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Supplementary tables

S1 Table. Sequences of putative AA9 LPMOs from Aspergillus tamarii BLU37. The sequences
were derived from earlier RNA-sequencing of the transcriptome of Aspergillus tamarii BLU37
[1]. Regions annotated as AA9 domains, using the dbCAN2 metaserver
(http://bcb.unl.edu/dbCAN2/) and by structural alignment with so far characterized AA9 LPMOs
using T-Coffee’s Expresso tool (http://tcoffee.crg.cat/apps/icoffee/do:expresso), are marked in
blue; regions annotated as CBM1 domains are marked in green; putative C-terminal domains in
AtAA9B and AtAA9C are marked in red and orange, respectively (for details, see S1 Fig). N-
terminal signal peptides and non-annotated regions, including regions of low sequence complexity
that may be flexible linkers, appear in black. Amino acids that represent deviations from the
predicted AA9 sequences in A. tamarii CBS 117626 [2] are highlighted in grey. (Note that the C-
terminal sequences of AtAA9D and AtAA9F are truncated compared to the corresponding proteins
in A. tamarii CBS 117626.)

>AtAAO9A
MKSSTEFGMLALAAAAKLVSAHTTVHAVWINDVDOQGEGNSQSGYIRSPPSNSPITDVTSKDMTCNVNNKAT
AKTLEVKAGDKITFEWHHDSRSESDDIIASSHNGPILVYMAPTEKGTAGNGWVKIAEDGYTDGTWAVETL
IKNRGKHSVTVPDVAAGEYLFRPEITALHEGNREGGAQFYMECVQVKVTSSGSKTLPEGVSIPGAYTATD
KGILENIYDSEFDSYPIPGPAVWDGASGSSSSSSSSASASAPAPTSAAPAPSSETTIAKQPATSSSTEAPS
TENTPSETTSTTSAIVSTTAVASTTAPATPSTTSAIASSAAPTNSVPQPSSNAGGAVKEWYQCGGLNYSG
STQCEEGLTCKKWNPYYHQCVSA

>AtAAOB
MSIAKIAGVVLGSAALVAGHGYVSGAVVDGQYYSGYDMSYHYMSDPPKVIGWSTDATDLGEVDGSSYADA
DITICHKNAKNGAISAETIAAGKQVELOQWTDWPESHKGPVITYLANCNGDCATVDKTQLEFFKIDEKGLISG
SDNTWASDNLISSNNSWTVTIPSSIAAGNYVMRHEITALHSAGNKDGAQNYPQCLNFKVTGGGSDKPEGT
LGTALYKDTDPGILVNIYQTLSSYTIPGPALYSGSSSGSSSGSSGSSSAAPSATASASASATAAPVQTST
ATAYQTSTAVASVIVIGSAPAQTHVQOATSSSAAASTPTASSGASSGSGSSSSSSSSDLTDYENSLSADEL
LNVIKQTLSWLVTDKIHARDISA

>AtAA9C
MFRSALFLLLAPLALSHTTFTTLYVDEVNQGDGTCVRMNRDANTVTYPIEPLSSKDIACGKDGEKAVSRV
CPAKANSLLTFEFRAWADGAQPGSIDISHKGPCAVYMKKVDDATADNNAAGDGWFKIWHTGYDESTEKWC
TEKLIDNNGFLSVRVPSDIEQGYYLVRTELLALHAASDAPPDPQFYVNCAQIFVQGGGSAKPETVSIGEG
YYSLDSPGVKYNIYEKPLQLPYPIPGPTVYESKGVEERSVCPAQKRTATAQONKGLKPAGCTILORDNWCGE
EVPDYSDENGCWAVCSSEPYODEFMVNTNSLLVIQEVLGSE

>AtAA9D
MKLSLLATAATAPFVSAHYFFDTLITDGQESSPNQYVRSNTRAAKYNPTKWVNTRDNMTPDMPDFRCNKG
AFTFAGQTGTAEVKAGSKLALKLGVGATMKHPGPALVYMSKAPSTAKTYQGDGDWEKIYEEGVCDKNKDL
KSDAWCSWDKDRVEFTIPADLPDGEYLIRPEHIGVRVHGAHAGEAEFYYR

