinnamon extract by LC-MS and subsequent 

activity measurements confirmed that the compound inhibiting LsAA9A was cinnamtannin 

B1. 

The results of this study show that specific natural LPMO inhibitors of plant origin exist in 

nature, providing the opportunity for future exploitation of such compounds within various 

biotechnological contexts. 

Keywords: Cinnamomum cassia, cinnamtannin B1, inhibitor, Lentinus similis, LPMO, lytic 

polysaccharide monooxygenase, plant extract
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1 Introduction

The relationships between plants and fungi play a major role in the equilibrium of terrestrial 

ecosystems and the carbon cycle. The interaction of fungi with plants, by means of their 

extracellular cellulolytic machinery, provides nourishment through the breakdown of 

carbohydrates and indirect release of nutrients from plant cells. The lifestyle of the fungus and its 

interaction with the plant can modulate the distribution of its elaborate cellulolytic enzyme 

cocktail, which is equipped with several polysaccharide-degrading enzyme families (O’Connell et 

al., 2012; Kracher et al., 2016; Berlemont, 2017; Jagadeeswaran et al., 2020). An important 

example of this cocktail are lytic polysaccharide monooxygenases (LPMOs), enzymes that 

oxidatively deconstruct polysaccharides, such as cellulose (Quinlan et al., 2011), chitin (Vaaje-

Kolstad et al., 2010) and xylan (Couturier et al., 2018). LPMOs are copper-containing enzymes 

that degrade polysaccharides through the oxidative cleavage of glycosidic bonds (Quinlan et al., 

2011). The activity of LPMOs arises from the reduction of their active-site copper ion, which is 

accomplished by an external reductant, such as phenols or ascorbate that are widely present in the 

plant hosts (Quinlan et al., 2011), followed by subsequent reoxidation with molecular oxygen or 

hydrogen peroxide (Beeson et al., 2012; Bissaro et al., 2017). 

The number of LPMO-encoding genes has been found to be higher in fungal plant pathogens than 

in fungal plant symbionts (Morgenstern et al., 2014; Kracher et al., 2016; Jagadeeswaran et al., 

2020). A good example of the importance of these enzymes for fungal lifestyle is the switch from 

biotrophy to necrotrophy of Colletotrichum plant pathogens, during which high induction of 

LPMO-encoding genes has been reported (O’Connell et al., 2012). The high number of LPMO-

encoding genes in fungal plant pathogens is a well-documented pathogenicity trait, which points to 

the selective pressure that plant defences had to overcome during evolution (Hématy et al., 2009; 

Stajich, 2017; Jagadeeswaran et al., 2020).

Plants are known to produce a variety of compounds that inhibit pathogen growth (Hématy et al., 

2009). Already 60 years ago, pioneering studies by Mandels and Reese led to the successful 

isolation of fungal cellulase and, possibly, LPMO inhibitors, from plant tissues (Mandels et al., 

1961; Mandels & Reese, 1962, 1965). During the degradation of cellulose, LPMOs may act as a 

first line of attack for the pathogen (Johansen, 2016), so it is expected that some plants may 

produce compounds that inhibit the activity of LPMOs. In their studies, Mandels and Reese A
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described a two-component cellulase system, the first of which was active on crystalline cellulose, 

enabling the subsequent action of the second. This alludes to the possibility that the activity of the 

first component may be, at least partly, due to the presence of LPMOs in the cellulolytic cocktails 

they studied (Meier et al., 2018). With our current knowledge, their studies suggest that a number 

of plant extracts could have the potential for LPMO inhibition, such as extracts of astringent 

persimmon, plantain, muscadine grape, bayberry, guava and many others. Utilization of plant 

diversity throughout history has led to the discovery of a number of notable, naturally-derived, 

enzyme inhibitors (De Smet, 1997; Asano et al., 2000; Kim & Uyama, 2005). Surprisingly, the 

inhibition of LPMOs is a topic that has not received significant scientific attention. This study was 

therefore performed to investigate the presence of LPMO activity-modulating components in 

extracts from a wide range of plant species. Using a crystallographic approach, a trimeric 

procyanidin, present in the inhibitory methanolic extract of cinnamon, was identified. This 

compound binds to the surface of the well-characterized AA9 LPMO from Lentinus similis, 

LsAA9A (Frandsen et al., 2016) at two distinct binding sites. We further characterized the 

inhibitory extract and compound using a combination of analytical and biochemical approaches.

2 Materials and Methods

2.1 Materials and Chemicals

Endoglycosidase H was purchased from Roche Diagnostics GmbH. Cinnamtannin B1 (1), 

cinnamtannin D1 (3), aesculitannin B (4) and lindetannin (5) were purchased from Planta 

Analytica. AZCL-hydroxyethyl cellulose (AZCL-HEC) and cellooligosaccharides were purchased 

from Megazyme. Phosphoric-acid-swollen cellulose (PASC) was prepared from Avicel, as 

described previously (Kracher et al., 2018), followed by thorough washing in Milli-Q water, 

before the preparation of a PASC stock solution in 50 mM citrate/phosphate buffer (pH 6). Avicel 

and all other reagents were purchased from Sigma-Aldrich.

2.2 Plant Material and Extraction

Samples were extracted from more than 70 plant species on a small scale for screening of 

inhibition of LPMOs (Supporting Information Table S1). Thirteen specimens were collected from A
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the botanical garden of the Department of Plant and Environmental Science (Landbohøjskolens 

Have) at Copenhagen University, Denmark. Samples were air-dried before extraction. The other 

plant specimens were purchased in dry form from an herbal store. Plant material (2-5 g DW) was 

sequentially extracted on an orbital shaker (250 rpm, 25°C). Sequential extraction was performed, 

for 24 hours each in step, with solvents of increasing polarity: n-heptane, ethyl acetate, methanol 

and water. After each solvent, the plant material was allowed to dry in air before the next 

extraction step. The plant extracts were paper-filtered and evaporated to dryness using a vacuum 

concentrator (ScanVac Scan Speed 32). Stock solutions of methanolic and water extracts were 

prepared in water with 50 % DMSO to a concentration of 25-50 mg DW/ml. These stock solutions 

were used for LPMO inhibitory screening and characterization.

