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ABSTRACT  9 

Glucuronoyl esterases (CE15 family) enable targeted cleavage of ester linkages in lignin-carbohydrate 10 
complexes (LCCs), particularly those linking lignin and glucuronoyl residues in xylan. A substantial challenge in 11 
characterization and kinetic analysis of CE15 enzymes has been the lack of proper substrates. Here we present 12 
an assay using an insoluble LCC rich lignin fraction from birch (LRP). The assay employs quantification of 13 
enzyme reaction products by LC-MS. The kinetics of four fungal CE15 enzymes, PsGE, CuGE, TtGE and AfuGE 14 
originating from lignocellulose degrading fungi Punctularia strigosozonata, Cerrena unicolor, Thielavia terrestris 15 
and Armillaria fuscipes respectively were characterized and compared using this new assay. All four enzymes 16 
had activity on LRP and showed a clear preference for the insoluble substrate compared to smaller soluble LCC 17 
mimicking esters. End product profiles were near identical for the four enzymes but differences in kinetic 18 
parameters were observed. TtGE possesses an alternative active site compared to the three other enzymes as 19 
it has the position of the catalytic glutamic acid occupied by a serine. TtGE performed poorly compared to the 20 
other enzymes. We speculate that glucuronoyl LCCs are not the preferred substrate of TtGE. Removal of an N-21 
terminal CBM on CuGE affected the catalytic efficiently of the enzyme by reducing Kcat by more than 30%. 22 
Reaction products were detected from all four CE15s on a similar substrate from spruce indicating a more 23 
generic GE activity not limited to hardwood. The assay with natural substrate represents a novel tool to study 24 
the natural function and kinetics of CE15s.  25 