>AtAAOE
MAMSKIMSLTGLLASASLVAGHGYVSGVAAAYGGYLVDKYAYSDNPPETIGWSTTATDLGEVDGTGYQSP
DIICHKDGKPGALSAEVAAGGEIELOQWTEWPESHHGPVLNYLAPCGGDCSAVDKTSLEFFKIEAKGLIDG
SSPPGHWATDDLISNNNSWIVTIPASVOEGNYVLRHETIIGLHSAGOKDGAQNYPQCINIKVTGGGAATPA
GTAGEALYKDTDPGILFDIYSDLSGGYPIPGPEVESA
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>AtAAOF
MRHVOSASLLTALLSATKVAAHGHVSNIVINGVYYEGEDINSEFPYMGENAPTVAAWTTPNTGNGPLAPDD
YSSPDIICHONATAGKGYVEVNAGDRISLOWTPWPESHHGPVVDYLARCEPNCASVDKTSLEFFKIDGVG
IVDGSSVPGVWGDDQLIKNNNTWLVEIPKSIAPGYYVLRHELIALHSAGTEGGAQNYPSCENLKVNGDGT
DKPAGVVGTELYTPTGDGIIFNIYQTVSSYPVPGPTLYTGAATGVTQATSAITSTGTALTVGAAATTPAS
GSGASSSAAPSSSAAATPSSRLSSLCCCVPL

>AtAA9SG
MKLNLASLCFLASIAPLVSGHYVESKLIVDGKTTKDFEYIRENSNGYQPTLASEIVSNDFRCNKGSMESA
AKTKVYTVAPGAEMGFQLAYGASMKHPGPLOIYMSKAPGDVKAYDGSGDWEKVYQEGVCNDISGGLKDTD
WCTWGKDTASFKIPENTPPGQYLVRVEHIGLHRGESGNSEFYFTCAQIEVTGSGSGVPGPLVKIPGVYKP
EDPNIHENIYHPVPTSYDLPGPSVIWSGGVSDSSSSISAPPVNNAAAASSVTPTTLVTLSKTSSTPAATSS
AAPTSSAPSNGTIKKYYOCGGOGWTGSGSCEAGTSCREWNTWYEFQCV

S4



S2 Table. Comparison of AA9 LPMOs found in the A. tamarii BLU37 transcriptome with
putative AA9 LPMOs encoded in the genomes of A. oryzae RIB40 and A. tamarii CBS 117626,
and identification of experimentally characterized LPMOs with the highest sequence
identity. AA9 LPMOs that have been identified in the transcriptome of A. tamarii BLU37 during
growth on sugar cane bagasse [1] are compared to AA9 LPMOs that have been identified in the
genomes of A. oryzae RIB40 [3] and A. tamarii CBS 117626 [2]. The closest (partially)
characterized LPMOs from Aspergillus species are provided in the footnotes.

Protein from A. | Protein ID of the | Protein ID in Closest characterized | Upregu- Upregu-
tamarii BLU37 | corresponding the A. tamarii relatives @ lation after | lation after
transcriptome | proteininthe A. | CBS 117626 36h" 48h"

oryzae RIB40 (Asptaml)

genome genome
AtAA9A 1567 254541 LsAA9A [4]; 58% " 4.7 5.3
AtAA9B 2234 140265 TaAA9A [5,6]; 71% © 0.78 2.1
AtAA9C 4102 258171 —d 1.4 1.1
AtAA9D 4194 312543 —de 7.0 6.7
AtAAQE 4749 218852 TaAA9A [5, 6];69% 10.5 11.0
AtAA9F 5772 312044 TrAA9A [7-9]; 58% ¢ 1.9 -1.0
AtAAIG 11276 288991 - 5.5 6.1
—| 9997 273838 =r =l
—| 303761 =t =f

@ Enzymes with known crystal structures for the catalytic domain; the sequence identity for the catalytic domain is
indicated after the enzyme name.

® Of the reported LPMOs, AtAA9A-N shares 80% sequence identity with An1602, for which C4-oxidizing activity
on cellulose has been demonstrated [10].

¢ The closest experimentally characterized relatives of AtAA9B are Aspte3, Aspfu3, and Chacr2 [11] with 80-84%
sequence identity; the regioselectivity of these LPMOs has not yet been identified beyond doubt and data for
xyloglucan are lacking.