2.3 Polyphenol Analysis

Two plant specimens were selected for characterization of their phenolic constituents. Water and 

methanol extracts were obtained from plant components of Cinnamomum cassia (pulverized 

Chinese cinnamon bark) and Arctostaphylos uva-ursi (bearberry leaves). The polyphenolic 

fingerprint of the extracts was analysed using liquid chromatography-mass spectrometry (LC-ESI-

MS/MS). In brief, the diluted extract was filtered through a 0.22 μm membrane filter and injected 

into a Zorbax Eclipse Plus C-18 column (100 mm × 2.1 mm, 1.8 μm particle size, Agilent 

Technologies) fitted to a UHPLC system, combined with an Orbitrap Q Exactive high-resolution 

mass spectrometer (Thermo Fisher Scientific). The analytes were eluted using 0.1% v/v formic 

acid (mobile phase A) and acetonitrile (mobile phase B), at a flow rate of 0.250 ml/min, with the 

following linear gradient conditions (time in min/%B): 0.0/5, 14.1/40, 14.2/95, 15.8/95, 15.9/5, 

22.4/5. The column oven temperature was 25°C and the injection volume 1 μl. The MS parameters 

were as follows: sheath gas flow rate 28 AU, auxiliary gas flow rate 15 AU, sweep gas flow rate 4 

AU, spray voltage -3.00 kV, capillary temperature 300°C, and resolution power 70,000 FWHM. 

The settings for MS/MS (higher energy collision dissociation) were as follows: resolution power 

17,500 FWHM, automatic gain control target 2e5, maximum injection time 64 ms, and normalized 

collision energy (stepped): 10, 20 and 30. The polyphenols were identified by comparing the peak 

properties with those of authentic standards. Cinnamtannin B1 (1), cinnamtannin D1 (3), 

aesculitannin B (4) and lindetannin (5) were quantified using the same UHPLC gradient program 

as described above. However, the signal from a diode array detector, set to 280 nm, was used to A
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obtain the peak area. The limits of detection and limits of quantification for cinnamtannin B1 (1), 

cinnamtannin D1 (3), aesculitannin B (4) and lindetannin (5) were: 0.07 and 0.24, 0.12 and 0.39, 

0.07 and 0.25, and 0.08 and 0.25 μM, respectively.  

2.4 Enzyme Production and Purification

The following enzymes were produced and kindly provided by Novozymes A/S: LsAA9A from 

Lentinus similis (Frandsen et al., 2016), TaAA9A (Harris et al., 2010) from Thermoascus 

aurantiacus, TtAA9E (Harris et al., 2010) from Thielavia terrestris and NcAA9E (Phillips et al., 

2011; Beeson et al., 2012) from Neurospora crassa, classified in the auxiliary activity family 9 

(AA9) in the CAZy database. The LPMOs were heterologously expressed and purified as 

described previously (Simmons et al., 2017; Tokin et al., 2020). TfLPMO10A (Kruer-Zerhusen et 

al., 2017) from Thermobifida fusca was expressed and purified as described elsewhere 

(Hernández-Rollán et al., 2020). PaAA9E and PaAA9H from Podospora anserina were cloned as 

described previously (Bennati-Granier et al., 2015) and were produced in a bioreactor and 

purified as described elsewhere (Filiatrault-Chastel et al., 2019).The concentration of LsAA9A 

was determined by amino acid analysis (Barkholt & Jensen, 1989). In order to minimize the 

amount of free copper in the assays, holo-LsAA9A was prepared by incubating the protein 

overnight at 4°C with 1:0.75 sub-stoichiometric CuSO4. 

2.5 LPMO Inhibition Assays

All enzymatic activity measurements were carried out at 50°C in 96-well microtitre plates, 

incubated in an Eppendorf Thermomixer at 1000 rpm in 50 mM citrate/phosphate buffer (pH 6), 

unless specified otherwise. 

Pilot screening of LsAA9A inhibition by aqueous and methanolic plant extracts was performed on 

the chromogenic azurine cross-linked substrate AZCL-HEC (Megazyme), in the presence of 1 

mg/ml extract. Samples containing extracts, AZCL-HEC (0.5 g/l), holo-LsAA9A (1 µM) and 

ascorbic acid (2 mM) were incubated for 4 hours. The reaction mixtures were then centrifuged 

through filter plates with a 0.22 µm pore size (Millipore MultiScreenHTS) using a vacuum 

manifold, and the supernatant was collected. Absorbance was then measured at 590 nm on a plate 

reader (BioTek Synergy H1). The presented data was normalized to a control with a final DMSO 

concentration, equal to that of extract-containing samples.A
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Extract and compound concentration dependence were assessed for LsAA9A on AZCL-HEC in 

the presence of extract dilution series (2-0 mg/ml) or compound dilution series (1.5-0 mM). 

Samples containing AZCL-HEC (0.5 g/l), holo-LsAA9A (0.5 µM) and ascorbic acid (1 mM) were 

incubated for 2 hours. They were then filtered and the supernatant was collected for absorbance 

measurements at 590 nm on a plate reader. The data are presented as fractional activity versus 

inhibitor concentration on a logarithmic scale.  