 26 
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INTRODUCTION  32 
 33 
Complete and efficient fractionation of the natural polymers in plant cell walls is essential in order to generate 34 
value-added products from lignocellulosic biomass and hence a prerequisite for developing a competitive bio 35 
economy. However, covalent cross links in plant cell walls, such as lignin-carbohydrate complexes (LCCs), 36 
create challenges for selective separation and isolation of lignin in enzymatic conversion of lignocellulosic 37 
material (Du et al. 2013). Specific enzymes targeting LCCs have great potential as tools to achieve separation 38 
and polishing of lignin with a minimal addition of chemicals and modification of  lignin (Špániková et al. 2007).  39 
 40 
Glucuronoyl esterases (GEs) belong to a family of carbohydrate esterases recently added to the CAZy database 41 
as family 15 (CE15)(www.cazy.org)(Lombard et al. 2014). GEs catalyze the cleavage of ester LCCs formed 42 
between 4-O-methyl glucuronoyls and lignin alcohols (Mosbech et al. 2018). These ester LCCs are particularly 43 
abundant in hardwoods containing glucuronoxylan (Watanabe and Koshijima 1988; Špániková and Biely 2006). 44 
  45 
Glucuronoyl esterases were discovered in 2006 in the cellolulytic system of the wood-rotting fungus 46 
Schizophyllum commune (Špániková and Biely 2006). Since then, a number of CE15s have been discovered and 47 
almost exclusively been characterized using small synthetic model substrates intended to mimick the true ester 48 
LCC substrate of the plant cell walls (d’Errico et al. 2015; Nylander et al. 2015; Lin et al. 2018). So far these 49 
studies indicate that fungal CE15 are more substrate specific compared to bacterial CE15s (Bååth et al. 2018). 50 
Fungal CE15s moreover appear to favor bulky alcohols and substrates containing 4-O-methylation on the 51 
glucuronoyl moiety (d’Errico et al. 2015). Work with model substrates also show that fungal CE15s are active on 52 
polymeric substrates exemplified by methyl ester glucuronoxylan. Similar rates were observed for 53 
deesterification of low and high molecular mass methyl esters, which is supported by the surface exposed 54 
active site on the CE15s, potentially providing access for large substrates (Biely et al. 2015).  55 
 56 
Synthetic substrates have been prevalently used in lack of better alternatives because the naturally occurring 57 
LCCs are notoriously difficult to isolate (Jeffries 1990; Biely 2016; Tarasov et al. 2018) and because the 58 
concentration in biomass is low which makes the GE reaction products difficult to detect. However several 59 
challenges are also associated with the use of synthetic substrates. Synthetic or model substrates vary in 60 
chemical structure from what is believed to exist in nature and the LCC mimicking substrates are technically 61 
difficult to handle due to pH and temperature lability (Biely 2016). Attempts have been made to draw 62 
conclusions from GE activity on more complex biomasses by assessing secondary effects such as 63 
monosaccharide yields after extensive saccharification and changes in molecular size (Bååth et al. 2016; 64 
D’Errico et al. 2016; Bååth et al. 2018).   65 
 66 
In a previous study we increased the concentration of LCCs  in a biomass fraction from birch by removing the 67 
majority of the carbohydrates with a mild organosolv treatment (Mosbech et al. 2018). The outcome was a 68 
lignin rich pellet (LRP) containing covalently linked hemicellulose residues. With this birch derived substrate we 69 
demonstrated direct product release of aldouronic acids by the catalytic action of a glucuronoyl esterase from 70 
Cerrena unicolor (CuGE) and a synergistic effect when the esterase was incubated together with a GH10 71 
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endoxylanase. CuGE indeed released long oligosaccharide products of the same length as those released by 72 
alkaline treatment, and these oligosaccharides were in turn substrate for the GH10 endoxylanase. Without GE 73 
catalysis the action of the GH10 endoxylanase was apparently restricted to a significantly smaller portion of the 74 
present oligosaccharides, compared to when the GE was present. Based on this LCC-enriched substrate we 75 
hypothesized that an activity assay could be developed in order to determine kinetic parameters that would 76 
reflect the enzyme’s true activity on natural substrate.  77 
 78 
Several bioinformatics studies have been conducted on the glucuronoyl esterases for identification and 79 
classification (Ďuranová et al. 2009; Agger et al. 2017; Dilokpimol et al. 2018; Monrad et al. 2018; Lin et al. 80 