4 No sequence identity >50% with an experimentally characterized LPMO.

¢ Of the reported LPMOs, AtAA9D-N shares 84% sequence identity with An3046-N; the regioselectivity of this
enzyme is not known; experiments with non-purified enzymes suggest activity on cellulose and xyloglucan [12].

f The closest experimentally characterized relatives of AtAA9E are Aspfu5 [11] and ATAA9B [13, 14] with 72-73%
sequence identity; the regioselectivity of these LPMOs has not yet been identified and experiments with xyloglucan
were not reported.

9 The closest experimentally characterized relatives of AtAA9F are Aspte5, Aspfu2, and Chacrl [11] with 71-73%
sequence identity; the regioselectivity of these LPMOs has not been identified beyond doubt and data for xyloglucan
are lacking.

P transcript levels during growth on sugar cane bagasse. The numbers show log2 fold change of differentially
expressed genes when comparing transcript accumulation using steam-exploded bagasse or glucose as carbon source
and are from Midorikawa et al. [1]. Significant upregulation is highlighted by the orange color.

" AA9 LPMOs present in the genome of A. tamarii CBS 117626 for which no corresponding AA9 have been found
in the A. tamarii BLU37 transcriptome.
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S3 Table. Domain structure and predicted properties of the A. tamarii AA9 LPMOs. Full-
length and AA9 domains only. Domains, as marked in S1 Table, were annotated by HMMER
analysis using the dbCAN2 metaserver (http://bcb.unl.edu/dbCAN2/) and by structural alignment
with  experimentally characterized AA9 LPMOs using T-Coffee’s Expresso tool
(http://tcoffee.crg.cat/apps/icoffee/do:expresso). The other listed characteristics were calculated
using Expasy’s ProtParam tool (https://web.expasy.org/protparam/).

Protein | Domain structure Full-length enzyme ° AA9 domain (amino acids
Length Molecular pl Length Molecular pl
(amino mass (kDa) (amino mass (kDa)
acids) acids)
AtAA9A | AA9-linker-CBM1 353 36.68 5.00 | 214 23.10 4.97
AtAA9B | AA9-linker—unknownl 354 36.32 4.68 | 225 24.10 4.66
AtAA9C | AA9-linker— ¢ 1325 35.54 4.66 | 247 26.93 4.66
AtAA9D | AA9? 173
AtAAQE | AA9 226 23.65 4.41 | 226 23.65 4.41
AtAA9F | AA9-linker 290 29.96 4.69 | 229 24.53 4.60
AtAA9G | AA9-linker-CBM1 307 32.75 6.09 | 217 23.75 5.86

@ fragment only.
b without the signal peptide.
¢ potentially truncated at the C-terminus; see main text for details.
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S4 Table. Regioselectivity and substrate specificity of AtAA9A-N, AtAA9B-N, and
experimentally characterized AA9 LPMOs that are active on xyloglucan. LPMOs for which
there is structural data are highlighted in yellow. Regarding the activity on cello-oligosaccharides,
the degree of polymerization of the tested oligomers and activity levels against those are listed.
Activity on other hemicellulosic substrates, whether it has been tested (reported/not reported) and
found (+/-), are also given.

Enzyme Domain Regio- Cello- L3 Cleavage type Other hemi- Reference
selectivity oligomers? | loop | on xyloglucan celluloses
on cellulose
NcAA9C AA9-CBM1 C4 +/5-6 + substitution- reported; + [15]
(+)/4 intolerant

FgAA9A AA9-[...]? Cl/c4 —/3-6 - substitution- reported; — [16]
tolerant

GtAA9A-2 AA9-CBMxP | C1/C4 —/5-6 - substitution- reported; — [17]
tolerant

TaAA9A AA9 only Cl/C4 -/5 - substitution- reported; — [6]
tolerant

MYCTH_79765 AAQ9 only c4 +/5-6 + substitution- reported; + [18]
intolerant

GtAA9B AA9 only Cl/C4 —/5-6 - substitution- reported; — [19]
tolerant

LsAA9A AA9 only C4 +/4-6 + substitution- reported; + [20]
intolerant

CvAA9A AAQ9 only Cc4 +/4-6 + substitution- reported; + [20]
intolerant

PaAA9H AA9-CBM1 Cl/c4 +/5 + substitution- reported; + [21, 22]
tolerant

MYCTH_85556 AA9 only Cl/C4 -/1-5 - ?¢ reported; + [23]

