10
11

12
13

14

15

16

17
18
19
20
21
22
23
24
25
26
27

Conservation of endo-glucanase 16 (EG16) activity across highly divergent plant lineages

Hila Behar'?, Kazune Tamura*?, Edward R. Wagner®, Daniel J. Cosgrove® and Harry

Brumert?*%*

! Michael Smith Laboratories, University of British Columbia, 2185 East Mall, Vancouver, BC
Canada V6T 171

2 Department of Biochemistry and Molecular Biology, University of British Columbia, 2350
Health Sciences Mall, Life Sciences Centre, Vancouver, BC, Canada V6T 1Z3

¥ Department of Biology, Pennsylvania State University, 208 Mueller Laboratory, University
Park, PA, 16802, USA

* Department of Botany, University of British Columbia, 3200-6270 University Blvd.,
Vancouver, BC, Canada, V6H 174

> Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, BC,
Canada, V6T 171

* To whom correspondence should be addressed; brumer@msl.ubc.ca

Abstract

Plant cell walls are highly dynamic structures that are composed predominately of
polysaccharides. As such, endogenous carbohydrate active-enzymes (CAZymes) are central to
the synthesis and subsequent modification of plant cells during morphogenesis. The endo-
glucanase 16 (EG16) members constitute a distinct group of plant CAZymes, angiosperm
orthologs of which were recently shown to have dual -glucan/xyloglucan hydrolase activity.
Molecular phylogeny indicates that EG16 members comprise a sister clade with a deep
evolutionary relationship to the widely studied apoplastic xyloglucan endo-
transglycosylases/hydrolases (XTH). A cross-genome survey indicated that EG16 members
occur as a single ortholog across species and are widespread in early-diverging plants, including
the non-vascular bryophytes, for which functional data were previously lacking. Remarkably,

enzymological characterization of an EG16 ortholog from the model moss Physcomitrella patens
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(PpEGL16) revealed that EG16 activity and sequence/structure are highly conserved across 500
million years of plant evolution, vis-a-vis orthologs from grapevine and poplar. Ex vivo
biomechanical assays demonstrated that the application of EG16 gene products caused abrupt
breakage of etiolated hypocotyls rather than slow extension, thereby indicating a mode-of-action
distinct from endogenous expansins and microbial endo-glucanases. The biochemical data

presented here will inform future genomic, genetic, and physiological studies of these enzymes.

Introduction

Glycoside hydrolase family 16 (GH16) forms an important group of enzymes that hydrolyze
either B-1,4 or B-1,3 linkages of glucans or galactans. The substrates of bacterial GH16
members are diverse and include agar, porphyran, carrageenan, laminarin, mixed-linkage -
glucan, and xyloglucan, among others (1). In plants, GH16 xyloglucan endo-
transglycosylase/hydrolase (XTH) gene products, comprising xyloglucan endo-
transglycosylases (XETs, EC 2.4.1.207) and xyloglucan endo-hydrolases (XEHs, EC 3.2.1.151),
modify the most abundant matrix glycan in the primary cell wall of most streptophytes (2).
XETs cleave the xyloglucan backbone and subsequently form a new glycosidic bond with
another xyloglucan chain, whereas the XEHs irreversibly cleave the glycosidic backbone through
hydrolysis (3). Individual XETs and XEHSs have been implicated in diverse morphological
processes in plants, such as cell growth and expansion, fruit ripening, flower development, and
seed germination (2, 4-11). Interestingly, some homologs have been shown to catalyze hetero-

transglycosylation between xyloglucan and other saccharides (11-14).

Recently, refined phylogenetic and biochemical analysis of plant GH16 members uncovered a
unique, previously uncharacterized clade comprising endo-glucanase 16 (EG16) orthologs. Two
members of this group, Populus trichocarpa EG16 (PtEG16) (3) and Vitis vinifera EG16
(VWEG16) (15) were characterized as glycoside hydrolases (GH), which cleave mixed-linkage
B(1,3)/B(1,4)-glucan (MLG) and xyloglucan (XyG). The tertiary structure of VVEG16
revealed a broad active site cleft, thus rationalizing the ability of EG16 members to address both
the linear MLG and the highly branched XyG polysaccharide chains. These enzymes also lack
the defining C-terminal extension of XETs and XEHs (“XET_C” PFAM domain PF06955; (3,
16)). Thus, primary and tertiary structural analysis together support that EG16 members
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constitute a discrete group that appears to be intermediate between extant bacterial MLGases and
plant XTH gene products (17, 18).

Strikingly, whereas plant genomes typically contain 20-60 XTH homologs (2, 18, 19), it was
originally observed that, when present, only a single EG16 ortholog is found (3, 15). In
particular, EG16 members are noticeably missing from Arabidopsis thaliana, Nicotiana
tabacum, and other eudicots. These observations prompted us to undertake an extensive cross-
genome/transcriptome survey of nearly 1300 plant species, which showed that EG16s are both
highly conserved and widely distributed across most plant lineages, from early-diverging land
plants such as mosses and liverworts to ferns, gymnosperms, graminaceous monocots and certain
eudicots (18). EG16 homologs are also found in some green algae (19). The phylogeny of EG16
protein sequences recapitulates contemporary models of plant species evolution, which further
reflects a high degree of sequence conservation. The biological function(s) of EG16 members is

currently unknown due to a lack of genetic studies.

In the present study, we sought to biochemically characterize a representative from one of the
earliest-diverging land plant lineages (Figure 1) because only angiosperm EG16s had been
characterized previously (15, 17). Thus, we cloned and recombinantly expressed three EG16
variants identified in the transcriptome of the model moss, Physcomitrella patens. Subsequent
enzymology defined PpEG16 as an endo-fB(1,4)-glucanase/xyloglucanase, with the ability to

weaken plant tissues ex vivo.