2018). These studies demonstrate high diversity and that the GEs are represented wide spread in nature both 81 
in bacteria and fungi from different environments and not necessarily restricted to lignocellulose degrading 82 
organisms. Sequences originating from fungi appear to be highly conserved compared to bacterial CE15s (Bååth 83 
et al. 2018).  84 
 85 
5 crystal structures have been resolved until now including 3 bacterial and 2 fungal GEs  (Pokkuluri et al. 2011; 86 
Charavgi et al. 2013; De Santi et al. 2017; Bååth et al. 2018) The first structure revealed a Ser-Glu-His triad as 87 
the putative catalytic triad for GEs with a catalytic nucleophile serine in a conserved motif (G-C-S-R-X-G) 88 
(Topakas et al. 2010; Pokkuluri et al. 2011). The catalytic triad is however not completely conserved among the 89 
fungal CE15s (Agger et al. 2017). Fungal CE15s with catalytic triad residues differing from previously 90 
characterized fungal homologues was found in group 8 in classification presented in (Agger et al. 2017). In 91 
these sequences the position of the catalytic glutamic acid was occupied by a serine. An alternative acidic 92 
residue is presumably present at another position in the sequence. Structural characterization of the bacterial 93 
GE MZ0003 derived from a marine bacterial metagenome disclosed similar deviation in the residues comprising 94 
the catalytic triad, with an asparagine as the third residue instead of glutamate (De Santi et al. 2017). 95 
Characterization of MZ0003 revealed a broader substrate specificity compared to the characterized fungal 96 
CE15s which included acetyl xylan esterase activity (De Santi et al. 2016). Several GEs have also been reported 97 
to have a multi domain structure containing a catalytic domain and a carbohydrate binding module (CBM) 98 
(Ďuranová et al. 2009; Biely 2016; Hüttner et al. 2017).  99 
 100 
In this study novel CE15 sequences were selected based on previous peptide pattern recognition classification 101 
(Agger et al. 2017) to study the actual biological function and performance on natural biomass. Putative CE15 102 
sequences from lignocellulose degrading fungi were selected representing different fungal groups in the 103 
classification (group 1, 5 and 8). Four CE15 genes were expressed in Pichia pastoris originating from Punctularia 104 
strigosozonata (gr 5), Thielavia terrestris (gr 8), Armillaria fuscipes (gr1) and the previously characterized CE15 105 
from C. unicolor (gr1). It was hypothesized that a difference in activity and kinetic parameters between the four 106 
selected candidates could be observed and that such differences could be detected in an activity assay based 107 
on naturally derived substrate. Such an activity assay is the first of its kind to be published.  108 
  109 
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Material and Methods  110 
 111 
Selection and expression of novel GEs  112 
3 novel CE15s were selected; AfuGE (GenBank MK422511), PsGE (GenBank MK422513), TtGE (GenBank 113 
MK422510) together with the already characterized CuGE (GenBank MK422512, codon optimized for P. 114 
pastoris) (Table 1). All codon optimized sequences have been deposited in GenBank (see accession numbers 115 
above) and are also available in Online Resource 1. Constructs containing the CE15 encoding genes in frame 116 
with a 3´sequence coding for a His-tag were prepared by Genscript (Hong Kong), codon optimized for P. 117 
pastoris and delivered in pPICZalphaA vectors (see Online Resource 2).  Chemically competent Escherichia coli 118 
DH5α cells were prepared using Mix & Go E. coli Transformation Kit (Zymo Research, Irvine USA) and 119 
transformed with the plasmid DNA. Clones containing the heterologous plasmid were selected on low salt LB-120 
medium containing 25 µg/mL Zeocin as a selective marker. Recombinant plasmids were purified with a 121 
QIAprep Spin Miniprep Kit (Qiagen, Hilden Germany) following manufactures instructions. The plasmids were 122 
linearized with MssI restriction enzyme and transformed into P. pastoris by electroporation according to the 123 
manual of the EasySelect Pichia expression kit (Invitrogen). Positive clones were selected on YPD plates 124 
containing 100 µg/mL Zeocin. The genes were expressed in P. pastoris X-33 in 5L Sartorius Biostat Aplus 125 
fermenter (Sartorius, Göttingen, Germany) with basal salt medium as described in Mosbech et al. (Mosbech et 126 
al. 2018). When the fermentation was completed, the cells were separated by centrifugation and the 127 
fermentation broth was sterile filtered and concentrated by ultrafiltration on a 10 kDa cut-off membrane prior 128 
to purification.     129 