MYCTH_100518 | AA9 only C4 -/1-5 + 2 reported; + [24]

NCAA9A AA9-CBM1 C4 (+)/5 + substitution- reported; — [25]
intolerant; ((+))¢

NcAA9D AA9 only C4 -/5 + substitution- reported; — [25]
intolerant; (+)¢

McAA9A AA9-[...]? Cl/Cc4 +/6 - substitution- reported; + [26]
tolerant

McAA9B AA9 only Cl/c4 -16 - substitution- reported; + [26]
tolerant

McAA9F AA9 only Cl/Cc4 +/6 - substitution- reported; + [26]
tolerant

McAA9H AA9 only Cil/c4 -16 - substitution- reported; + [26]
tolerant®

GCcAA9A AA9 only Cl/C4 not reported | — 7¢ not reported [27]

GcAA9B AA9-[...]* Cl/C4 not reported | — ?° not reported [27]

An3046 AA9-[...]? ?¢ not reported | — ?¢ not reported [12]

TtAAE AA9 only C1l not reported | — ?¢ not reported [28]

NcAAIM AA9 only Cl/c4 not reported | — substitution- not reported [29]
tolerant

AtAA9A-N AA9-CBM1 C4 +/5-6 + substitution- reported;— this study
intolerant

AtAA9B-N AAS...]? Cl/c4 —/5-6 - substitution- reported;— this study
tolerant

2 unidentified C-terminal extension

b unclassified carbohydrate-binding module (CBM)

¢ unclear; it cannot be determined from the available data

d activity levels are indicated as: —, inactive; ((+)), hardly active; (+) little active; +, active
& activity on xyloglucan was only found when co-incubating xyloglucan and cellulose
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Supplementary figures
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S1A Fig. Consensus and frequency of amino acids in the putative C-terminal domain of
AtAA9B. Consensus was based on multiple sequence alignment of the putative C-terminal domain
of AtAA9B (“unknown 1” in S3 Table) with similar domains in other proteins in the UniProt
database; the frequency of amino acids was visualized using WebLogo 3
(http://weblogo.threeplusone.com/create.cqi). Altogether 98 proteins were found (with an E-value
<0.0001) when blasting the C-terminus of AtAA9B (top of the figure) against the UniProt database.
All these proteins were identified as AA9 LPMOs using the dbCAN2 metaserver
(http://bcb.unl.edu/dbCAN2/). Notably, 96 of the 98 proteins were from Aspergillus or Penicillium
species. The conserved aromatic residues Y322 (Y in 96 and W in 2 sequences), W341, and H348
are highlighted in yellow.
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S1B Fig. Consensus and frequency of amino acids in the putative C-terminal domain of
AtAA9C. Consensus was based on multiple sequence alignment of the putative C-terminal domain
of AtAA9C (“unknown 2” in S3 Table) with similar domains in other proteins in the UniProt
database; the frequency of amino acids was visualized using WebLogo 3
(http://weblogo.threeplusone.com/create.cgi). Altogether 136 proteins were found (with an E-
value <0.0001) when blasting the C-terminus of AtAA9C (top of the figure) against the UniProt
database. All these proteins were identified as AA9 LPMOs using the dbCAN2 metaserver
(http://beb.unl.edu/dbCAN2/), with the exception of one, which is an LPMO fragment (based on
multiple sequence alignment). This figure is based on the alignment of the C-termini of AtAA9C
and eight proteins (i.e. the proteins with >90% sequence identity) in the UniProt database. The C-
terminal sequence of AtAA9C seems to be truncated compared to the sequences of these proteins
(with >90% sequence identity); the LPMOs shown in the sequence logo are approximately 50
amino acids longer. The putative truncation point in AtAA9C is indicated by a red arrow and the
sequence after the truncated point by orange bars above the sequence and the sequence logo.
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S2 Fig. See legend on the next page.
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S2 Fig. Phylogenetic tree based on a multiple sequence alignment of the AA9 domains of A.
tamarii AA9s with characterized AA9 LPMOs. LPMOs where the reported data were unclear
or insufficient to unambiguously identify regioselectivity on cellulose were omitted from the
figure. An “-N” after the LPMO name indicates the presence of a C-terminal extension that was
omitted from the comparison. AtAA9s are indicated in red and bold; the closest characterized
relatives of the AtAA9s are indicated in orange and bold. Regioselectivity on cellulose (C1-, C4-
and C1/C4-oxidizing) is given after the name of each LPMO.