Abbreviations

AZCL: Azo-dyed and azurine cross-linked; BCA: Bicinchoninic acid; BLAST: Basic local
alignment search tool; BSA: Bovine serum albumin; CAZy: Carbohydrate active enzyme
database; CAZymes: Carbohydrate-active enzymes; cGM: Carob galactomannan; CMC.:
Carboxymethyl cellulose; DTT: Dithiothreitol; EDTA: Ethylenediaminetetraacetic acid; EG16:
Endo-glucanase family 16; G: p(1,4)-linked glucose; G3: B(1,3)-linked glucose; Gal: Galactose;
GAX: Glucuronoarabinoxylan; GH: Glycoside Hydrolase; Glc: Glucose; GIcA: Glucuronic acid,;
HEC: Hydroxyethyl cellulose; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HPAEC-PAD: High-performance anion-exchange chromatography with pulsed amperometric
detection; IPTG: Isopropyl p-D-1-thiogalactopyranoside; kKGM: Konjac glucomannan; L: (1,2)-
galactosyl-a(1,6)-xylosyl-B(1,4)-glucose; LB: Lysogeny broth; LIC: Ligation independent
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cloning; m/z: Mass-to-charge ratio; MALDI-TOF: Matrix-assisted laser desorption ionization
coupled to time-of-flight mass spectrometer; MLG: Mixed-linkage p(1,3)/B(1,4)-glucan;
MLGases: Bacterial B(1,3)/B(1,4) mixed-linkage endo-glucanases; MOPS: 3-(N-
morpholino)propanesulfonic acid; MUSCLE: Multiple sequence comparison by log-expectation;
MS: Mass spectrometry; mya: Million years ago; OD: Optical density; PDB: Protein Data Bank;
RPM: Revolutions per minute; SDS-PAGE: Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis; SEC: Size-exclusion chromatography; TRIS:
Tris(hydroxymethyl)aminomethane; wAX: Wheat arabinoxylan; X: a(1,6)-xylosyl-p(1,4)-
glucose; XEH: Xyloglucan endohydrolase; XET: Xyloglucan endotransglycosylase; XTH:
Xyloglucan endotransglycosylase/hydrolase; XyG: Xyloglucan; XGO: Xyloglucan-derived
oligosaccharide; Xyl: Xylose

Materials and Methods

Materials

All materials and chemicals were purchased from Sigma-Aldrich unless otherwise stated.
Phusion High-Fidelity DNA Polymerase, dNTPs, restriction enzymes and T4 DNA Ligase were
purchased from New England Biolabs. Barley B-glucan (MLG; P-BGBH), tamarind xyloglucan
(XyG; P-XYGLN), wheat arabinoxylan (WAX; P-WAXYM), curdlan (P-CURDL), konjac
glucomannan (kGM; P-GLCML), carob galactomannan (cGM; P-GALMH), and yeast -glucan
(yBG; P-BGYST) were purchased from Megazyme. Carboxymethyl cellulose (CMC,;
332641000), hydroxyethyl cellulose (HEC; K391), laminarin (G9752) and starch (S516) were
purchased from Acros Organics, Amresco, Millipore-Sigma and Fisher Chemical, respectively.
Stock solutions of these polysaccharides were prepared according to manufacturer instructions at
10 mg-mL™. AZCL-xyloglucan (I-AZXYG); AZCL-hydroxyethylcellulose (I-AZCEL), and
endo-glucanase E-XEGP (20, 21) were purchased from Megazyme. Populus trichocarpa EG16
(17) and Vitis vinifera EG16 (15) were produced essentially as previously described.
Physcomitrella patens EG16 variants were produced as described below. Etiolated hypocotyl
walls from chia (Salvia hispanica) and cucumber (Cucumis sativus, cv Straight Eight, Everwild

Farms Inc.) were used for biomechanical assays.
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Bioinformatics

PpEG16 sequences were extracted from JGI Phytozome v12.1.5: Pp3c21_9420V3.1,
Pp3c21_9420V3.9, Pp3c21_9420V3.10 (GenBank accession: XP_024359727.1) (Supplemental
File 1). NCBI BLAST was used to analyze the protein sequence identity and similarity between
EG16s from different plant groups (accession numbers are from GenBank unless otherwise
stated): Physcomitrella patens XP_024359727.1; Sphagnum fallax Sphfalx0006s0041.1 (JGI
Phytozome); Marchantia polymorpha PTQ31451.1; Selaginella moellendorffii XP_EFJ38050.1;
Picea abies PAB00045440 (Plaza); Amborella trichopoda XP_006857906.1; Brachypodium
distachyon PNT78322.1; Vitis vinifera XP_002273975.1; Populus trichocarpa
XP_002301319.2. Protein sequence alignments were initially made by MUSCLE within AliView
(22) then manually refined versus the tertiary structure of VVEG16 (15) and annotated with
ESPript (23).

A structural homology model of PpEG16.9 was generated using the SWISS-MODEL server
(24). Several models were generated using the following PDB IDs as templates: 5DZE, 5DZF,
5DZG, and 5SV8. The model with the highest Global Model Quality Estimate (GMQE) score,
based on PDB ID 5DZG, was selected for analysis (available as Supplemental File 2 and at the
Protein Model Database, PMDB ID PM0084148). The overall QMEAN Z-score was 0.75 and
QMEAND:IsCo Global score was 0.83. Model validation by MolProbity revealed statistics
comparable to the 5DZG template: MolProbity Score = 1.27, Clash Score = 1.63, Ramachandran
Favoured = 94.82 %, Ramachandran Outliers = 1.04%, Rotamer Outliers = 0.59%. Structural
alignment of the model with the template was performed in Coot using the SSM (Secondary
Structure Matching) method (RMSD 0.438A across 160 Calpha pairs). Protein representations
were produced using PyMOL (Schrédinger, Inc.)