 130 
Protein purification  131 
CE15 proteins were purified by affinity chromatography on an IMAC-column (HisTrap HP 5 mL column, GE 132 
Healthcare) using an Äkta Purifier 100 system (GE Healthcare, Uppsala Sweden) as described previously 133 
(Mosbech et al. 2018). Protein concentration was measured by Bradford assay. For TtGE and CuGE his-tag 134 
purification was followed by size exclusion chromatography (SEC) judging from the purity based on SDS gel 135 
(Online Resource 2). The Superdex 200 Increase column (Superdex 200 Increase 10/300 GL gel filtration 136 
column, GE Healthcare) was equilibrated with 2 column volumes of buffer containing 50 mM NaAcetate, 150 137 
mM NaCl at pH 5.5. 200 µL protein sample was loaded to the column and purification was conducted with 0.75 138 
mL/min and 0.5 mL fractions.  139 
 140 
Preparation of a Lignin Rich Pellet (LRP)  141 
LCC containing substrate from birch and spruce was prepared as described in (Mosbech et al. 2018) with a mild 142 
organosolv treatment as follows: 15 g raw milled birch wood or spruce was mixed with 135 mL 50 v/v-% 143 
ethanol in a batch reactor (300 mL HC EZE-Seal, Parker Autoclave Engineers, Erie, Pennsylvania USA). The 144 
reactor was kept at 180 °C for 1 hour stirring at 600 rpm. The pre-treated liquor was separated from the solid 145 
biomass by filtration. The pre-treated liquor was diluted with 3 volumes of water resulting in the precipitation 146 
of a lignin rich precipitate (LRP). The LRP was isolated by centrifugation, washed in water and freeze dried. The 147 
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LRP fraction contained around 90% lignin and 0.24% 4-O-methyl glucuronic acid, and was used as a natural 148 
insoluble substrate for assessing GE activity in kinetic studies.       149 
 150 
Enzyme assay with insoluble LRP substrate to study kinetics  151 
For experimental determination of enzyme kinetics on the natural insoluble substrate a multi-step assay was 152 
developed. For overview of assay procedure see flow diagram in Online Resource 3. The enzymes were not 153 
completely heat inactivated when the insoluble substrate was still present. Therefore a more elaborate assay 154 
procedure was developed including removal of the substrate before enzyme inactivation and addition of endo-155 
xylanase to enable product detection by LC-MS.  Reaction tubes were prepared with varying substrate 156 
concentration in 250 µL 25 mM NaAcetate buffer pH 6 (0.5, 1, 2.5, 5, 10, 20, 30, 60, 120 mg/mL LRP). CE15 157 
enzyme was added to the reaction in appropriate concentrations to enable determination of activity rate after 158 
20 min of reaction (0.016, 0.077, 0.007, 0.025 µM for AfuGE, TtGE, PsGE, CuGE respectively). Reaction tubes 159 
were incubated at 50 °C 1000 rpm in an Eppendorf ThermoMixer (Eppendorf, Hamburg, Germany). Samples 160 
were taken after 0, 5, 10, 15 and 20 min. 5 mg/mL LRP was prepared in 500 µL buffer and samples were taken 161 
until 100 min to observe a longer reaction curve. After sampling supernatant was separated from the insoluble 162 
substrate by short centrifugation and the supernatant was incubated at 100 °C for 10 min for enzyme 163 
inactivation. The supernatant was used for analysis and quantification of released products. Before analysis 164 
GH10 endo-β-1,4-xylanase preparation (Shearzyme® 500L kindly provided by Novozymes, Bagsværd, Denmark) 165 
was added to the supernatant to a final concentration of 2.4 µg/mL and incubated over night at 50 °C to reduce 166 
the size of the products and simplify LC-MS detection. Finally, the samples were treated with NaOH prior to 167 
analysis in order to raise pH > 11 and hereby remove all acetylations again to simplify the product profile and 168 
the quantification.  169 
 170 
Quantification on LC-MS 171 
Quantification of enzyme reaction products was done by LC-MS with external calibration standards and 172 
preformed as described in (Mosbech et al. 2018). The aldouronic acids; aldodi-(XylMeGlcA), aldotri-173 
(Xyl2MeGlcA) and aldotetrauronic acid (Xyl3MeGlcA) were all quantified relative to the response of reduced 174 
aldotetrauronic acid (Megazymes, Bray Ireland) (see Online Resource 4). Peaks of interest were all observed as 175 
a combination of sodium and ammonium adducts and all peaks were included in the quantification. For 176 
Multiple Reaction Monitoring (MRM) conditions a pre-determined list of ions representing the sodium adducts 177 
of exact masses of charged species were applied; XylMeGlcA (m/z 231), Xyl2MeGlcA (m/z 495), Xyl2MeGlcAAc 178 
(m/z 537), Xyl3MeGlcA (m/z 627), Xyl3MeGlcAAc (m/z 669), Xyl3MeGlcAAc2 (m/z 711), Xyl4MeGlcA (m/z 759), 179 
Xyl4MeGlcAAc (m/z 801) and Xyl4MeGlcAAc2 (m/z 843). The total amount of products was converted into micro 180 
molar concentrations of 4-O-methyl glucuronic acid (MeGlcA) equivalents where each aldouronic acid 181 
corresponded to one MeGlcA equivalent. For determination of kinetic parameters the substrate concentration 182 
was converted from mg/mL LRP into micro molar concentrations of MeGlcA since this was considered the 183 
actual substrate for the CE15s. The concentration of MeGlcA was determined in (Mosbech et al. 2018) to 11.5 184 
µmol MeGlcA/g LRP. Data analysis and quantification were performed using Compass DataAnalysis 4.2 and 185 
Compass QuantAnalysis 2.2 from Bruker Daltonics (Bremen, Germany). Product concentration was plotted 186 
against time and rate during the linear part of the curve calculated for each substrate concentration. Rates 187 
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were plotted against substrate concentration and kinetic parameters were obtained by none linear fit in 188 
Originlab 2017 software (Northampton, Massachusetts, USA).  189 
 190 
CE15 end product profiles 191 
Reactions were performed in 5 mg/mL birch or spruce LRP with each enzyme added individually to a final 192 
concentration of 2.5 µg/mL and incubated for 6 hours at 50 °C. Alkali samples were prepared by adding 20 µL 193 
0.5 M NaOH to the LRP sample and left for 5 hours at ambient temperature, followed by addition of 2 µL glacial 194 
acetic acid to precipitate the lignin. The supernatant was used for analysis. Reaction products were analysed on 195 
LC-MS and HPAEC-PAD. LC-MS analysis was performed as described above and performed both in full scan 196 
mode and by MRM mode to enhance the signal. 197 

