Structural and functional characterization of the catalytic domain of a cell-wall anchored bacterial lytic polysaccharide monooxygenase from Streptomyces coelicolor
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Table S1. AA10-type LPMOs that have been experimentally characterized to some extent and that have been used in the phylogenetic analysis presented in Fig. 2. The Table includes all putative AA10-type LPMOs from S. coelicolor and M. aurantiaca, indicated by blue and purple lettering, respectively. The four enzymes discussed in this study appear in bold face. 
	LPMO
	Subcladea
	Organism
	Phylum
	UniprotID
	Domainsb
	PDB
	Reference

	CflaLPMO10B
	A1
	Cellulomonas flavigena ATCC 482
	Actinobacteria
	D5UGB1
	AA10-CBM2
	-
	 [1]

	TfLPMO10B (E8)
	A1
	Thermobifida fusca YX
	Actinobacteria
	Q47PB9
	AA10-FnIII-CBM2
	-
	 [2]

	ViLPMO10B
	A1
	Vitiosangium sp. GDMCC 1.1324
	Proteobacteria
	A0A2T4VPM7
	AA10-FnIII-CBM2
	
	 [3]

	TbLPMO10A
	A1
	Thermobispora bispora ATCC 19993
	Actinobacteria
	D6Y7U3
	AA10-CBM2
	-
	 [4]

	mgLPMO10
	A1
	IMG genome ID 2199352008
	Actinobacteria
	IMG/M gene ID:2200500718
	AA10-CBM2
	-
	 [5]

	SgLPMO10A
	A1
	Streptomyces griseus JCM 4626 
	Actinobacteria
	B1VNK5
	AA10-CBM2
	-
	 [6]

	ScLPMO10C (CelS2)
	A1
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9RJY2
	AA10-CBM2
	4OY7
	 [7]

	MaLPMO10E
	A1
	Micromonospora aurantiaca ATCC 27029
	Actinobacteria
	D9T4V8
	AA10-CBM2
	-
	

	CcLPMO10A
	A1
	Caldibacillus cellulovorans
	-
	Q9RFX5
	AA10-CBM3-GH5-CBM3
	-
	 [8]

	TmLPMO10A (Tma12)
	A2
	Tectaria macrodonta (fern)
	Streptophyta
	W5QLL4
	AA10
	6IF7
	 [9]

	ScLPMO10D 
	A2
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9S296
	AA10-LAETG-TMHc
	7ZJB
	This study 

	MaLPMO10A
	A3
	Micromonospora aurantiaca ATCC 27029
	Actinobacteria
	D9TC53
	AA10-TMHc
	-
	

	MaLPMO10D
	B
	Micromonospora aurantiaca ATCC 27029
	Actinobacteria
	D9T1F0
	AA10-CBM2
	-
	 [10]

	CflaLPMO10C
	B
	Cellulomonas flavigena ATCC 482
	Actinobacteria
	D5UH31
	AA10-CBM2
	-
	 [1]

	CflaLPMO10A
	B
	Cellulomonas flavigena ATCC 482
	Actinobacteria
	D5UGA8
	AA10-CBM2
	-
	 [1]

	CfiLPMO10A
	B
	Cellulomonas fimi ATCC 484
	Actinobacteria
	F4H6A3
	AA10-CBM2
	-
	 [4]

	MaLPMO10B
	B
	Micromonospora aurantiaca ATCC 27029 
	Actinobacteria
	D9SZQ3
	AA10-CBM2
	5OPF
	 [10]

	TfLPMO10A (E7)
	B
	Thermobifida fusca YX
	Actinobacteria
	Q47QG3
	AA10
	5UIZ
	 [2]

	ScLPMO10B
	B
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9RJC1
	AA10
	4OY6
	 [2]

	KpLPMO10A
	B
	Streptomyces pratensis ATCC 33331 / Kitasatospora papulosa
	Actinobacteria
	C9N838
	AA10
	6NDQ
	 [11]

	MaLPMO10C
	C
	Micromonospora aurantiaca ATCC 27029 
	Actinobacteria
	D9TBD4
	AA10-CBM12
	-
	

	JdLPMO10A
	C
	Jonesia denitrificans DSM 20603
	Actinobacteria
	C7R4I0
	AA10-CBM5-GH18
	5AA7
	 [12]

	CflaAA10D
	C
	Cellulomonas flavigena ATCC 482
	Actinobacteria
	D5UHY1
	AA10-CBM2
	-
	 [1]