Progress curves of LsAA9A activity on AZCL-HEC in the presence of cinnamon extract were 

obtained. Reaction mixtures with AZCL-HEC (0.5 g/l), LsAA9A (1 µM), ascorbic acid (2 mM) 

and extract (250 µg/ml and 500 µg/ml), were incubated for 0-60 minutes. The reaction was 

interrupted by centrifugation through filter plates, and the absorbance of the filtrate was measured 

at 590 nm. The data are presented as fractional activity, normalized to the 60-minute control. 

Substrate saturation experiments during inhibition by extract or cinnamtannin B1 were performed 

on AZCL-HEC at concentrations of 1-0 g/l substrate. Substrate-loaded microtitre plates were 

equilibrated at 50°C before the addition of plant extract (350 µg/ml and 250 µg/ml), holo-LsAA9A 

(0.5 µM) and ascorbic acid (1 mM). The plates were incubated for 30 minutes. When the reaction 

was complete, the mixture was centrifuged through a filter plate, and the absorbance of the filtrate 

measured at 590 nm. The data are presented as specific activity, or AU/sec*µM LsAA9A. 

The activity of LsAA9A on cellopentaose was assessed in the presence of cinnamon extract and 

cinnamtannin B1 in 20 mM MES buffer (pH 6.6). LsAA9A (100 nM) was incubated with varying 

concentrations of extract or compound for 10 minutes, followed by the addition of cellopentaose 

(100 µM), ascorbic acid (10 µM) and hydrogen peroxide (100 µM). After 10 minutes at 25°C, the 

reaction was stopped by the addition of 0.5 M NaOH. The breakdown of the substrate was 

assessed with HPAEC-PAD, using pure oligosaccharides as standards.

2.6 Crystallization and Soaking Experiments 

A deglycosylated sample of LsAA9A was prepared and crystallized as described previously 

(Frandsen et al., 2016). Briefly, LsAA9A (in 20 mM MES pH 6.0, 125 mM NaCl) was incubated 

overnight with Endoglycosidase H (0.05-0.06 units/mg LsAA9A), followed by buffer-exchange to 

20 mM sodium acetate buffer, pH 5.5. Pre-incubation was carried out with a molar excess of Cu 

(II) acetate at least 30 minutes prior to crystallization. Crystals were obtained under conditions A
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ranging from 3.2-3.8 M NaCl, 0.1 M citric acid pH 4.0, with LsAA9A concentrations of 20-25 

mg/ml, using vapour-diffusion methods. Experiments were set up manually in 2 μl hanging drops 

(1:1 protein:reservoir ratio) in VDX plates or in two 0.4 μl sitting drops (3:1 and 1:1 

protein:reservoir ratios) in MRC plates, using an Oryx-8 robot (Douglas Instruments). 

LsAA9A soaking experiments were carried out for 1-24 hours, using a stock solution of cinnamon 

MeOH extract and cinnamtannin B1. The extract stock solution was prepared by re-suspending 25 

mg dried MeOH extract of cinnamon in 100 μl 3.5 M NaCl with 0.1 M citric acid, pH 4.0. A 

cinnamtannin B1 stock solution (10 mg/ml) was prepared in Milli-Q water and a crystal was 

soaked in a 2 μl drop of 5 mg/ml cinnamtannin B1, 2.5 M NaCl, 0.05 M citric acid, at pH 4.0. The 

reported complexes were obtained after 24 h soaking (extract) and 3 hours soaking (pure 

compound). All crystals were mounted in nylon loops and cryocooled in liquid nitrogen. 

2.7 Crystallographic Data Collection

The crystallographic data were collected at cryogenic temperatures (100 K) at beamline P11 at 

DESY in Hamburg, Germany (Burkhardt et al., 2016). Highly redundant data were collected 

(3600 images with 0.1° oscillation) at a wavelength of λ = 1.0332 Å, and processed in space group 

P4132 (α=β=γ= 90°, a=b=c ~ 125 Å) with XDS and XSCALE, with a resolution cut-off of CC½ 

value above 50 % (Supporting Information Table S2).

2.8 Structure Determination, Ligand Preparation and Refinement

DIMPLE (Wojdyr et al., 2013; Potterton et al., 2018) was used for structure determination, using 

modified LsAA9A (PDB 5ACI) structure coordinates (determined from highly redundant and 

high-resolution data) and importing the corresponding R-free flags. Ten rounds of rigid body 

refinement, four rounds of jelly refinement and eight rounds of restrained refinement were run 

using Refmac5 (default). Visual inspection and further manual modelling and restrained 

refinement (isotropically) were carried out in COOT (Emsley et al., 2010) and Refmac5 

(Murshudov et al., 2011). The final quality of the structures was excellent, based on 

crystallographic refinement statistics (Supporting Information Table S2). For both structures the 

Ramachandran plot (Chen et al., 2010) showed > 99 % of the residues in the allowed regions and 

the remaining < 1 % outliers (N42 and D71) were clearly defined in the electron density. Ligands 

were created, energy-minimized, and inspected in ChemDraw/ChemDraw3D, before being A
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exported as MOL files, to be used in Phenix.Elbow (Moriarty et al., 2009) in order to generate 

PDB and CIF restraints files. 

2.9 Statistics and Curve Fitting 

Activity was measured with a minimum of three technical replicates and analysed using graphing 

software (Origin 2020). Activity data, plotted as a function of substrate concentration, were fitted 

to the Michaelis–Menten equation (1):

 (1)

where vss is the steady state rate, Vmax is the maximal reaction rate, S0 is the concentration of the 

substrate and KM is the Michaelis constant. Concentration-response data were analysed by 

nonlinear regression using the sigmoidal equation (2):

(2)

where x is the concentration of the inhibitory component on a log scale, min is the bottom 

asymptote, max is the top asymptote, n is the Hill slope relating to the stoichiometry of ligand 

molecules, and kn is IC50 (the concentration of inhibitory component necessary for a 50 % 

reduction in enzyme activity). Parameters are reported as values ± standard error of the fit. 