Enzyme reaction products were analyzed by HPAEC-PAD using a Dionex CarboPac PA200 (3 x 250 mm) and 198 
guard (3 x 50 mm) on a Dionex ICS3000 system (Thermo Fischer Scientific, Sunnyvale, CA, USA). The column 199 
was operated at 0.5 mL/min with eluent A (water), eluent B (100 mM NaOH) and eluent C (1 M sodium acetate 200 
in 100 mM NaOH) according to the following gradient: 0-5 min isocratic  95% B and 5% C, 5-50 min linear 201 
gradient to 70% B and 30% C, hereafter an exponential increase to 50% B and 50% C (Dionex curve 6) for 5 min 202 
and hereafter immediately back to start conditions followed by 10 min reconditioning.  203 

Enzyme activity on Me-MeGlcA 204 
Esterase activity was examined on methyl 4-O-methyl-D-glucopyranosyluronate (Me-MeGlcA) (purchased from 205 
Institure of Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia). Activity was examined directly on LC-206 
MS with a reverse phase Hypersil GOLD Phenyl column (2.1 x 150 mm; 1.9 µm) (Thermo Scientific) with target 207 
mass 300 m/z. The column temperature was 40 °C and flow at 0.4 mL/min running isocratic 90% H2O, 10% 0.1% 208 
formic acid solution for 4 min. CE15 was added in appropriate amounts to 100 µL 0.025 mg/mL Me-MeGlcA 209 
(19, 2.7, 1.8 and 3.5 mmol E/mol Me-MeGlcA for TtGE, PsGE, CuGE and AfuGE respectively). Reactions were 210 
placed in the UHPLC’s autosampler at 40 °C and 5 µL was injected to the column every 6.5 min by direct 211 
injection to the column during a total time frame of 30 minutes. Enzyme activity was determined as decrease in 212 
substrate concentration and external standards of Me-MeGlcA were included for quantification. Me-MeGlcA 213 
(222 g/mol) eluted at 2.2 min and total ion chromatograms were used for quantification and performed in 214 
Compass QuantAnalysis.  215 
 216 
Thermostability of CuGE 217 
Thermostability of CuGE was examined by incubating CuGE (diluted to 0.092 mg/ml) at specific temperatures 218 
(30, 40, 50, 60 °C). 5.8 µL enzyme solution was sampled at specific time points and transferred to 50 µL 0.025 219 
mg/mL Me-MeGlcA reaction in 25 mM NaAcetate buffer pH 6. The reaction mixture was incubated for 30 min 220 
at 50 °C and terminated by incubation at 100 °C for 10 min. Amount of converted Me-MeGlcA was quantified 221 
on LC-MS as described above and converted into percent relative conversion.  222 
 223 
Size Exclusion Chromatography  224 
Products from reaction with CuGE, GH10 endo-β-1,4-xylanase or CuGE together with GH10 endo-β-1,4-xylanase 225 
were examined on SEC. Enzymes were added to 1 mL reactions containing 5 mg/mL LRP birch to a final protein 226 
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concentration of 0.55 µg/mL CuGE and 0.24 µg/mL GH10. The reactions were incubated at 50 °C over night. 227 
Reaction mixtures were centrifuged and the supernatants were freeze dried. The dried products were re-228 
suspended in 100 µL H2O. 1.9 mL absolute ethanol was added to precipitate the reaction products and the 229 
mixture was left at 4 °C for 2 days. The precipitate was separated by centrifugation and re-suspended in 200 µL 230 
SEC mobile phase (0.1 M NaNO3 with 0.0002% sodium azide). This procedure was performed in order to 231 
concentrate the products and to remove peaks originating from the enzyme protein and reaction buffer. An 232 
alkali treated LRP sample was included to enable comparison to products after chemical ester hydrolysis. Alkali 233 
samples were prepared by adding 15 µL 0.5 M NaOH to the LPR containing sample. Otherwise the alkali 234 
samples were treated as the enzyme treated samples. However, the final sample was diluted 5 times before 235 
SEC analysis in order to avoid sudden pressure increase on the column. The products were analysed on a 236 
Dionex UltiMate 3000 on a TSKgel G3000PW column (7.5 mm i.D x 30 cm, particle size 12 µm, Tosoh 237 
Bioscience, Griesheim Germany) with a TSKgel guard column PWH (7.5 mm I.D x 7.5 cm, 12 µm) at 1 mL/min 238 
isocratic for 20 min with RI detection.    239 
 240 

RESULTS  241 
 242 

The aim was to study the catalytic function of CE15 enzymes with different primary amino acid sequence on an 243 
insoluble natural lignin rich substrate in order to examine whether variations in activity could be related to 244 
differences in primary sequence and bioinformatic classification. Product profiles and determination of kinetic 245 
parameters were performed on four selected fungal CE15s (Table 1). The fungal CE15 candidates were initially 246 
selected based on the putative sequences identified by peptide pattern recognition (PPR) (Agger et al. 2017). 247 
CE15s from different PPR groups from lignocellulose degrading fungi were selected to include candidates from 248 
group 1, 5 and 8 where the latter possesses an alternative active site with no glutamate in the position 249 
otherwise considered to be conserved in the catalytic triad. For protein sequence alignment of sequence 250 
fragments including the conserved GCSRXG motif and the catalytic residues see Online Resource 5.    251 

The four selected CE15s were successfully expressed in P. pastoris and purified. The enzymes were named 252 
PsGe, TtGe, AfuGE and CuGE after the organism of origin (Table 1). CE15 from A. fuscipes was named AfuGE to 253 
avoid confusion to the already existing AfGE from Aspergillus fumigatus characterized on synthetic substrates 254 
(Huynh et al. 2018). TtGE displayed a minor unknown protein band of similar size to the dominant band on 255 
SDS-PAGE after SEC and all proteins appear glycosylated. The expressed CE15s included two proteins 256 
containing a CBM domain. CuGE contained a CBM family 1 present in the N-terminus and PsGE contained a 257 
CBM1 in the C-terminus. The four CE15s had between 28 and 65 percent identity based on multiple sequence 258 
alignment on the catalytic domains (Online Resource 6).  259 