Cloning of PpEG16 targets, transformation, protein production and purification

Coding sequences of PpEG16.1, PpEG16.9 and PpEG16.10 were codon-optimized for E. coli
expression using the IDT Codon Optimization Tool (Supplemental File 3). cDNA sequences
were obtained from Bio Basic (Markham, ON, Canada), each was inserted into pET28b with the
restriction sites Ndel and Nhel. For crystallography experiments (vide infra), LIC cloning was
utilized for subcloning all targets into pMCSG53 (Table S1) (25). PCR reactions were run in
Bio-Rad C1000 Thermal Cycler.
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Constructs were transformed into BL21 (DE3) competent E. coli cells via heat shock.
Transformants were used to inoculate 5 mL Studier Zym-505 media (5 g-L™ yeast extract, 10
g-L™ tryptone, 25 mM NayHPO4, 25 mm KH,PO4, 50 mM NH4CI, 5 mM NaySO,, 0.5 g-L™
glucose, 5 g-L™ glycerol) supplemented with antibiotic (50 pg-mL™ kanamycin for pET28b
constructs or 100 pg-mL™ ampicillin for pMCSG53 constructs) and grown at 37°C overnight
with shaking at 200 RPM (26). Starter culture was added to a 4 L flask with 1 L of media of
fresh media and grown until an OD600 value of 1.0 was achieved (measured with an Agilent
Cary 60 spectrophotometer). To initiate protein production, 0.2 mM IPTG was added, and the
culture was incubated at 16°C overnight shaking at 200 RPM. The culture was centrifuged at
4000 g for 25 min at 4°C, and the resulting bacterial pellet was resuspended (20 mM sodium
phosphate buffer, pH 7.5, 300 mM NaCl, 20 mM imidazole, 5 mM DTT, 1 mM EDTA, 2500
units Benzonase Nuclease, 0.06 mg-mL™ lysozyme, 1x cOmplete™ Protease Inhibitor Cocktail),
sonicated (Misonix XL2020 Ultrasonic Liquid Processor) for 3 min at intervals of 20 s on and 20
s off. The sample was then centrifuged at 24,000 g for 40 min at 4°C, and the supernatant was
separated from the cell debris. The presence and mass of protein was confirmed with SDS-PAGE
(Bio-Rad mini Protean TGX 4-20%) stained with Coomasie blue dye (50% methanol, 40% H,O,
10% acetic acid, 0.25% Coomassie blue R-250).

Using a Bio-Rad NGC Chromatography System, the supernatant was loaded on a 1 mL HisTrap
affinity column containing nickel-loaded beads (GE Healthcare), which was subsequently
washed with 20 column volumes of wash buffer (20 mM sodium phosphate buffer, pH 7.5, 300
mM NaCl, 20 mM imidazole, 5 mM DTT, 1 mM EDTA). To elute the protein, the column was
washed with a linear gradient of wash buffer to elution buffer (20 mM sodium phosphate buffer
pH 7.5, 300 mM NaCl, 400 mM imidazole, 5 mM DTT, 1 mM EDTA) over 20 column volumes.
For subsequent size exclusion chromatography (SEC), pooled fractions were concentrated using
a 10 kDa centrifugal concentrator (Sartorius) to 1 mL and loaded onto a Superdex 75 10/300 GL
column (GE Healthcare) containing SEC buffer (10 mM MOPS, 5 mM DTT, 1 mM EDTA, pH
7.5) and washed at 0.8 mL-min™ until protein was eluted. Purity and molar mass were assessed
by Coomassie staining and imaging with a Bio-Rad ChemiDoc MP Imaging System following
SDS-PAGE (Bio-Rad mini Protean TGX 4-20%). The molar mass of PpEG16.9 was also

assessed by intact protein mass spectrometry on a Waters Xevo UPLC-MS system, essentially as
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previously described (27). Proteins were concentrated to approximately 1 mL and stored in SEC

buffer at -70°C after snap freezing in liquid nitrogen.

Crystallography trials

Sparse matrix crystal screening of PpEG16.9 was carried out in 96-well sitting drop plates using
various commercially available screens: Classics Suite, Classics 11 Suite, JCSG+ Suite, Protein
Complex Suite, pH Clear Suite, pH Clear Il Suite, and PACT Suite (all from Qiagen). Trays
were set up using the Phoenix robot (Art Robbin Instruments) and stored at room temperature or
4°C. Recombinant PpEG16.9 with and without His-tag cleavage by TEV protease were both
screened at multiple protein concentrations. Various surface entropy reduction mutants targeting
loops connecting various beta-strands were also produced by site-directed mutagenesis (Table
S2) using pMCSG53-PpEG16.9 as a template (QuickChange, Agilent Technologies, Santa
Barbara, CA, USA), in attempts to promote crystal formation. In particular, we targeted a
homologous loop in PpEG16, in which the deletion of a single valine residue enabled
crystallization of VVEG16 (15). Unforunately, extensive crystal screening of all recombinant

proteins failed to produce diffraction-quality crystals.

Enzyme Kinetics

A copper-bicinchoninic acid (BCA) reducing sugar assay was employed to assess the hydrolytic
activity of the PpEG16 variants on polysaccharides, essentially as previously described (28).
Measurements of temperature and pH optima were performed in 10 min assays containing 1
mg-mL™? MLG, 16.9 nM PpEG16.9, 0.1 mg-mL™ BSA, 1 mM NaCl, and 1 mM EDTA. To
determine the temperature optimum, 13 reactions were carried out using 50 mM sodium
phosphate buffer, pH 7, across the range 9.1-54.0°C. The pH optimum was determined at 37°C
with 50 mM citrate buffer 4-6 pH, 50 mM sodium phosphate buffer 6-8.5 pH, or 50 mM glycine
buffer 8.5-10 pH, adjusted with NaOH.

Initial activity screening was performed using 1.13 mg-mL™ of individual polysaccharides in a
10-minute assay at 37°C. Michaelis-Menten kinetics were determined using 0.1-5.0 mg-mL™
polysaccharide in 50 mM sodium phosphate buffer pH 7, 0.01 mg-mL™* BSA, 0.1 mM NaCl, 0.1
mM EDTA at 37°C for 10 minutes. 16.9 nM of each enzyme was used in substrate specificity
and activity reactions with MLG, 67.5 nM and 33.8 nM were used in the HEC/CMC and XyG,
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respectively. Non-linear curve-fitting of the Michaelis-Menten equation to the data was

performed using OriginPro 2015.