3 Results 

3.1 Screening of Potential Plant-Derived LPMO Inhibitors 

The potential of soluble plant components for LPMO inhibition was investigated by establishing a 

library of almost 100 extracts from 50 different plant species, whose activity-modulating effects 

were tested. The pioneering works of Mandels and Reese on cellulase inhibition served as 

inspiration for the selection of some plant species in the plant-extract library (Mandels et al., 1961; 

Mandels & Reese, 1962, 1965). A full list of the species can be found in Supporting Information A
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Table S1. Plant material was collected and subjected to exhaustive serial extraction by solvents of 

increasing polarity. The sequential methanolic and aqueous plant extracts were screened for their 

effects on the enzymatic activity of the well-characterized enzyme LsAA9A(Frandsen et al., 

2016), which was used as the reference LPMO. The ability of LsAA9A to act on the model 

chromogenic substrate, AZCL-hydroxyethyl cellulose (AZCL-HEC), was utilized in combination 

with ascorbate to release blue dye fragments that can easily be quantified, for inhibition screening. 

Initial investigations revealed that a large number of extracts, both aqueous and methanolic, had a 

wide range of activity-modulating effects (Error! Reference source not found.a-b). It is also 

noteworthy that a high number of aqueous extracts had an LPMO-activating effect. This is in line 

with the expectation that plant compounds may act as external electron donors for LPMOs during 

fungal infection. 

Plant extracts with natural LPMO-inhibitory potential were more prevalent in the methanolic than 

in the aqueous extracts in the library (Error! Reference source not found.a-b), and were 

distributed over a diverse range of plants. Of twelve plants from the same species, or related to 

those studied by Mandels and Reese (Mandels et al., 1961; Mandels & Reese, 1962, 1965), two 

exhibited strong LsAA9A inhibition: Acer pseudoplatanus (sycamore maple) and Polygonum 

cuspidatum (knotweed) (Supporting Information Fig. S1). Among the other plant extracts, strong 

activity-modulating effects were exhibited by methanolic extracts from Rhodiola rosea (golden 

root), Cotinus coggygria (smoke tree), Hamamelis virginiana (witch-hazel) and Arctostaphylos 

uva-ursi (bearberry). Prominent among the inhibitory extracts were both aqueous and methanolic 

extracts of Cinnamomum cassia (pulverized cinnamon bark). The effect of the methanolic extract 

was highly significant, and this was thus chosen for further characterization. 

3.2 Kinetics of Inhibition

Concentration-dependent inhibition of LsAA9A by methanolic cinnamon extract was observed, 

with an IC50 value of 0.3 ± 0.1 mg/ml (Error! Reference source not found.c). The apparent lack 

of a plateau at low cinnamon extract concentrations could be indicative of a second, higher affinity 

binding interaction (Copeland, 2013). However, the fractional activity continues to rise above a 

value of one, which could be explained by the presence of activating components in the extract. At A
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lower extract concentrations, reductive components can act as LPMO activators, thus overcoming 

the negative effect of possible inhibitors present in the mixture. At high extract concentrations, the 

lack of a plateau in the inhibition may indicate partial inhibition or a solubility limitation of the 

potential inhibitor (Copeland, 2013). The observed inhibition by the extract is seen already after 5 

min of incubation (Error! Reference source not found.d) and is of reversible nature (Supporting 

Information Fig. S2a, Methods S1), which excludes the possibility of a covalent interaction being 

created between the LPMO and the inhibitory component. Substrate saturation plots, as well as the 

derived Lineweaver-Burk plots, with increasing concentrations of extract (Error! Reference 

source not found.e-f) indicate that the methanolic extract of cinnamon may contain a competitive 

inhibitor of LsAA9A. Furthermore, the thermal stability of LsAA9A was increased by 4.8-4.9°C in 

the presence of the extract (Supporting Information Fig. S3, Methods S2). These findings indicate 

that the observed inhibitory effect could be triggered by a specific interaction between the LPMO 

and components in the cinnamon extract.

3.3 Specificity of the Inhibitory Effect of Cinnamon on Different LPMOs

The specificity of the cinnamon extract as a natural LPMO inhibitor was assessed using six other 

cellulose-active LPMOs from different microbial sources (five fungal and one bacterial), using the 

model cellulosic substrate phosphoric-acid-swollen cellulose (PASC) (Supporting Information 

Fig. S4, Methods S3-S4). All but one of the cellulose-active LPMOs were inhibited in the 

presence of cinnamon extract, albeit to varying extents. Two members of the AA9 family from 

Podospora anserina, PaAA9E and PaAA9H (Bennati-Granier et al., 2015), were highly 

susceptible to the extract. The bacterial LPMO TfLPMO10A (Kruer-Zerhusen et al., 2017), from 

Thermobifida fusca, also exhibited almost complete inhibition, under the conditions used. LPMO 

NcAA9E (Phillips et al., 2011; Beeson et al., 2012) from Neurospora crassa and TtAA9E (Harris 

et al., 2010) from Thielavia terrestris showed moderate and low susceptibility to inhibition, 

respectively. No inhibition was observed with the AA9 LPMO from Thermoascus aurantiacus, 

TaAA9A (Harris et al., 2010). The differences in susceptibility to cinnamon extract of the 

different LPMOs may indicate specific inhibition, as further discussed below. 
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3.4 Crystal Soaking Points to Cinnamtannin B1 as LsAA9A Inhibitor

LsAA9A crystals have previously been successfully soaked with oligosaccharides to obtain X-ray 

crystal structures of the enzyme with bound ligands (Frandsen et al., 2017). Similar experiments 

were carried out using the methanolic cinnamon extract. The complex structure was subsequently 

determined with a resolution of 1.45 Å (PDB 7NIM, Supporting Information Table S2), revealing 

two very similar polyphenolic compounds, which were associated with the protein surface at two 

different binding sites: A, close to the active site and B, in a pocket on the opposite side of the 

protein (Error! Reference source not found.a, Supporting Information Table S3). The electron 

density revealed the compounds’ resemblance to cinnamtannin B1 (1), a trimeric procyanidin 

consisting of three epicatechin units (ECA 1-3) (Error! Reference source not found.a). 