 260 

GE activity on natural LRP substrate and on Me-MeGlcA synthetic ester   261 
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Based on previous work (Mosbech et al., 2018) we developed a new activity assay on a lignin rich, insoluble 262 
substrate from birch (called LRP). We hypothesized that an assay based on substrates originating from genuine 263 
biomass might reveal differences between enzymes that assays based on synthetic substrates would not. The 264 
expected products from CE15 treatment of LRP were glucuronoyl substituted xylooligosaccharides, thus 265 
aldouronic acids were detected and quantified as hydrolysis products and converted into MeGlcA equivalents. 266 
All four studied CE15 enzymes exhibited activity on LRP by release of MeGlcA equivalents (Fig. 1a) and for 267 
comparison methyl 4-O-methyl-D-glucopyranosyluronate (Me-MeGlcA) was also included (Fig. 1b). The dosage 268 
of enzymes was adjusted to ensure observable conversion within a reasonable time frame (max 20 min) and 269 
revealed that significantly higher amounts of enzyme were required to obtain hydrolysis of the synthetic 270 
substrate compared to the insoluble natural lignin substrate. CuGE hydrolysis of LRP required 0.44 mmol 271 
enzyme/mol MeGlcA equivalents compared to hydrolysis of Me-MeGlcA where 1.8 mmol enzyme/mol Me-272 
MeGlcA was necessary to observe reaction within 20 min. Similar tendencies were observed for the other 273 
CE15s. TtGE in particular exhibited very low activity on LRP in comparison to the other three, and no activity on 274 
Me-MeGlcA. Temperature stability of CuGE showed that it remains stable at 50 ◦C up to 4 hours hence no 275 
expected loss of activity at the applied conditions (see Online Resource 7).    276 
 277 

Determination of kinetic parameters on LRP  278 

By incubating each CE15 enzyme at varying substrate concentrations of LRP the initial reaction rate could be 279 
determined for each enzyme during the initial linear part of the reaction. Plotting rates as a function of 280 
substrate concentration revealed a Michaelis-Menten type of reaction allowing for the determination of kinetic 281 
parameters such as Km and Vmax (Fig. 2).  282 

The kinetic parameters revealed a clear variation amongst the selected CE15 candidates. PsGE displayed the 283 
highest Kcat at 172 min-1 and the more commonly studied CuGE showed second fastest turnover of these four 284 
enzymes with Kcat at 155 min-1 (Fig. 2).  The differences in activity between enzymes displayed one order of 285 
magnitude difference in Kcat between PsGE and the poorest performing CE15, TtGE. Kcat/Km shows similar 286 
ranking between enzymes however AfuGE now appears slightly better than CuGE in the catalytic efficiency. 287 
Enzyme kinetics on the catalytic domain of CuGE only (CuGECD) (Fig. 2c) revealed a decrease in Kcat and Vmax as a 288 
result of removing the CBM. 289 

End product profile after hydrolysis of LRP derived from birch and spruce  290 

End point product profiles (Fig. 3) revealed that all four CE15s displayed near identical product profiles. To 291 
further strengthen the knowledge on the catalytic function of CE15s on natural substrates, a similar lignin rich 292 
substrate was prepared from spruce. All four CE15s exhibited GE activity on spruce LRP by releasing aldouronic 293 
acids (Fig. 3b). The product profiles on spruce were simpler compared to product profiles on birch mainly due 294 
to the fact that the products carried no acetylations. An overall lower product signal from spruce LRP also 295 
indicated lower amounts of available substrate, which is in complete accordance to the expected outcome, 296 
because spruce has lower amounts of glucuronoxylan and basically no acetylations compared to birch (Pawar 297 
et al. 2013).  298 
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 299 

As previously described in Mosbech et al. (2018) CuGE releases a combination of short and longer 300 
oligosaccharide products. The longer products are in turn substrate for GH10 endo-xylanases leading to a 301 
synergistic activity between the two types of enzymes. To fully compare the four CE15 product profiles, anion 302 
exchange chromatography was applied to examine larger and charged products from CE15 hydrolysis (Fig. 4). 303 
All four enzymes released longer oligomeric charged products when incubated on both birch and spruce LRP 304 
for 6 hours. Alkali treated LRP samples appeared to generate similar product profiles as the GE treatment 305 
indicating that the enzymes are attacking all LCC ester linkages independent of backbone DP or substitution 306 
pattern. As observed in the kinetic’s determination experiments PsGE, AfuGE and CuGE appeared as more 307 
efficient enzymes compared to TtGE and their reactions result in higher concentrations of products. 308 

 309 

 310 

Molecular size of products released by CuGE and CuGe together with GH10 endoxylanase  311 