S11



kDa M 1 kDa

50 -

5 40 -

30-

25~
20 -

15-

10 -

S3 Fig. SDS-PAGE of the purified recombinant AtAA9A-N and AtAA9B-N. Lane M,
Benchmark Protein Ladder; Lane 1, purified AtAA9A-N; Lane 2, purified AtAA9B-N.
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S4 Fig. MALDI-ToF spectra showing products generated upon incubation of AtAA9A-N and
AtAA9B-N with PASC. The spectra show the DP 5 cluster displaying a pattern typical for C4-
oxidation for AtAA9A-N, while the pattern for AtAA9B-N is typical for C1/C4-oxidation. Single
or double oxidation is denoted with * or #; hydration is denoted with *. The peaks at 887.4 and
889.4 correspond to the Na*-salt of the aldonic acid, which is denoted as “~H* +Na™. When it
comes to regioselectivity, the clearest indicators are: absence of sodium salts of aldonic acids in
the spectrum for AtAA9A-N, which indicates the absence of C1l-oxidation; presence of aldonic
acids and double oxidized products in the spectrum for AtAA9B-N, which indicates that both C1-
and C4-oxidation occur. Further evidence for the regioselectivity of the two LPMOs is provided
by the HPAEC chromatograms shown in Fig. 1 of the main manuscript.
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NVKGG---EPVPQFVSASAGDKL-TFEWYRMK----—-- RGDDIIPPBHSGPITTWIAAF
NVNN----KATAKTLEVKAGDKI - TFEWHHBSRS - ---- ESDDIIHSBHENGPILVYMAPT

SHKGPVIDYLASC
BHHGPVLDYIAPC
BHHGPVIDYLANC

NVDN- - --RVVPKSVPVNAGDTL-TFEWYHNT - ------ RDDDI I]I::ISIHHGPIAVY IAPA
YENPG---RPAAKTLSVAAGSTV-GFTVS-—--——--—--—- - -HPGPLQFYMARV
NGGPN-PTTPSDKIITVNAGSTV-KAIWRHELTS----- GADDVMBASHKGPTLAYLKKV
NGSPN-TVASTSKVITVQAGTNV-TAIWR¥MLST - -TGDSPADVMBSSHKGPTIAYLKKV

GQ----SGSTSNTIIEVKAGDRI-GAWYQHWIGGAQFPNDPDNPIBKEHKGPVMAYLAKV
NA----VTMKDSNVLTVPAGAKV-GHFWGHEIGGAAGPNDADNPIHASHKGPIMVYLAKV
NTN---IQLRDNTVIKVPAGARV-GAWNGHEIGGAAGPNDPDHPIAASHKGPIQVYLAKV

* k%

S5 Fig. (continued)

S14

52
49
52
52
56
51
56
55
56
41
43
41
42
2
2
39
39
)

98
90
97
97
97
92
97
96
97
90
93
89
83
92
95
94
94
95



McAA9B
NcAASM
GtAA9A-2-N
GtAA9B
FgAA9A-N
McAAQF
McAA9A-N
AtAA9B-N
TaAA9A
CvAA9A
AtAA9A-N
LsAA9A
McAASH
NcAAS9A-N
NcAA9D
MYCTH_79765
NcAA9C-N
PaAA9H-N

Consensus

McAA9B
NcAA9M
GtAA9A-2-N
GtAA9B
FgAA9A-N
McAASF
McAA9A-N
AtAA9B-N
TaAA9A
CvAA9A
AtAA9A-N
LsAA9A
McAASH
NcAAS9A-N
NcAA9D
MYCTH_ 79765
NcAA9C-N
PaAA9H-N