Xyloglucan AZCL and hydroxyethylcellulose AZCL assays (20) were used to verify and
normalize endo-(xylo)glucanase activities prior to biomechanical assays (vide infra). 50 ug
PpEG16, VVEG16, and PtEG16 were assessed with 1 mg of AZCL polysaccharide in 250 pl of
20 mM sodium acetate buffer adjusted to pH 5.5 with acetic acid, or 20 mM HEPES buffer
adjusted to pH 7.5 with NaOH. Samples were incubated for 1 hour at 27° C, with shaking at
1000 RPM. Samples were spun down and filtered before measuring absorbance at 590 nm
(Nanodrop 2000, Thermo Scientific). In assays comparing VVEG16 and commercial
xyloglucanase (GH5) (Paenibacillus sp.) E-XEGP, the enzymes were incubated independently
with 2 mg of AZCL polysaccharide in 1 mL of 20 mM sodium acetate buffer, pH 5.5, for 30 min
at 27° C, with shaking at 1000 RPM. Protein concentrations were adjusted to obtain identical
Asg readings (Evolution 220 UV-Visible Spectrophotometer, Thermo Scientific) in each assay (1
ug/mL of E-XEGP or 15 pg/mL VVEG16 with AZCL-HEC; 1 pg/mL of E-XEGP or 72.5 ug/mL
VWEG16 with AZCL-xyloglucan).

Enzyme product analysis

Limit-digest reactions were set up with 100 g of enzyme and 0.5 mg-mL™ substrate at optimal
conditions of pH 7 and 37°C in 50 mM sodium phosphate buffer for 16 hours (MALDI-TOF MS
analysis) and three days (HPAEC-PAD analysis). Each reaction was terminated with 50 mM
NaOH and diluted 1:100 with milli-Q H,O before analysis by HPAEC-PAD on a Dionex ICS-
5000 system controlled by Chromeleon 7 software. 10 pL injections of samples and standards
were separated on a 3x50mm Dionex CarboPac PA200 guard column in series with a 3x250 mm
Dionex CarboPac PA200 analytical column. Gradients B and C previously described by (29)
were used for the analysis of the MLG and XyG limit-digests, respectively. For MALDI-TOF
analysis, samples were mixed with 20 mg-mL™ 2,5-dihydroxybenzoic acid solution at 1:1 ratio,
applied to Bruker MTP 384 ground steel MALDI plate and air-dried at room temperature.

Samples were analyzed with a Bruker Daltonics Autoflex mass spectrometer.
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Biomechanical assays

Cell wall constant-force extension (creep) assays were performed as previously described (30),
using either 4 d-old etiolated chia (Salvia hispanica) hypocotyls or 3 d-old etiolated cucumber
(Cucumis sativus) hypocotyls, abraded with carborundum (Fisher Chemical C-192-500), and
heat-inactivated by boiling in deionized water for 15 s. Briefly, tissues were clamped into a
constant force extensometer at 6 g force (chia) or 20 g (cucumber) in 20 mM sodium acetate
buffer, pH 5.5. Hypocotyls were incubated in either 20 mM sodium hydroxide for 20 min (chia)
or 50 mM CDTA for 30 min (cucumber) to increase the mechanical responsiveness of the wall
samples, which were subsequently washed 10 times with deionized water. Samples were then
incubated in buffer and allowed to stabilize before the addition of enzymes (protein
concentrations are indicated in the corresponding figure legends). Tissue lengths were recorded

at 30 s intervals before and after the addition of enzyme.

Stress-strain assays were performed to measure the reversible (elastic) and irreversible (plastic)
deformations of stretched cell walls (31). We used 3 d-old cucumber hypocotyls, abraded with
carborundum and heat-inactivated by boiling in deionized water for 15 s. Hypocotyls were
placed in 1 mL of 20 mM sodium acetate buffer, pH 5.5, containing enzyme (protein
concentrations indicated in the corresponding figure legends) and incubated for 16 hours at 26°C,
shaking at 350 RPM. Samples (5-mm between clamps) were stretched at a constant strain rate of

3 mm/min to a final load of 30 g.

Results

PpEG16 is a representative of early-diverging EG16s

EG16 members exhibit high sequence conservation across plant species (Figure S1; see also
(18)). To juxtapose the previously characterized examples from angiosperms, namely PtEG16
and VVEG16, we selected the ortholog from the model moss Physcomitrella patens EG16
(PpEG16; previously annotated as PpXTH32 (32) for analysis. Indeed, P. patens was the
earliest diverging whole-genome sequence available when we initiated our present study (18,
33). Mosses, including P. patens, diverged from hornworts and liverworts ca. 409 million years
ago (mya) in the Devonian era, and these taxa collectively diverged from the group that gave rise
to current day non-vascular plants ca. 485.4 mya at the beginning of the Ordovician era (Figure

1). Among the mosses, P. patens diverged in the Permian period, ca. 280 mya. In contrast, both
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Vitis vinifera and Populus trichocarpa diverged in the Cretaceous, 110 and 80 mya, respectively
(34). Thus, despite a divergence of ca. 500 million years since the split between bryophytes and
other land plants, EG16 sequences remain highly conserved, with pairwise amino acid sequence
similarities >70% and identities >50% (Figure S1, Figure 2A). However, the extent of

functional conservation across this evolutionary time and space was unknown.

The gene encoding PpEG16 is predicted to have three exons separated by two introns. Detailed
analysis of the available nucleotide sequences on Phytozome corresponding to PpEG16 revealed
11 transcripts (Figure S2) that encode three different predicted protein products (Figure 2A).
These are designated PpEG16.1, PpEG16.9 and PpEG16.10 after their corresponding transcript
number. PpEG16.9 results from the exclusion of the first exon and is the most similar to EG16s
from other species (Figure 2A). The PpEG16.1 transcript includes all three exons, resulting in a
predicted protein with an extended N-terminus. The PpEG16.10 transcript also has an exclusion
of the first exon, a partial exclusion of the second exon, a gene start in frame +2 of the second
exon, and the inclusion of the second intron (Figure S2). As a result, PpEG16.10 is predicted to
have a two amino acid residue insertion at the end of strand B3 and a six amino acid residue
insertion in strand B5 versus the tertiary structure of VVEG16 (PDB IDs 5DZE, 5DZF, 5DZG,
5SV8; (15)) (Figure 2A). Otherwise, the three predicted PpEG16 variants have identical
sequences in the C-terminal 153 amino acid residues of the proteins (Figure 2A; starting at
G53), including the B-strand presenting the catalytic residues (Figure 2A; EIDFE, underlined,
E88-E92). The minimal variant PpEG16.9 aligns with PtEG16 and VVEG16 with pairwise
sequence similarities of 68% and 69%, respectively (Figure S1), allowing the production of a

structural homology model based on the crystal structure of VVEG16 (Figure 2B, Figure S3).