	SgLPMO10F
	C
	Streptomyces griseus JCM 4626
	Actinobacteria
	B1VN59
	AA10
	-
	 [13]

	SgLPMO10B
	C
	Streptomyces griseus JCM 4626
	Actinobacteria
	B1W4Z1
	AA10
	-
	 [13]

	ScLPMO10A
	C
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9RJF2
	AA10
	-
	

	ScLPMO10G
	C
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9K460
	AA10-CBM5
	-
	 [14]

	ScLPMO10F
	C
	Streptomyces coelicolor A3(2)
	Actinobacteria
	O86614
	AA10-CBM5
	-
	

	SliLPMO10E
	C
	Streptomyces lividans TK24
	Actinobacteria
	D6EWM4
	AA10
	5FTZ
	 [15]

	ScLPMO10E
	C
	Streptomyces coelicolor A3(2)
	Actinobacteria
	Q9RDB8
	AA10
	-
	 [16]

	SgLPMO10C
	C
	Streptomyces griseus JCM 4626
	Actinobacteria
	B1VW25
	AA10
	-
	 [13]

	SgLPMO10D
	C
	Streptomyces griseus JCM 4626
	Actinobacteria
	B1VW58
	AA10
	-
	 [13]

	BcLPMO10A
	D
	Bacillus cereus ATCC 14579
	Firmicutes
	Q81CG6
	AA10-FnIII-FnIII-CBM5
	-
	 [17]

	BlLPMO10A
	D
	Bacillus licheniformis ATCC 14580
	Firmicutes
	Q62YN7
	AA10
	6TWE
	 [18]

	BaLPMO10A
	D
	Bacillus amyloliquefaciens ATCC 23350
	Firmicutes
	Q9F9Q5
	AA10
	2YOY
	 [19]

	EfLPMO10A
	D
	Enterococcus faecalis V583
	Firmicutes
	Q838S1
	AA10
	4ALC
	 [20]

	LmLPMO10A (Lmo2467)
	D
	Listeria monocytogenes serotype 1/2a
	Firmicutes
	A0A0H3GIZ6
	AA10-FnIII-FnIII-CBM5-CBM5
	5L2V
	 [21]

	PlLPMO10A
	D
	Photorhabdus laumondii subsp. laumondii TTO1 
	Proteobacteria
	Q7N4I5
	AA10
	6T5Z
	 [22]

	BtLPMO10A
	D
	Bacillus thuringiensis subsp. kurstaki
	Firmicutes
	A0A0F6FRT6
	AA10
	5WSZ
	 [23]

	SmLPMO10A 
(CBP21) 
	D
	Serratia marcescens BJL200
	Proteobacteria 
	O83009
	AA10
	2BEM 
	 [24]

	AsLPMO10A
	D
	Aliivibrio salmonicida LFI1238
	Proteobacteria
	B6EQB6
	AA10-GbpA2-GbpA3-CBM73
	-
	 [25]

	VcLPMO10B 
(GbpA)
	D
	Vibrio cholerae O1 biovar strain ATCC 39315
	Proteobacteria
	Q9KLD5
	AA10-GbpA2-GbpA3-CBM73
	2XWX
	 [26]

	CjLPMO10A
	-
	Cellvibrio japonicus Ueda107
	Proteobacteria
	B3PJ79
	AA10-CBM5-CBM73
	5FJQ
	 [27]

	CjLPMO10B
	-
	Cellvibrio japonicus Ueda107
	Proteobacteria
	B3PDT6
	AA10-CBM10
	-
	 [28]

	TtLPMO10A
	-
	Teredinibacter turnerae ATCC 39867
	Proteobacteria
	C5BKQ9
	AA10-CBM10
	6RW7
	 [29]

	HcLPMO10B (HcAA10-2)
	-
	Hahella chejuensis KCTC 2396
	Proteobacteria
	Q2SNS3
	AA10-IgLF-GbpA2-CBM2
	-
	 [30]

	ViLPMO10A
	-
	Vitiosangium sp. GDMCC 1.1324
	Proteobacteria
	A0A2T4V6F4
	AA10-GbpA2-GbpA3-CBM73
	-
	 [3]

	PaLPMO10A (CbpD)
	-
	Pseudomonas aeruginosa UCBPP-PA14
	Proteobacteria
	Q02I11
	AA10-GbpA2-CBM73
	-
	 [31]

	AsLPMO10B
	-
	Aliivibrio salmonicida LFI1238
	Proteobacteria
	B6EQJ6
	AA10-GbpA2-CBM5
	-
	 [25]