Consensus

929
91
98
98
98
93
98
97
98
91
94
90
84
93
926
95
95
96

148
144
151
151
148
145
151
148
151
139
136
134
134
140
144
144
142
143

LS loop
130 140 150 160 170 180
T e O e

P-G--DCSEYEP-GTDAVWFKIAEDGKH----DDG-SWASDPLIN-DV-PYEFTIPEGLA
P-D-TGCQDWTPSASDKVWFKIKEGGREG---TSN-VWAATPLMTAP-ANYEYAIPSCLK
P-SNTDITSYSPTGSDVIWFKIDEAGYE-—-—--- NG-KWAATDIMSAQNSTWTVTIPKALA
P-SSTDVTKYSPTGSDVIWFKIDEGGYS—-—-—--- NG-KWAATDVLSAQNSTWTVTIPSSLA
G-SAG-CAKVDK--TSLKFFKIAEAGMTS----GG-KFASDDLIAAG-NTWEVTVPTSIK
N-GD--CSSASA--GSLNFVKIAEKGLISGS-NPG-FWAADELIQNG-NSWEVTIPANLA
N-GD--CSSVDK--TSLKFFKISEAGLNDGSNAPG-QWASDDLIANN-NSWTVTIPKSIA
N-GD--CATVDK--TQLEFFKIDEKGLISG--SDN-TWASDNLISSN-NSWTVTIPSSIA
N-GD--CSTVDK--TQLEFFKIAESGLINDDNPPG-IWASDNLIAAN-NSWTVTIPTTIA
TS----- PTMDG--TGPVWSKIHEEGYDAST---K-SWAVDKLIANK-GMWDFTLPSQLK
EK----—---- GT--AGNGWVKIAEDGYT--D---G-TWAVETLIKNR-GKHSVTVPD-VA
AS-—--—-——--- NG--QGNVWVKLFEDAYNVTN---S-TWAVDRLITAH-GQHSVVVPH-VA
PDGQ-TADSWDG--SGQVWFKIFEQGPQIDP-SGL-TWPSDGL—----— SQVQVTIPSSLP
D-D---ALTDTG--IGGGWFKIQEDGYNN----- G-QWGTSTVITNG-GFQYIDIPACIP
D-N---AATASG--VGNGWFKIQQDGMDS----SG-VWGTERVINGK-GRHSIKIPECIA
D-N---AATASK--TGLKWFKIWEDTFNP----STKTWGVDNLINNN-GWVYFNLPQCIA
D-N---AATTGT--SGLKWFKVAEAGLSN----- G-KWAVDDLIANN-GWSYFDMPTCIA
N-N---AANAGT--SGLOQWFKVAEQGLNN----— G-VWAVDNMISNG-GWHYFDMPSCVA

*: o : : i

vv v LC loop
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PGNYIVRHELWALHBAWT------ YPGAQVYPSCFQVKVVGDG-TQ-QPT-N--LVAFPG
PGYYLVRHEIIALEBAYS------ YPGAQFYPGCHQLQVTGSG-TK-TPS-S-GLVSFPG
PGQYIVRHEIIALHQAET------ YPGAQFYPDCFQVQVTGPG-TE-TPT-SQALVSFPG
PGQYIVRHEIIALHQAQT------ YPGAQSYPDCFQIRVTGSG-NK-TPS-GSYLVSFPG
AGNYVLRHEITALHAAGQ--—---- ENGAQNYPQCFNLEVESDG-TA-EPA----GVAGTS
PGKYVLRHEIIALHEBAGN PNGAQA¥PQCINLEVTGGG-SA-TPS----GQPATS
PGNYVLRHEITALHESAGN ONGAQN¥PQCFNLEITSNG-SD-NPE----GVLGTE
AGNYVMRHEITALHSAGN KDGAQNYPQCLNFKVTGGG-SD-KPE----GTLGTA
PGNYVLRHEITALESAQN------ ODGAQNYPQCINLQVTGGG-SD-NPA----GTLGTA
PGKYMLRQEIVAHHEESDATFDKNPKRGAQFY¥PSCVQVDVKGVG-GD-AVPDQ--AFDFNK
AGEYLFRPEITALHEGNR------ EGGAQF¥MECVQVKVTSSG-SK-TLP-E--GVSIPG
PGDYLFRAEIIALHEADSLYSQNPIRGAQFY¥ISCAQITINSSD-DS-TPLPA--GVPFPG
SGDYLLRVEQIGLHSASS------ VNGAQFYLSCAQLTVTGGG-NG-NPG-P--LVSFPG
SGQYLLRAEMIALHAASS TAGAQLYMECAQINIVGGTGGTALPS-T--TYSIPG
PGQYLLRAEMIALHAASN YPGAQFYMECAQLNVVGGT-GA-KTP-S--TVSFPG
DGNYLLRVEVLALHEBAYS QGQAQFY¥QSCAQINVSGGG-SF-TPA-S--TVSFPG
PGQYLMRAELIALHENAGS QAGAQFY¥IGCAQINVTGGG-SA-SPS-N--TVSFPG
PGHYLMRVELLALHSASV------ RGAAQFYMECAQIEITGSG-TN-TGS-N--FVSFPG