Synthetic cDNA corresponding to N-terminal 6xHis-tagged forms of the three PpEG16 variants
were expressed in Escherichia coli, resulting in the production of soluble proteins. Following
purification by nickel affinity and size exclusion chromatography (Figure S4), yields of 18.1 mg,
15.4 mg, and 5 mg per liter of culture medium were obtained for PpEG16.1, PpEG16.9, and
PpEG16.10, respectively. After purification, all three proteins appeared as major bands whose
migrations on SDS-PAGE were constent with the expected molar masses; some evidence of
protein degradation was also observed (Figure S4A). PpEG16.9 was observed as a single peak

by intact protein mass spectrometry (Figure S4B).
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PpEG16 is predominantly a mixed-linkage B-glucanase

The substrate specificity of the three PpEG16 variants was initially screened on a series of -
glucan, B-xylan, and B-mannan polysaccharides as representative potential substrates (Figure
S5). The insertion variant PpEG16.10 was poorly active or inactive on all substrates, precluding
conclusions on substrate specificity. In contrast, variants PpEG16.1 and PpEG16.9 were
efficient endo-glucanases, with the highest activities on barley MLG (vo-[E];* values of 289.5
min™ and 373.3 min™, respectively). Both variants were also active on the soluble artificial
cellulose (B(1,4)-glucan) derivatives carboxymethylcellulose (CMC) and hydroxyethyl cellulose
(HEC), yet with less than 20% of the specific activity on MLG (Figure S5). Notably, the
relative specific activity on tamarind galactoxyloglucan (XyG), which comprises a $(1,4)-glucan
backbone with extensive a(1,6)-xylosyl branches, was much lower than for the angiosperm
PtEG16 (17) and VVEG16 (15). For example, the relative specific activity of PpEG16.9 on 1.13
mg/mL XyG was 3% of the value on MLG (Figure S5), which can be compared with a ratio of
Keat Values of 1:2 (MLG to XyG) for VVEG16 (15). The variants PpEG16.1 and PpEG16.9 had
marginal but detectable activity on konjac glucomannan (kGM) and wheat arabinoxylan (WAX).
However, the relative activities of PpEG16.9 on these polysaccharides were only 0.84% and
0.35% that of MLG, respectively (Figure S5).

Given the comparable activities of PpEG16.1 and PpEG16.9 and the greater similarity of the
length of the PpEG16.9 polypeptide with other EG16 members (Figure 2), PPEG16.9 was
selected for further Kinetic characterization. Thus, temperature- and pH-rate profile
measurements indicated optimal in vitro assay conditions of pH 7 and 37°C in 50 mM sodium
phosphate buffer, using MLG as a substrate (Figure S6). The preceding activity measurements
were performed with EDTA in the assay buffer, based on preliminary observations. Indeed,
PpEG16.9 activity was significantly lower (ca. 5-fold) in the absence of 0.1 mM EDTA in the
assay (Figure S7). EDTA also had a slight positive effect on the stability of PpEG16.9 at 4°C:
Without EDTA, activity is reduced by 50% over 2 hours, while with EDTA, the activity is only
reduced by 10% over the same time period. Therefore, all kinetic assays were carried out with a
final concentration of 0.1 mM EDTA. This phenomenon has been previously observed for other
endoglucanases, in which it has been attributed to enhanced stabilization of the protein structure,

although the mechanism is unknown (35).
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Michaelis-Menten kinetics were determined for each of the four substrates for which significant
specific activity was observed (Figure 3). Concordant with our initial observations, the highest
keat Value (703 min™) and lowest Ky value (1.04 mg-mL™) was observed with MLG, yielding an
apparent Kea/Kv value of 675.96 mL-mg * min ! (Table 1). The artificial substrates HEC and
CMC had apparent k../Ky values 6-fold and 10-fold lower than that of MLG. Most strikingly,
the kea/Km value for XyG was lower than that of MLG by nearly two orders of magnitude. This
latter ratio contrasts that of VVEG16 (15), which is only 13-fold less specific for XyG (Table 1).

The limit-digest products of PpEG16.9 acting on MLG and XyG were determined by HPLC and
MS (Figure 4). By comparison with standards, four main products were identified by HPAEC-
PAD in an extended (3 d) digest of barley MLG: glucose (G), cellobiose (GG), cellotriose
(GGG), and the mixed-linkage tetrasaccharide G3GGG [B-D-Glcp-(1,3)-p-D-Glcp-(1,4)-B-D-
Glcp-(1,4)-p-D-Glcp] (Figure 4, cf. Figure S8). These results were supported by MALDI-TOF
MS analysis, which clearly indicated the presence of hexosyl di-, tri-, and tetrasaccharides, as
well as a Hexz species likely resulting from incomplete enzymatic hydrolysis (Figure 4). This
product distribution, especially the observation of the G3GGG tetrasaccharide bearing a (1,3)
linkage at the non-reducing end, mirrors those observed for VWEG16 and PtEG16 (15, 17).

Incubation of PpEG16.9 with tamarind XyG produced the canonical oligosaccharide products
resulting from hydrolysis at unbranched glucosyl residues in the backbone (36), i.e., XXXG,
XLXG, XXLG, and XLLG, as well as small amounts larger combinations of these
oligosaccharides due to incomplete digestion (Figure 4, cf. Figure S8). Although some minor
signals corresponding to smaller oligosaccharides were observed by MS (16 h, Figure 4D) and
HPLC (3d, Figure S8B) after extended incubation, there is little evidence of hydrolysis at
branched XyG backbone residues, which has been observed for a limited number of microbial
endo-xyloglucanases (37). As for MLG, this cleavage pattern recapitulates those observed for
VWEG16 (15) and PtEG16 (17).