Subsequent soaking with pure cinnamtannin B1 (1) resulted in a 1.40 Å LsAA9A-cinnamtannin 

B1 complex structure (PDB 7NIN, Supporting Information Table S2). Both structures showed an 

ordered Cu-bound His-brace active site, although the surrounding disordered water molecules 

indicated partial photoreduction (as previously seen in PDB 6ACI). In the structure derived from 

soaking with the cinnamon extract, cinnamtannin B1 was confidently refined in the density with 

60 % occupancy at site A near the substrate-interacting residues E148, D150, R159 and Y203 

(platform tyrosine), which make up the negative binding subsites in LsAA9A, as defined 

previously (Frandsen et al., 2016) (Error! Reference source not found.a, Supporting 

Information Table S3, Supporting Information Fig. S5a). 

In addition to site A, the LsAA9A-cinnamon extract structure revealed a second binding site, B, 

that was distal from the active site, consisting of a pocket defined by residues 23, 47-51, 89-92, 

136, 138 and 169 (Error! Reference source not found.b). Here, a cinnamtannin B1 ligand 

appeared with a modification at the central epicatechin unit (ECA-2) C5′ atom, which was best 

modelled with an sp3 hybridization, rather than as part of an aromatic π-system (Error! Reference 

source not found.c). The modified cinnamtannin B1 (2) (see below) could be refined with 90 % 

occupancy (Error! Reference source not found.d). The first epicatechin unit, ECA-1, proximally 

bound in the pocket, interacted with R23, V47, A89, N92 and D136, while the central ECA-2 and 

the distal ECA-3 units showed several van der Waals interactions with V47 and P49, respectively 

(Error! Reference source not found.b, Supporting Information Table S3). A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

In the LsAA9A complex with pure cinnamtannin B1, the ligand could be modelled in site B (near 

R23, V47 and P49), with a binding mode essentially identical to the cinnamon* ligand in the 

LsAA9A-cinnamon extract complex structure, albeit with an unmodified sp2 hybridized C5′ 

(Error! Reference source not found.c-e, Supporting Information Fig. S5b). The unusual six-

membered ring of cinnamtannin B1 (1) and its modified version (2), which are created by the 

presence of the A-type bonds between ECA-3 and ECA-2, imposes a rigid conformation on the 

five condensed rings (Jamróz et al., 2014), which showed essentially identical interactions with 

LsAA9A in the two structures. On the other hand, the rotatable bonds of the two catechol rings, 

linked at C2 and C2′, would allow different conformations. Indeed, the catechol ring of ECA-3 

was flipped approximately 180° compared to the LsAA9A-cinnamon extract complex structure, 

although still interacting with P49 (Supporting Information Table S3, Supporting Information Fig. 

S5b). Conventional difference maps did not support the modelling of a ligand near the platform 

Tyr or anywhere else on the protein surface. However, in an unbiased Polder map (Liebschner et 

al., 2017), some difference map density was observed near binding site A, and we can thus not 

categorically exclude the presence of a poorly defined ligand with low occupancy. 

3.5 Cinnamtannin B1 is Detected in Cinnamon Extract by MS Analysis

Based on the discovery of cinnamtannin B1 (1) moieties interacting with the surface of the LPMO 

in the protein crystal, we sought to determine the constituents of the methanolic cinnamon extract. 

MS analysis of the extract led to the detection of cinnamtannin B1 (1) and three of its isomers, 

cinnamtannin D1 (3), aesculitannin B (4) and lindetannin (5) (Error! Reference source not 

found.a-d). Several other phenolic acids and flavonoids were identified in the extract, including 

compounds that acted as reductants for LsAA9A (Supporting Information Table S4, Supporting 

Information Fig. S6, Methods S5). The presence of activating compounds for the LPMO, namely 

catechin, taxifolin and quercetin, supports the previous observation that at low extract 

concentrations certain plant compounds may act as activators for the LPMO, thus overcoming the 

negative effect of inhibitors in the mixture (Error! Reference source not found.c). The most 

abundant isomers in the extract were cinnamtannin D1 (3) and cinnamtannin B1 (1), with 

concentrations of 11.6 ± 0.5 and 9.1 ± 0.3 mg/g extract, respectively (quantified by UHPLC-A
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UV280 nm, Error! Reference source not found.b), while aesculitannin B (4) and lindetannin (5) 

were below the quantification limit. This is in line with previous reports on the isolation of 

cinnamtannin D1 (3) and cinnamtannin B1 (1) by methanolic extraction of cinnamon bark 

(Killday et al., 2011; Sun et al., 2016). All four compounds exhibited well-separated 

chromatographic retention, and identical molecular ion ([M-H]-, m/z 863.1834) and MS/MS 

spectra (Error! Reference source not found.c-d). Furthermore, MS analysis of another inhibitory 

plant extract, a methanolic extract of Arctostaphylos uva-ursi (bearberry), also revealed the 

presence of cinnamtannin D1 (3) (Supporting Information Fig. S7). 