* ko Kk ok Kk *k k *
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S15

147
143
150
150
147
144
150
147
150
138
135
133
133
139
143
143
141
142

196
193
201
201
195
192
198
195
198
194
184
189
182
190
192
192
190
191



McAA9B
NcAASM
GtAA9A-2-N
GtAA9B
FgAA9A-N
McAA9F
McAA9A-N
AtAA9B-N
TaAA9A
CvAA9A
AtAA9A-N
LsAA9A
McAA9H
NcAAS9A-N
NcAA9D
MYCTH_79765
NcAA9C-N
PaAA9H-N

Consensus

McAA9B
NcAA9M
GtAA9A-2-N
GtAA9B
FgAA9A-N
McAA9F
McAA9A-N
AtAA9B-N
TaAA9A
CvAA9A
AtAA9A-N
LsAA9A
McAA9H
NcAAS9A-N
NcAA9D
MYCTH_79765
NcAA9C-N
PaAA9H-N

Consensus

S5 Fig. Multiple sequence alignment of the catalytic domains of AA9 LPMOs for which
activity on xyloglucan has been demonstrated. The alignment was generated using T-Coffee’s
Expresso tool (http://tcoffee.crg.cat/apps/tcoffee/do:expresso) and reflects a structure-based
alignment of crystal structures and three-dimensional models. Substitution-intolerant xyloglucan-
active AA9s appear in red, substitution-tolerant xyloglucan-active AA9s appear in blue. Additional
xyloglucan-active LPMOs with unknown cleavage specificity, which are not shown in this
alignment, include MYCTH_85556 [23] and MYCTH_100518 [24] from Myceliophthora
thermophila, TtAA9E from Thielavia terrestris [28] and GCAA9A and GCAAIB from Geotrichum
candidum [27]. The sequences of LPMOs that are not able to cleave soluble cello-oligosaccharides
appear on a grey background. (Note that for NCAA9M, activity on cello-oligosaccharides has not
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VvV VvV LC loop

250 260 270 280 290 300
S S S IS N [P [P P
EYTPDTPGVVYBIFON--------- NEP-YPIPGPPVWTPA---——————=====————= 297
AYKSTDPGVTYBAROA--------- A-T-YTIPGPAVFTC-——————————————————~— 222
GYTPTTPGITFNVESG-------- SI-TSYPIPGPPVWTS———————————————————— 232
AYTATTPGIAFNVETN---—----- F-TSYPIPGPAVWTGN——————————————————— 232
LYTASEKGIVFPLENN----—-—-- T D G DT T T —— 225
FYSPNDPGILFNLEQS--------- FD-SYPIPGPAVWSG-———---————————————— 222
LYKADDPGILFNIBQP--------- MD-SYPIPGPALYTG--—-—-———=————————=— 228
LYKDTDPGILVNI¥QT--------- o ——— 2955
LYHDTDPGILINIBOK--—------- LS-SYIIPGPPLYTG-— === === m—mmmm e —m 208
GYKYSDPGIAFPMETD--------- FD-SYPIPGPPVWDAQDEGCCFIDGVDTTSVKEVV 244
AYTATDKGILFNIEDS--------- FD-SYPIPGPAVWDG-—-————————————————— 214
AYTDSTPGIQFNIBTT------ P--AT-SYVAPPPSVWSGALGGSIAQ--VGDASL---- 234
AYSPTDPGLLINI¥WP------ I--PT-SYELPGPPVHRG-==========—-=——em- 213
IYKATDPGLLVNI¥S------- MSPSS-TYTIPGPAKFTC-——————————————————— 222
AYSGSDPGVKISI¥WP------ P--VT-SYTVPGPSVFTC———-———————————————— 223
AYSASDPGILINIBGATGQPDNN--GQ-PYTAPGPAPISC-————--==---————---~ 229
AYSASDPGILINIBGGSGKTDNG--GK-PYQIPGPALFTC-———=-=--=--=———----~ 227
AYTADHPGILVEI¥DLOGRPTNG--GR-PYTIPGPAPLTC-————--==--=————---~— 228
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been reported; its product profile on PASC (short cello-oligosaccharides with DP 2-4) is similar
to that of NCAA9C, indicating that activity on soluble cello-oligosaccharides is very likely [30].)
The two histidines and the axial tyrosine that coordinate the active site copper are marked with
blue triangles and are highlighted in blue. Additional residues potentially involved in substrate—
protein interactions (as experimentally identified for NcCAA9C [31] and LSAA9A [4, 20]) are
highlighted in green and marked with green triangles. A few additional residues, which are
discussed in the main text, because we speculate that they may affect xyloglucan binding or the
ability to cleave water-soluble cello-oligosaccharides, appear in black frames.
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L3 loop