EG16 orthologs weaken plant cell walls ex vivo

To gain insight into the potential physiological function of PpEG16, we applied biomechanical
assays that were previously established to assess the activity of expansins (38, 39), XET (40, 41),
and microbial endo-(xylo)glucanases (20) on plant cell walls ex vivo. These biomechanical

measurements were motivated by the observation that EG16 can hydrolyze both xyloglucan and
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unsubstituted (1,4)-glucans, which was previously found to be a strict requirement of microbial
endo-B(1,4)- glucanases for inducing cell wall loosening (higher creep rate) and softening
(greater elastic and plastic compliances in stress-strain tests) in primary cell walls (20). Thus,
hypocotyl wall extension (creep) under a constant load or mechanical stress under a constant
strain rate were measured in an extensometer (30). Initial experiments indicated no stimulation
of creep by PpEG16 or by the orthologs PtEG16 and VVEG16 when applied at 200 pg/mL to
chia or cucumber hypocotyls prepared in the standard manner (i.e., frozen, thawed and heated to
inactivate endogenous enzymes and expansins) (data not shown, cf. Figure 5E). For
comparison, mixed-function microbial endo-f(1,4)-glucanases/xyloglucanases, e.g., Hypocrea
jecorina Cell12 at 0.1 pg/mL, Paenibacillus sp. E-XEGP at 30 ug/mL, or Bacillus licheniformis
BIXG12 at 30 pg/mL induced sustained creep induced sustained creep following an initial lag
phase (20).

Wall samples were then chemically weakened in further attempts to elicit an effect on wall
mechanics These pretreatments enable larger biomechanical responses upon application of wall
loosening enzymes.. For chia hypocotyls pretreated with 20 mM NaOH, all three enzymes
induced extension after a variable lag of ~10-50 min; the extension was not stable but quickly led
to mechanical failure (Figure 5A-C). Distinctly, PpEG16 had no effect on the comparatively
thicker cucumber hypocotyls, which were pretreated with 50 mM CDTA (Figure 5E) to
sensitize them to these enzymes. In contrast, the orthologs VVEG16 and PtEG16 eventually
induced an erratic extension followed by failure (Figure 5F-G). Attempts to obtain sustained
creep by increasing the enzyme concentrations or to remove the enzymes upon the start of the

extension were unsuccessful: In all cases, extension led to breakage.

We next assessed the effects of PpEG16, VVEG16, and PtEG16 on the stress-strain behavior of
cucumber walls following 16-hour treatments with a constant protein loading of 200 pg/ml.
PpEG16 and PtEG16 had no effect, while VVEG16 increased the plastic compliance by 70% and
the elastic compliance by 13% (Figure 6). These compliances measure the reversible and
irreversible components of strain (deformation) when the wall is stretched and indicate the
ability of the enzymes to cut wall components that form part of the load-bearing structure of the
wall (42). If EG16 functioned as a wall loosening or softening enzyme, we would expect to

observe increases in one or both of these wall compliances. For comparison, treatment of
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cucumber hypocotyls with 0.1 ug/mL of the fungal HjCel12A for 1 hour increased the plastic
compliance by 70% and the elastic compliance by 30% (20). Subsequent experiments in which
PpEG16 and PtEG16 enzyme loadings were normalized by activity versus 200 pg/ml VVEG16
(PpEG16, 3 mg/mL; PtEG16, 297 ug/mL) likewise failed to evidence any changes in elastic and
plastic compliances by these plant endo-glucanases (Figures S9-S11). In contrast, the equivalent
activity of 2.76 pg/mL E-XEGP significantly altered both the elastic and plastic compliance of
cucumber hypocotyls, consistent with previous results (20). The addition of DTT and EDTA,
which enhance the stability and activity of PpEG16 in vitro, did not affect the results of the ex
vivo biomechanical assay (Figure S12).

Discussion

Since the initial identification of the EG16 clade as sister to the XTH gene products in GH16s,
the enzymology and structural biology of EG16 members has been restricted to two angiosperm
orthologs (15, 17). In the present study, we leveraged our comprehensive census of EG16s in
available genomes and transcriptomes (18, 19) to demonstrate that the biochemical properties of
these enzymes are essentially conserved across 500 million years of plant evolution, using the
ortholog from the model moss P. patens as an early-diverging example (Figure 1). Notably,

PpEG16 is highly similar to, and thus representative of, other moss orthologs (Figure S1) (18).

The data shows that the substrate specificity of the moss EG16 is essentially conserved vis-a-vis
the orthologs from poplar and grape but with some notable differences. Although the
requirement of a protein reducing agent (DTT) to maintain the stability of PtEG16 precluded
quantitative reducing-sugar activity assays, the poplar enzyme exhibited broad specificity
towards both the linear MLG and the highly branched XyG at qualitatively similar capacities
(17). The grape ortholog VVEG16, on the other hand, was kinetically tractable, with a preference
for MLG over XyG evidenced by an order of magnitude difference in ke./Km values for these
cell wall polysaccharides (Table 1) (15). The apparent Ke./Kym values for MLG are comparable
between the moss and the grape orthologs, yet PPEG16 exhibited a four-fold lower ke./Kwm value
for XyG (Table 1). Thus, the 70-fold difference in kca/Km values of PPEG16 for MLG over XyG
indicates an even stronger bias against the highly branched p-glucan. The biological significance
of this is unclear, as P. patens is not known to contain large amounts of MLG (43). One

possibility is that the native substrate for PpEG16 is amorphous cellulose, for which MLG is a
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natural proxy in our in vitro assays. Notably, PpEG16 exhibited a higher relative activity than
VVEG16 on the artificial amorphous cellulose derivatives HEC and CMC. It is also possible that
the apparent lower activity of PPEG16 on xyloglucan might be due to the use of the readily
available tamarind (eudicot) XXXG-type xyloglucan in the assays, whereas native moss

xyloglucan is of the less-branched XXGG-type (44).