3.6 Inhibition of LsAA9A by Cinnamtannin B1 

Similarly to inhibition by the cinnamon extract, substrate saturation and Lineweaver-Burk plots 

revealed a decrease in LsAA9A activity with increasing concentrations of pure cinnamtannin B1 

(1) in assays with the model chromogenic substrate AZCL-HEC (Error! Reference source not 

found.e-f). To assess the potency of pure cinnamtannin B1 as an inhibitor of the LPMO, a 

concentration-response plot was obtained (Error! Reference source not found.g). Cinnamtannin 

B1 inhibited the LPMO with an IC50 of 0.46 ± 0.04 mM and an apparent Hill slope, n, of 0.49 ± 

0.05. However, the highest inhibition exhibited by the compound was only 62 %, which may 

indicate decreased availability of the compound at high concentrations due to low solubility; an 

observation that is supported by the low value of the Hill slope (Copeland, 2013). As indicated by 

crystal-soaking experiments with cinnamon extract, the low Hill slope of 0.49 could also be a 

further indication of two non-equivalent binding pockets for cinnamtannin B1 on the surface of 

LsAA9A (Copeland, 2013). These data support the identification of cinnamtannin B1 as a plant-

based inhibitor of LsAA9A. 

Cinnamtannin B1 (1) interactions with LsAA9A at site A involved residues that are part of the 

negative-binding subsites. To assess if the inhibition stems from the compound binding near the 

platform Tyr (Y203), we investigated the activity of the LPMO on the soluble oligomeric 

substrate, cellopentaose (Error! Reference source not found.h). LsAA9A successfully broke 

down cellopentaose in the presence of hydrogen peroxide, producing cellobiose and cellotriose as 

primary products, as well as a prominent C4-oxidized moiety. Addition of cinnamtannin B1 to the A
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reaction hampered cellopentaose degradation in a dose-dependent manner, reducing the amount of 

degradation products, providing further evidence of the interaction of the compound with 

substrate-interacting residues. 

LsAA9A binding to cellopentaose has been described previously (Simmons et al., 2017; Tandrup 

et al., 2020). This involves residues R159 and the conserved Y203, which exhibited several 

hydrogen bonds and van der Waals interactions with cinnamtannin B1 from the cinnamon extract 

(Supporting Information Table S3, Fig. S5a). The arginine (R159) was observed to form two 

hydrogen bonds with C14′ OH of cinnamtannin B1. Structure-based sequence alignment of the six 

tested AA9 LPMOs revealed that, compared to LsAA9A, the other LPMOs lacked an amino acid 

equivalent to R159 (Supporting Information Fig. S8). Another LsAA9A residue, R23, observed to 

interact with cinnamtannin B1 at binding site B, was also conserved throughout some of the tested 

LPMOs. The alignment revealed that R23 is present in PaAA9E, PaAA9H, TtAA9E and 

NcAA9E, but not in TaAA9A, which showed resistance to cinnamon extract inhibition. The 

differences at the two binding sites may explain the resistance of TaAA9A to inhibition by the 

cinnamon extract (Supporting Information Fig. S4). The difference was further confirmed by 

structural comparison of LsAA9A with TaAA9A and TtAA9E, which showed low inhibition by 

cinnamon extract. The comparison revealed the presence of a longer loop (A89-N92) at binding 

site B, which could obstruct ligand binding at this site (Supporting Information Fig. S9). 

An indirect inhibitory effect through the antioxidant property of cinnamtannin B1 could also be 

postulated. The absorbance spectrum of cinnamtannin B1 was therefore recorded after incubation 

with and without equimolar amounts of hydrogen peroxide under activity-assay conditions. The 

spectrum remained largely unchanged (Supporting Information Fig. S10, Methods S6), which can 

be taken as evidence of insignificant oxidative modifications of cinnamtannin B1 taking place in 

the enzyme assay. These data provide evidence against an indirect inhibitory effect through 

hydrogen-peroxide-consuming reactions with cinnamtannin B1 that could reduce the catalytic rate 

of LsAA9A. 
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4 Discussion

A library containing 100 plant extracts was screened with the aim of identifying plant compounds 

that inhibit LPMO activity. Screening was carried out with LsAA9A and revealed inhibitory 

extracts from diverse groups of plants. This led to the identification of the trimeric 

proanthocyanidin cinnamtannin B1 (1) from methanolic extract of Cinnamomum cassia 

(cinnamon) as a specific inhibitor of LsAA9A. Thermal shift analysis by nanoDSF, previously 

used to analyse oligosaccharide ligands of LsAA9A (Tandrup et al., 2020), strongly suggested a 

mechanism of inhibition mediated by direct binding. Crystallographic soaking studies of LsAA9A 

with the extract and with pure cinnamtannin B1 (1) clearly showed two ligand binding sites on the 

enzyme. One of these was at the -3 subsite (site A) and the other in a pocket distant from the 

active site (site B) (Error! Reference source not found.). 

The effect of cinnamtannin B1 binding at site A was investigated by testing the activity of the 

LPMO on the oligomeric substrate, cellopentaose (Error! Reference source not found.g). 

LsAA9A binds to cellopentaose at subsites -3 to +2 (Simmons et al., 2017), with residues R159 

and the conserved platform tyrosine, Y203 at subsites -3/-2, which also exhibit several interactions 

with cinnamtannin B1 (Supporting Information Table S3, Supporting Information Fig. S5a). 

Indeed, the addition of cinnamtannin B1 to the activity mixture reduced product formation, which 

further suggests that the inhibition may stem from obstruction of these subsites. The extended L8 

loop of LsAA9A positions R159 for interaction with the substrate, as well as the inhibitor. 