To assess the molecular weight of products released by CuGE and CuGE together with a GH10 endo-xylanase, 312 
hydrolysates were examined on size exclusion chromatography and compared to standards and an alkali 313 
treated LRP fraction (Fig. 5). Products released by CuGE alone and after saponification both distributed over 314 
several size standards in the chromatogram but a major peak eluteed in approximately the same retention 315 
time as the 5 kDA standard and both had a distribution of smaller and larger products around the peak 316 
maximum. An estimate of approx. 5 kDa was in accordance with previously estimated size of products released 317 
by CuGE (Mosbech et al. 2018). Here the size was estimated to an average DP around 30. A clear decrease in 318 
product size was observed in the sample including GH10 and CuGE.  319 

 320 

Discussion  321 
 322 
In-depth studies on glucuronoyl esterases and their role in microbial degradation of plant cell walls are 323 
essential in developing efficient separation of carbohydrates from lignin. A substantial challenge in 324 
characterization of CE15 enzymes has so far been the lack of proper substrates. We address this issue by 325 
providing an assay based on a natural LCC rich substrate. All four selected CE15 exhibited activity on the LRP 326 
substrate, including near identical end product profiles (Fig. 3). For the first time kinetic parameters for CE15 327 
enzymes were obtained on a natural substrate, and differences between the enzymes appear to be visible only 328 
by assessing the kinetic parameters (Fig. 2). PsGE performed best on LRP with a Kcat at 172 min-1 however 329 
AfuGE and CuGE exhibited similar behavior without any great variation. The presented kinetic curves show 330 
clear hyperbolic shapes (Fig. 2) which strongly indicate that the enzyme reactions follow the Michaelis-Menten 331 
kinetics. PsGE was the best performer on LRP but not when acting on Me-MeGlcA and TtGE exhibited no 332 
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activity on Me-MeGlcA although it released aldouronic acids from LRP to the same level as the others after 333 
extended incubation. This indicates that even for early stage screening of GE activity and certainly for more 334 
thorough characterization and comparison of novel enzymes a suitable substrate is essential. The strong 335 
preference for the insoluble LRP substrate seems plausible when considering that the selected CE15s all 336 
originate from biomass-degrading fungi living in environments where secreted enzymes are exposed to solid 337 
plant material. This type of substrate also supports the previously presented substrate preferences for CE15 338 
such as bulky alcohols, substrates containing 4-O-methylation on the glucuronoyl moiety and activity on 339 
polymeric substrates (d’Errico et al. 2015; Biely et al. 2015), which are all features expected to exist in the 340 
natural substrate for GEs and in LRP. CuGE has previously been characterized on a number of synthetic 341 
substrates (d’Errico et al. 2015). On the preferred model substrate benzyl (methyl 4-O-methyl-α-D-342 
glucopyranoside) uronate carrying 4-O-methylation on the glucuronyl group and a benzyl alcohol Km was 343 
determined to be 4.6 mM. In comparison Km on LRP was found to be 0.16 mM for CuGE in this study which 344 
again shows the preference for the insoluble substrate. The calculated Kcat/Km value expresses the enzyme’s 345 
ability to catalyse hydrolysis at limited substrate conditions. This parameter may be relevant in a natural setting 346 
where the enzymes are presumed to act on LCC esters present in low concentrations. Kcat/Km show similar 347 
ranking between the enzymes studied here (Fig. 2) compared to ranking based on Kcat.  348 
 349 
CuGE releases long glucuronoyl substituted xylooligosaccharides from LRP. Nearly identical product profiles 350 
after prolonged hydrolysis and analysis by HPAEC-PAD (Fig. 4) strongly indicate that the general product profile 351 
for all the CE15 enzymes considered in this study are the same. SEC analysis displayed high molecular weight 352 
products released by CuGE with similar size to the oligosaccharides released directly by alkali treatment of the 353 
substrate (Fig. 5). The apparent decrease in size of the products when adding the endo-xylanase shows that in 354 
fact all GE products are xylooligosaccharides. The product profiles detected by LC-MS for the four characterized 355 
CE15s revealed heavily acetylated products and several peaks for each product mass (Fig. 3). This LC-MS profile 356 
indicates that the CE15s in general are not hindered by acetylations or exhibit any strong specificity 357 
preferences towards particular conformations on the substitutions.    358 
 359 
The type of activity that these GEs display with high selectivity for cleaving glucuronoyl esters but limited 360 
restrictions in relation to size and other substitution patterns, suggests that the GE activity is an excellent 361 
candidate for polishing lignin in a bioprocessing application. In addition, product release on spruce LRP (Fig. 2b) 362 
and the previous suggested GE activity on spruce (Bååth et al. 2016) indicates that GE activity is not restricted 363 
to hardwood with high content of glucuronoxylan. Hence similar types of ester LCCs seem to be present in 364 
different types of biomass with otherwise varying structures and chemical compositions.  365 
 366 
The putative fungal CE15 sequences identified so far have been more conserved compared to the bacterial 367 
homologues (Bååth et al. 2018). Among the CE15s examined in this study TtGE is the most distantly related 368 
with 31, 35 and 28% identity to PsGE, AfuGE and CuGE respectively by protein sequence, while the three 369 
remaining CE15s have above 49% identity between each other. TtGE originates from an ascomycete where the 370 
other three all originate from basidiomycetes. In addition, TtGE belongs to PPR group 8 containing members 371 
possessing an alternative active site, where the otherwise conserved position of glutamate has been exchanged 372 
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by a serine. It is currently not known which other residue in TtGE may fulfill the task as the acidic member of 373 
the catalytic triad. TtGE exhibited a significantly lower Kcat and Vmax in the kinetic study on LRP and no activity 374 
was detected on Me-MeGlcA. A very recent report also found that TtGE had no activity on benzyl-D-375 
glucuronate, another common synthetic substrate (Tang et al. 2019). It is possible that GE activity is not the 376 
main function of TtGE and that TtGE could hold alternative esterase activities. If considering the characterized 377 
MZ0003 (De Santi et al. 2016), having a similar alternative active site, acetyl xylan esterase activity could be an 378 
option. Products released by TtGE are as heavily acetylated as the products released by the other CE15s and 379 
hence no indication of enzymatic deacetylation is evident. In order to fully assess the primary biological 380 
function of TtGE additional studies should be conducted. We cannot rule out that the poorer performance of 381 
TtGE is related to the presence of the minor unknown band observed specifically for TtGE on SDS-PAGE (online 382 
Resource 2). It is clear from the presented data that the selected candidate from PPR group 8 TtGE stands out 383 
but no clear distinctions between candidates from PPR group 1 and 5 can be established from these results.    384 
 385 
Among the four CE15s PsGE and CuGE contain a CBM. From the results presented here no particular effect of 386 
the CBM can be identified. AfuGE has no CBM and performed well on this isolated LRP and prefers LRP over 387 
Me-MeGlcA. This indicates that the CBM is not strictly required for GE activity on insoluble substrate. However 388 
when removing the CBM from CuGE Kcat decreases from 155 min-1 to 101 min-1. This indicates that for the 389 
individual CE15 enzymes the CBM can have an effect on the reaction rate and in the case of CuGE CBM 390 
improves the catalytic efficiency. Certain fungi expresses CE15s both with and without CBM for example 391 
Phanerochaete chrysosporium (Ďuranová et al. 2009) and others expresses only CE15s without CBM such as T. 392 
terrestris (Agger et al. 2017). Hence the general influence of CBMs in relation to the function of glucuronoyl 393 
esterases is not clear.  394 
 395 
Glucuronoyl esterases have great potential in biotechnological applications (Monrad et al. 2018). The study 396 
presented here demonstrates a type of enzyme activity useful to recover valuable lignin fractions and remove 397 
contaminating carbohydrates at mild process conditions without significant modification of the lignin structure. 398 
We hypothesized that by applying a lignin rich substrate extracted from genuine biomass a more realistic 399 
interpretation of the biological function and variation between CE15s could be achieved. Differences in kinetic 400 
parameters were observed among the four CE15 and the assay provides a great tool for future CE15 401 
characterization.   402 
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 497 