Whereas the hydrolysis of eudicot XyG by PpEG16 produced the well-known series of Glc,-
based oligosaccharides through cleavage at the unbranched glucosyl residues, the hydrolysis
products of MLG deserve special comment. Like VVEG16 and PtEG16, PPEG16 produced the
distinct tetrasaccharide G3GGG (Figure 4 and Figure S8). This product results from the site-
specific cleavage of a p(1,4) bond to a B(1,3)-linked Glc residue in MLG (e.g.,
G3GGG|G3GGG). Thus, this mode involves specific recognition of a B(1,3)-linkage spanning
enzyme subsites +1 and +2 (subsite nomenclature according to (45, 46)). In contrast, canonical
bacterial MLGases (lichenases) require that the B(1,3)-linkage span subsites -2 and -1, resulting
in the production of the oligosaccharides GG3G and GGG3G (47-49). The observation of
glucose, cellobiose, and cellotriose, and no other mixed-linkage oligosaccharides, suggests
hydrolysis of both B(1,3) bonds (analogous to laminarinases, EC 3.2.1.39 (48, 50)) and B(1,4)
bonds by PpEG16, as was observed for PtEG16 (17) and VVEG16 (15).

Despite extensive screening, we were unable to produce diffraction-quality crystals of the
PpEG16 variants alone or in complex with oligosaccharides. Hence, we generated a structural
homology model (Figure 3 and Figure S8) based on the experimentally determined structure of
VVEG16 (15). As expected, this model had the characteristic 3-jelly-roll architecture, with gross
differences restricted to loops distant from the active-site cleft (Figure S3). The catalytic
residues and residues lining the active-site cleft were also found to be conserved and positioned
virtually identically in PpPEG16 vis-a-vis VVEG16, with the exceptions of Asp47 in place of
Gly43, Ser79 in place of Asn75, and Trp180 in place of Tyrl75 (Figure 2B). Yet, none of these
differences present an obvious steric barrier, in the absence of an experimental three-dimensional

structure, that would explain the lower relative activity of PpEG16 towards xyloglucan.

Previous studies found that microbial endo-(1,4)-glucanases with the ability to hydrolyze both
xyloglucan and soluble cellulose derivatives induced creep (slow, sustained extension) of

cucumber hypocotyl and onion epidermal walls, whereas enzymes selective for either substrate



441
442
443
444
445
446
447
448
449
450
451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

469
470

lacked this ex vivo activity (51). Despite possessing a similar mixed endo-
glucanase/xyloglucanase activity, PPEG16, as well as the orthologs from poplar and grape, did
not induce creep but rather caused the abrupt, catastrophic failure that was dependent upon
hypocotyl source and pretreatment. Also distinct from the microbial enzymes, the EG16
orthologs produced little to no softening, i.e., increases in elastic or plastic compliances, in these
cell walls, even when applied at high protein loadings to normalize enzyme activities. As the
biomechanical actions of the EG16 enzymes are both markedly smaller and distinct, we conclude
that they operate on the cell wall matrix through a different mechanism than that proposed for
their microbial counterparts (20). In this regard, the EG16 orthologs are also distinguished from
the plant expansins, and their bacterial homologs, which stimulate wall creep at low

concentrations without cell wall hydrolysis (38, 39, 52).

In this context, it is worthwhile to compare the ex vivo effects of PpEG16, VVEG16, and PtEG16
with the limited data available on plant XTH gene products, which has been long suggested to
catalyze plant cell wall expansion (6). Despite this association, exogenous addition of xyloglucan
endo-transglycosylases (XET) had no detectable effect on the mechanical properties of cucumber
hypocotyls ex vivo, viz. they did not cause wall extension nor softening, including after the
addition of exogenous oligosaccharides as alternate acceptor substrates (40, 41). Here, we
observed analogous negative results for PpEG16 on the same substrate (Figures 5, 6, and S11),
whereas this enzyme caused breakage of the much smaller chia hypocotyls (Figure 5A). On the
other hand, VVEG16 and PtEG16 caused the breakage of both cucumber and chia hypocotyls
(Figure 5). One explanation for these different results could be the lower activity of PpEG16 on
xyloglucan, which is the predominant matrix polysaccharide in these eudicot tissues (53-55).
Regardless, our observations of catastrophic tissue failure in the absence of detectable softening
are confounding and indicate that the ultrastructural effects of these endogenous plant enzymes
remain opaque. In this context, it is notable that the genetic deletion of two paralogous XEH in
Arabidopsis thaliana (Group I11-A enzymes encoded by AtXTH31 and AtXTH32) resulted in the
elimination of detectable endo-xyloglucanase activity in vivo, failed to cause growth or

developmental phenotypes (9).

In conclusion, the biochemical analysis presented here provides new insight into the range of

specificities exhibited by plant EG16 orthologs spanning diverse evolutionary lineages.
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Although the physiological functions of this unique group of enzymes remain to be revealed in
vivo, these results will inform future genomic and biological studies across a wide range of plant

taxa.
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649

650 Table 1. PpEG16.9 and VVEG16 apparent Michaelis-Menten constants for polysaccharide
651  hydrolysis.

Substrate  Enzyme kcat,’ a,pf . e 1 allCu a,plp N
(min™) (mg-mL ) (mL-mg ~min ")
MLG PpEG16.9 703+24 1.04+0.12 675.96
WEG16* 163+5 0.36+0.02 452.77
HEC PpEG16.9 211+10 1.88+0.27 112.23
VWEG16(AV152)* 104+08 1.1%0.2 9.45
CMC PpEG16.9 203+11 3.15+043 64.44
WEG16(AV152)* 17+22  28+05 6.07
XyG PpEG16.9 93.2+65 537+1.2 9.91
WEG16* 70+ 6 21+04 33.33

652  *Values from (15)

653
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Figure legends

Figure 1. Evolution of land plants. Phylogenetic relationships of land plants are based on

analysis by Morris et al. (18, 33).

Figure 2. PpEG16 sequence and structure analysis. (A). Protein sequence aligned with
MUSCLE and manual structure-guided refinement of PpEG16 and other characterized EG16s
(also available as Supplemental File 4). Active-site amino acid residues are highlighted in
purple. (B). Wall-eyed (divergent) stereo view of a superposition of the active-sites of VWEG16
D88A (a catalytic nucleophile mutant enabling product-complex crystallography, PDB 1D
5DZG) and a structural homology model of PpEG16.9 (Supplemental File 2; RMSD 0.438A
across 160 Calpha pairs). Amino acid residue numbering is indicated for both proteins
(PpEG16.9, left; VWEGL1S6, right). See Figure S3 for a global superposition, including with MLG
(PDB ID 5DZF) and XyG oligosaccharide (PDB ID 5DZG) complexes.