Structure-based sequence alignment revealed that in the other LPMOs tested, the L8 loop is 

shorter and there is no polar/charged residue equivalent to R159 from LsAA9A (Supporting 

Information Fig. S8).  

Binding of cinnamtannin B1 to LsAA9A was also observed at site B, forming a hydrogen bond 

with residue R23 (Supporting Information Table S3, Supporting Information Fig. S5b). Sequence 

alignment revealed that R23 is present in the fungal LPMOs showing susceptibility to the 

cinnamon extract, i.e., PaAA9E, PaAA9H, NcAA9E and TtAA9E, but not in the non-inhibited 

TaAA9A (Supporting Information Fig. S8). In addition, structural comparison revealed that the 

presence of a longer loop in both TaAA9A and TtAA9E, compared to LsAA9A A89-N92, could 

likely hinder ligand binding at site B (Supporting Information Fig. S9). The observed differences 

between TaAA9A and the inhibited LPMOs at both sites may explain its lower susceptibility to A
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the cinnamon extract. It has been proposed previously that long-distance electron transfer between 

the active site and solvent exposed residues on the other side of the enzyme may be involved in 

catalysis by LPMOs (Li et al., 2012; Lo Leggio et al., 2015; Cannella et al., 2016). The interaction 

of cinnamtannin B1 with R23 may obstruct such long distance electron transfer through 

interaction with the AA9-conserved tyrosine Y137 (Supporting Information Table S3). Further 

investigations are needed through rational engineering of LPMO variants, in order to assess the 

importance of these structural differences for cinnamtannin B1 binding.

Cinnamtannin isomers have been reported in various Cinnamomum species, as well as a number of 

other plant species (Virtbauer et al., 2008; Idowu et al., 2010; Wen et al., 2015; González De 

Llano et al., 2019; Li et al., 2020; Maeda, 2020; Yang et al., 2020). This further strengthens the 

expectation that plants may contain compounds with cellulolytic-enzyme-modulating properties, 

and that proanthocyanidins, such as cinnamtannin, may play a role in LPMO inhibition. Cinnamon 

has been utilized for medicinal purposes historically, with recent studies including  potential 

efficacy against SARS-CoV-2 (Prasanth et al., 2020; Thota et al., 2020). Cinnamon’s anti-

inflammatory and antioxidant effects have been shown through the inhibition of enzymes related 

to inflammation (Gunawardena et al., 2013). Relevant examples are the inhibition by cinnamon 

extract of prominent oxygenase enzymes, such as copper-dependent monoamine oxidase, cyclo-

oxygenase, and lipoxygenase, as well as the carbohydrate-metabolizing enzyme, α-glucosidase 

(Killday et al., 2011; Gunawardena et al., 2013; Mazzio et al., 2013; Chen et al., 2020).  However, 

relatively little is known about the specific interaction between enzymes and the chemical 

components of cinnamon. The antioxidant effect of cinnamtannin B1 and its isomeric forms and 

their ability to reduce oxidative stress markers, such as reactive oxygen species (ROS), have been 

proposed as the mechanism of action (Panickar et al., 2015; Sun et al., 2016; Li et al., 2020). Such 

a ROS-scavenging effect could potentially explain the modified cinnamtannin B1 (2), observed at 

binding site B of LsAA9A crystals soaked with cinnamon extract (Error! Reference source not 

found.b). It was puzzling that no ligand was clearly bound at site A in the crystallographic 

experiments with pure cinnamtannin B1. It is thus possible that the true inhibitor is a close 

derivative of cinnamtannin B1 present in the extract, which is developed quickly from 

cinnamtannin B1 during the inhibition assay, but not under the high-salt crystallization conditions. 

In this study, cinnamtannin B1 appeared to be stable after incubation with equimolar hydrogen A
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peroxide under assay conditions (Supporting Information Fig. S10). This finding does not exclude 

the possibility that cinnamtannin B1 may react with other ROS species such as hydroxyl radicals. 

It is plausible that both specific binding to the enzyme and ROS-scavenging reactions may be 

taking place. 

The identification of cinnamtannin B1 as an LPMO inhibitor provides researchers with a new tool 

that can be applied in several fields of science. Clearly, one compound will not inhibit all LPMOs, 

but the findings of this study can guide further work on the chemical design of novel LPMO 

inhibitors. It will almost certainly also be possible to identify other, perhaps related, compounds 

that serve as LPMO inhibitors in biology. The potential for agricultural applications and pest 

control by preventing LPMO activity is largely unrealised, but the indications are promising. A 

study by Sabbadin et al. on the red flour beetle, Tribolium castaneum, and common fruit fly, 

Drosophila melanogaster, reported that AA15 LPMO gene-silencing and knock-down affect 

insect viability and metamorphosis (Sabbadin et al., 2018). On the other hand, LPMO activity 

itself can also be beneficial for pest control. In two recent studies, a fern-derived LPMO with 

similarities to chitin-active LPMOs was expressed in cotton. The transgenic cotton plants 

exhibited resistance to the crop pest, whitefly, as well as the whitefly-borne cotton leaf curl viral 

disease (Hans et al., 2016; Yadav et al., 2019). These studies show that LPMO activity can be 

beneficial in the context of agricultural applications. The current findings of little or no inhibition 

of the efficient cellulose-degrading LPMOs, TaAA9A and TtAA9E, indicate that further studies 

should be focused on targeted inhibition of specific LPMOs. Those could be LPMOs from 

organisms causing disease in humans, such as Listeria monocytogenes (Paspaliari et al., 2015), 

Vibrio cholera (Loose et al., 2014) and Pseudomonas aeruginosa (Askarian et al., 2021). 