	MmLPMO10 
(MmEPV fusolin)
	-
	Melolontha melolontha entomopoxvirus MMEV
	Nucleocytoviricota
	Q83389
	AA10-SSA
	4OW5
	 [32]

	WiLPMO10 
(WiEPV fusolin)
	-
	Wiseana spp. entomopoxvirus
	Nucleocytoviricota
	A0A0J9X287
	AA10-SSA
	4YN2
	 [32]

	AcLPMO10
	-
	Anomala cuprea entomopoxvirus CV6M
	Nucleocytoviricota
	O70709
	AA10-SSA
	4YN1
	 [32]


a According to the phylogenetic classification by Book et al. [33], with subdivision of subclade A, as outlined in the main text.
b See Figure 2 for domain abbreviations.
c TMH- Transmembrane helix 
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Figure S1. Sequence analysis of MaLPMO10A (A) and prediction of transmembrane helices in MaLPMO10A (B) and ScLPMO10D (C). Panel A shows the primary structure of MaLPMO10A, representing a group of LPMOs with a C-terminal anchoring motif but no LAETG-motif and with unusual secondary sphere active site residues (see Fig.4 and Supplementary Fig. S2 for more details). Black labelled residues show the two catalytic histidines (His27 and His125). Green residues are Asp66 and Thr122, which are typical in chitin-oxidizing LPMOs, and Arg63, which is commonly substituted by an aromatic residue (Tyr/Trp) and important for substrate binding in both cellulose- and chitin-active LPMOs. The residues printed in blue (Ile123, Asn189, Asp194 and Tyr196) are the key secondary sphere residues that are discussed in the main text. Panels B and C show results generated from prediction of transmembrane helices by the TMHMM server v. 2.0 for MaLPMO10A (B) and ScLPMO10D (C), respectively. 
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Figure S2. Active site residues in MaLPMO10A (A) and ScLPMO10D (B). The two enzymes represent two novel subclades (A2 and A3) of uncharacterized LPMOs in the AA10 phylogenetic tree (Fig. 2). A model for MaLPMO10A was made using AlphaFold [34] and did not include metal ions. In the crystal structure of ScLPMO10D, the copper atom is shown as an orange sphere. The so-called ‘gatekeeper’ residue, first revealed in SmLPMO10A-Glu60 [35], is Glu203 in ScLPMO10D and Asp194 in MaLPMO10A.



[image: Text

Description automatically generated with medium confidence]