S6 Fig. Structural superposition of (substitution-intolerant) NcAA9C-N (PDB: 4D7U; gold),
LSAA9A (PDB: 5ACI; light purple) and CvAA9A (PDB: 5NLT; magenta) with (substitution-
tolerant) TaAA9A (PDB: 2YET; orange), showing surface-exposed side chains that
(potentially) take part in protein—substrate interactions. The L2, L3 and LC loops are marked
using the color coding used in S4 Fig. Side chain labels are colored according to the corresponding
structure; the labels of fully conserved residues appear in black with numbering referring to
NcAA9C.
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S7 Fig. The predicted substrate-binding surface of (A) AtAA9A-N and (B) AtAA9B-N.
Structures were built with SWISS MODEL [32] based on the structures of LSAA9A (PDB ID,
5N05) and TaAA9A (PDB ID, 3ZUD), respectively. Analogously to Fig 7, panel A shows a
cavity (black arrow) formed by the L3 loop of AtAA9A, and panel B shows the lack of cavity
and a conserved surface-exposed proline (white arrow) in AtAA9B. The cellohexaose was
superposed from the LsAA9A—cellohexaose (PDB 1D, 5ACI) structure.
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S8 Fig. Sideview of xyloglucan-active LPMOs which have (A) substitution-intolerant, (B)
substitution-tolerant, or (C) unknown cleavage pattern. The names of LPMOs with known
crystal structures (CvVAA9A, PDB: 5NLT; LsAA9A, PDB: 5ACI; NcAA9A-N, PDB: 5FOH;
NCcAA9C-N, PDB: 4D7U; NcAA9D, PDB: 4EIR; NCAA9M, PDB: 4EIS; TaAA9A, PDB: 2YET)
are underlined. The other structures shown are models based on PDB structures with 1D 3ZUD
(AtAA9B-N, FgAA9A-N), 4B5Q (McAA9H), 4D7U (MYCTH_79765, PaAA9H-N), 4EIR
(MYCTH_100518), 4EIS (GtAA9A-2-N, GtAA9IB, McAA9B), 4QI8 (MYCTH_85556), 5N05
(AtAA9A-N) and 6H1Z (McAA9A-N, McAAI9F). The positioning of cellohexaose (Cells) was
modeled based on the LsAA9A—Cellg structure (5ACI). Note that much of the variation between
LPMOs occurs in the surface loops that make up the substrate-binding surface and that such loops
are difficult to model accurately. Thus, the models cannot be used for detailed analysis of putative
enzyme-substrate interactions.
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The L3 loop appears as a protrusion of varying height behind the +1 and +2 subsites that are
marked with an arrow and is present in all LPMOs in panel A, in PAaAA9H-N in panel B, and in
MYCTH_100518 in panel C. The LPMOs in panel B (except PAAA9H-N) and MYCTH_85556
in panel C have a more open and flat substrate-binding surface, which is extended towards the left
(+ subsites) due to a longer L2 region (except in the case of MCAA9H and PaAA9H). The side
chains of (putative) substrate-binding residues including the His-brace, surface-exposed aromatic
residues and substrate-binding residues identified by NMR [31] and crystallography [20] are
shown (see S4 Fig for more details). The names of LPMOs that are active on cello-oligosaccharides
appear in black, whereas the names of LPMOs that are not active on cello-oligosaccharides appear

in grey.
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