5 Conclusion

In the current study, we reported inhibition of LPMOs by methanolic extract of cinnamon. 

Crystallographic studies of the LPMO LsAA9A with cinnamon extract identified two binding sites 

for the procyanidin, cinnamtannin B1, involving residues responsible for substrate binding, as well 

as residues in a binding pocket distant from the active site. Cinnamtannin B1 was identified as 

being an LsAA9A inhibitor during the degradation of cellopentaose and AZCL-HEC. The A
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identification of natural plant-derived inhibitors of LPMOs, and cinnamon in particular, indicates 

potential for new strategies in pathogen control. However, further investigations are needed to 

fully elucidate the mechanism of inhibition. 

6 Data Availability

All structural data have been deposited in the PDB (PDB codes 7NIM 

https://www.wwpdb.org/pdb?id=pdb_00007nim and 7NIN 

https://www.wwpdb.org/pdb?id=pdb_00007nin). All other data generated or analysed during this 

study are included in this article and its Supplementary Information files. 
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Fig. S2: Reversibility of LsAA9A inhibition.
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Fig. S6: LsAA9A reductants present in cinnamon and bearberry extracts.
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Methods S4 Cinnamon extract inhibition of microbial LPMOs.

Main text Figure Captions

Figure 1: LPMO activity-modulating effects of plant extracts. LPMO activity screening (using 

LsAA9A as model enzyme) in the presence of: (a) aqueous, and (b) methanolic extracts (1 mg/ml) from 50 

plant species. Activity was normalised to a control with DMSO concentration, comparable to extract-

containing samples. Values given are the mean ± s.d. of three technical replicates. (c) Concentration 

response plot of methanolic extract of cinnamon, expressed as fractional activity of LsAA9A versus 

cinnamon extract concentration on a logarithmic scale. Values given are the mean of three technical 

replicates. Curve fitting using non-linear regression (Equation (2)). (d) Progress curve in the presence of 

methanolic cinnamon extract at 250 and 500 µg/ml extract. Values given are the mean ± s.d. of three 

technical replicates. (e) Substrate saturation plots in the presence of 250 and 350 µg/ml methanolic 

cinnamon extract. Values given are the mean ± s.d. of three technical replicates. Non-linear regression 

curves are the best fit of Equation (1). (f) Lineweaver-Burk plot of inhibition by cinnamon. All activity 

measurements were performed at 50°C on the chromogenic substrate, AZCL-HEC, in the presence of 

ascorbic acid as the LPMO reductant. 
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Figure 2: Crystal structure of LsAA9A with two binding sites for cinnamon extract and 

cinnamtannin B1. (a) LsAA9A with ligands bound on the protein surface. The ligands of LsAA9A-

cinnamon extract (PDB 7NIM) and LsAA9A-cinnamtannin B1 complex structures (PDB 7NIN) are shown 

in cyan and orange, respectively. The His-brace, substrate-interacting residues and residues making up the 

binding site B pocket are shown in magenta, yellow and green sticks, respectively. The cinnamtannin B1 

(1) ligand from the cinnamon extract is labelled cinnamon, while the modified cinnamtannin B1 (2) ligand 

is labelled cinnamon*. (b) Close-up of binding site B in the LsAA9A-cinnamon extract structure, showing 

interactions (black dashes) with the C5′-modified cinnamtannin B1 (2) ligand, cinnamon*. The three 

epicatechin units, ECA-1-3, are shown in cyan, magenta and yellow, respectively. (c) Comparison of the 

native cinnamtannin B1 (1) ligand of the LsAA9A-cinnamtannin B1 structure (orange) and the C5′-

modified cinnamtannin B1 (2) ligand of LsAA9A-cinnamon* structure (cyan). (d) (e) Electron density 

maps: 2Fo-Fc (blue, 1.2 σ) and Fo-Fc (green, 3.0 σ), showing the ligand in binding site B, calculated from 

structures of LsAA9A-cinnamon* (cyan) (d) or LsAA9A-cinnamtannin B1 (orange) (e) before the ligands 

were modelled.

Figure 3: Cinnamtannin B1 identification and inhibition. (a) Structure of cinnamtannin B1 (1) and its 

isomers, cinnamtannin D1 (3), aesculitannin B (4) and lindetannin (5), with leucocyanidin units (ECA1-3) 

indicated and distinct stereochemistry (red) (prepared in ChemDraw). (b-d) LC-MS analysis of methanolic 

cinnamon extract reveals the presence of cinnamtannin B1 and its isomers. (b) UV chromatogram of 

methanolic cinnamon extract at 280 nm. (c) Targeted detection of the expected precursor ion of 

cinnamtannin B1, using parallel reaction monitoring.(d) MS/MS spectra of cinnamtannin D1 (3); all 

isomers had identical MS/MS spectra. (e) LsAA9A substrate saturation plots in the presence of 

cinnamtannin B1. Values given are the mean ± s.d. of three technical replicates. Non-linear regression 

curves represent the best fit of Equation (1). (f) Lineweaver-Burk plot of inhibition. (g) Concentration-

response plot for cinnamtannin B1 (1), presented as the fractional activity of LsAA9A versus concentration 

on a logarithmic scale. Values given are the means of triplicate measurements. Curve fit shows non-linear 

regression using Equation (2). (h) Effect of cinnamtannin B1 (1) on LsAA9A (100 nM), during 10-minute 

degradation of cellopentaose (100 µM) in the presence of hydrogen peroxide (100 µM) and ascorbate (10 

µM). The chromatogram was obtained with HPAEC-PAD, with G2-G5 peaks identified using standards. 
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