Figure 3. Initial-rate kinetics of PpEG16.9. The release of reducing chain ends from barley
mixed-linkage B-glucan (A), hydroxyethylcellulose (B), carboxymethylcellulose (C), and
tamarind xyloglucan (D) was quantified by a copper-bicinchoninic acid end-point assay. Each
point is an average value of triplicates. Error bars represent the standard deviation. Lines

represent non-linear fitting of the Michaelis-Menten equation to the data.

Figure 4. Product analysis of PpEG16.9. 100 pg of enzyme was incubated with 0.5 mg-mL™
MLG (A, B) or XyG (C, D) to produce complete hydrolysis products, assessed by HPAEC-PAD
(A, C) and MALDI-TOF (B,D).

Figure 5. Extension assays under constant load with sensitized hypocotyl walls. EG16
orthologs (200 pg/mL) were added at the time points indicated by the arrows. Chia (A-D) was
sensitized by pretreatment with NaOH, cucumber (E-G) with CDTA. At least three biological
replicates were used for each EG16 ortholog, as shown. Panel D shows comparative data for
chia with endogenous expansin activity (acid growth without protein intactivation by heating)

and Paenibacillus sp. E-XEGP; similar results for cucumber have been previously reported in
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refs. (20) and (39). Acid growth refers to the increase in cell wall creep observed when primary
cell walls (in vivo or clamped in tension ex vivo) are changed from a neutral buffer to an acid
buffer. Here it is used to provide context to compare with the actions of EG16 treatments on cell

wall creep.

Figure 6. Stress-strain analysis of cucumber hypocotyls. 200 pg/mL of each protein was used.
Error bars indicate the standard errors (n = 13). The asterisk indicates significance based upon

Student’s t-test (two-way, p < 0.05).

Supplemental figure legends

Figure S1. EG16 orthologs among land plant clades. Percent similarity (shades of teal) and
percent identity (shades of grey) of EG16 protein sequences representing a variety of plant

clades.

Figure S2. PpEG16 (Pp3c21_9420V3) mRNA transcripts aligned to chromosome 2. mMRNA
sequences acquired from JGI Phytozome (https://phytozome.jgi.doe.gov/).

Figure S3. Alternate representation of the PpEG16.9 homology model (Figure 2). Wall-eyed
(divergent) stereo view of the full structure of PpEG16.9 (Supplemental File 2) in green
superposed with the crystal structure of VVEG16 in grey (PDB ID: 5DZG). Active site cleft
residues and catalytic residues are shown in sticks (see Figure 2 for residue numbering). MLG

(in pink) and XyG (in blue) oligosaccharides are modelled into the active site cleft.

Figure S4. Recombinant production of PpEG16 protein variants. (A). Coomassie Brilliant
Blue-stained SDS-PAGE gel. Expected masses were 28907.2 Da, 26522.6 Da, and 29991.8 Da
for His-tagged PpEG16.1, PpEG16.9, and PpEG16.10 respectively. (B). Intact mass spectrum of
recombinant PpPEG16.9. The expected mass of the full-length construct, including the 6xHis tag
and TEV cleavage site, following cleavage of the N-terminal methionine is 26373.4 Da
(observed 26391.9 Da).

Figure S5. Substrate screening of PpEG16 variants. The activity of PpEG16.1, PpEG16.9 and

PpEG16.10 were each evaluated with 1.13 mg-mL™ substrate and the release of reducing ends
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was quantified by a copper-bicinchoninic acid end-point assay. Each measurement represents an

average of three replicates. Error bars reflect the standard deviation.

Figure S6. Temperature and pH profiles of PpEG16.9 using 1 mg-mL* MLG. A.
Temperature-rate profile. B. pH-rate profile. Each data point represents an average of three

replicates.

Figure S7. PpEG16.9 stability at 4°C using different enzyme dilution buffers. These solutions
were diluted 1:10 into the assay solution, resulting in a concentration of additive (EDTA or
NaCl) of 0.1 mM in the assay.

Figure S8. PpEG16.9 terminal hydrolysis products. HPAEC-PAD chromatograms showing
the products of PpEG16.9 treatment of MLG (A) and XyG (B) after incubation for 3 days at
optimal conditions.

Figure S9. Activity of EG16 orthologs on AZCL-polysaccharides. (A). AZCL-xyloglucan
incubated with 50 ug EG16 proteins at pH 5.5 and pH 7.5. (B). AZCL-HEC incubated with 50
Hg EG16 proteins at pH 5.5 and pH 7.5. Error bars indicate the standard errors (n = 3).
Significance assessed using one-way ANOVA with post-hoc Tukey HSD (p < 0.05).

Figure S10. Matching enzyme activities of E-XEGP and VVEG16 using AZCL-conjugated
HEC and xyloglucan. (A). Activity of 1 ug/mL of E-XEGP is matched by 72.5 pg/mL VVEG16
as assayed by hydrolysis of AZCL-xyloglucan. Error bars indicate the standard errors (n = 3).
(B). Activity of 1 ug/mL of E-XEGP is matched by 15 pg/mL VVEG16 as assayed by hydrolysis
of AZCL-HEC.

Figure S11. Stress-strain analysis for EG16 orthologs normalized to xyloglucanase activity
of VWEG16. Activities were normalized based on data shown in Figures S8 and S9. 3 mg of
PpEG16, 297 pg PtEG16 and 2.76 pg E-XEGP were used. Error bars indicate the standard errors

(n=10). The asterisk indicates significance, as assessed by Student’s t-test (two-way, p < 0.05).

Figure S12. Effect of EDTA and DTT on the stress-strain analysis of cucumber hypocotyl
walls with PpEG16. 20 mM sodium acetate buffer, pH 5.5, was supplemented with 0.1 mM
EDTA and 0.25 mM DTT containing 2 mg/mL of PpEG16. Error bars indicate the standard
errors (n = 12). No significant difference was detected by Student’s t-test (two-way, p < 0.05).
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