Figure S3. Sequence alignment of MaLPMO10A and two Micromonospora AA10 sequences that cluster in subclade A3 and lack one or two of the copper coordinating histidines. M. craniellae LPMO10D (UniprotID A0A372FYB0) possesses two glutamines instead of the two catalytic histidines, whereas M. yangpuensis LPMO10 (UniprotID A0A1C6U851) has a glutamine instead of the second histidine. M. aurantiaca LPMO10A (UniprotID D9TC53) has both conserved histidines.
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Figure S4. Formation of oxidized products in reactions of ScLPMO10DCD with α-chitin and β-chitin. The reactions contained 1 µM LPMO and 10 g/L chitin in 50 mM sodium phosphate pH 6.0 and were fueled by 1 mM ascorbic acid. The products shown in the mass spectra range from DP4-DP10 and correspond to sodium adducts of the δ-1,5-lactones (green; only seen for the most predominant peak clusters) and sodium adducts of the aldonic acid [GlcNAcnGlcNAc1A + Na]+ and the sodium salt of the aldonic acid [GlcNAcnGlcNAc1A – H + 2Na]+. Reactions labeled “enzyme blank” are reactions carried out without enzyme. Like the enzyme blanks, reactions without ascorbic acid did not lead to any product formation (result not shown). Panel C shows quantification of oxidized products generated in reactions containing 10 g/L shrimp-shell α-chitin or squid pen β-chitin and 1 µM LPMO and 1 mM ascorbic acid after 25 h of incubation in 50 mM sodium phosphate buffer (pH 6.0), at 40 °C and 800 rpm. The reactions were stopped by vacuum filtering and the soluble oxidized products were converted to oxidized dimers by treatment with chitobiase prior to analysis. The error bars show ± S.D. (n = 3).
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Figure S5. Binding of LPMOs to β-chitin. The figure shows binding as a function of time for ScLPMO10DCD (pink curve), SmLPMO10A (blue curve) and CjLPMO10ACD (green curve) to 10 g/L β-chitin. The percentage of free LPMO was determined by measuring the reduction in protein concentration (A280) over time, in absence of an electron donor. The experiment was carried out at 40 °C in 50 mM sodium phosphate buffer pH 6.0 in an Eppendorf thermomixer set to 800 rpm. The error bars show ± S.D. (n = 3).
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Figure S6. Melting curves for ScLPMO10DCD. The plot displays the apparent melting temperatures (Tm) of ScLPMO10DCD, either in the presence of the copper cofactor () or in its absence (···). The derivative of the fluorescence signal (-dRFU/dT) is plotted as a function of the temperature [36]. The reactions contained 0.1 g/L LPMO and were heated from 25 °C to 99 °C, at a rate of 1.0 °C /min, in the presence of SYPRO orange, a fluorescent dye. The scan was performed four times and the figure shows typical scans. The apparent Tm of copper-saturated ScLPMO10DCD, indicated by the red arrow, was determined at 63 °C with a standard deviation below ± 0.1 °C. RFU – relative fluorescence units. 
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Figure S7. Electron paramagnetic resonance spectroscopy of Cu(II)-saturated ScLPMO10DCD. X-band EPR spectrum (―) with simulation (---) for Cu(II)-saturated ScLPMO10DCD in 50 mM MES buffer pH 6.0. The EPR spectrum was recorded at 77 K using a microwave power of 1 mW.
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Figure S8. Position of the 24 arginine residues in MaLPMO10Acd (A) and electrostatic potential mapped on the protein surface (B). Positive potential is shown in blue and negative potential in red, for a range of -3 to +3 kT/e. The proteins in panel B are rotated 180 degrees on the vertical axis with respect to panel A. The figures were made using PyMOL and the APBS tool was used to map the electrostatic potential.
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Figure S9. Differences in LPMO expression observed by analyzing the transcriptomes of vegetative and reproductive (sporulating) S. coelicolor. The values were collected from supplementary data published by Yagüe et al [37] in 2013 and show that ScLPMO10A (predicted chitin-active) and ScLPMO10D are significantly (**; p-value ≤ 0.01) upregulated in the sporulating (only ScLPMO10D) and post-sporulating stages, compared to during vegetative growth. The data also show that ScLPMO10E is downregulated, while ScLPMO10C is somewhat upregulated in the sporulating stage (*; p-value ≤ 0.05). Variations in the expression levels for the other stages and the other LPMOs were not significant (ns; p-value > 0.05). Relative changes in LPMO gene expression were calculated by subtracting the log2 mRNA abundance value obtained at vegetative stage from log2 mRNA abundance values obtained at reproductive stages. 
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2" Cu-coordinating residue
McLPMO10D AEFAFQYRATAAQKGTFRLYLTRPGYTPSRALTWADLDRLPFLRITDPPLRDGTYLMSGR 172
MyLPMO10 SAFTFRYRNTVEQRGTFRLYLTVDGYDPNAPLTWADLDRLPFLRVTDPPVRGGEYRVSGI 180
MaLPMO10A ARHTFRYRTTIFHRGTFRYYVTTGSYSPRRSLTWADLEEKPFLQVTDPPIRAGAYEMRGR 172

** * B * %k k * * * * ****** . *** **** * kK H *
‘gatekeeper’ End ofAA1O domaln
McLPMO10D LPTDRSGRHVIYTIWQHSDSADTYYSCSDVDIVRVDALRPGGITPAGSAGGTPEAENGL- 231
MyLPMO10 LPAGRTGRHLIYTVWQNSDTPDTYYSCSDVLLRSAGDDRAA--—--— PSSGDDRAAPSSVS 235
MaLPMO1l0A LPADRSGRHIVYVIWQNSDTODTYYSCSDVIFRAARGASDP——-——— PSAAPKASASP---224

kg kakkkaak ckkakky kkkkkkkkk o . LR *

Hydrophobic region

McLPMO10D ------- PGVGADATTEVADNVPVAAVTYL---DGRRW,
MyLPMO10 AVDAAVETPSGTASAAQTDPGVPVASVTATAQLPGGRP
MaLPMO10A --—---—— PRTLAVPAADDEPAVPVATVTD--GGPLSRP) 274

P Kok ok g kk * xx sk k% -

Positively charged tail
McLPMO10D [GSRSGPPKGPACTVRNHRANPRP-W | 304
MyLPMO10 [-RPRPVAPGRPCQVRNHRVGKRRIW [ 319
MaLPMO10A -RTGGPPPGRPCGVRNHRAGRRRIW | 298
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