Table 1 Schematic overview of the selected CE15 sequences expressed and characterized in this study  498 

Enzyme Organism PPR group MW Catalytic Residues CBM 
PsGE Punctularia strigosozonata 5 46.9 S-E-H + 
CuGE Cerrena unicolor 1 48.1 S-E-H + 
AfuGE Armillaria fuscipes 1 39.4 S-E-H - 
TtGE Thielavia terrestris 8 42.6 S-X-H - 

 499 

  500 
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 501 

Fig. 1 GE activity of the four selected CE15s on insoluble LRP and synthetic model substrate. Panel a: GE activity 502 
on LRP. Aldouronic acids identified and quantified by LC-MS and converted into 4-O-methyl-glucuronic acid 503 
equivalents by summing up MeGlcA contribution from aldouronic acids (aldodi- aldotri- and aldotetrauronic 504 
acid). Enzyme dosages are comparable to those applied in the kinetic study and set to observe significant 505 
conversion within 20 min; 0.13, 0.28, 1.35 and 0.44 mmol E/mol MeGlcA eq for PsGE, AfuGE, TtGE and CuGE 506 
respectively. Panel b: GE activity on Me-MeGlcA ester. Activity demonstrated by depletion of the substrate 507 
detected by LC-MS. The following enzyme concentrations were used to detect conversion within 20 min; 2.7, 508 
3.5, 19 and 1.8 mmol E/mol Me-MeGlcA for PsGE, AfuGE, TtGE and CuGE respectively  509 
  510 
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 511 

Fig. 2 Michaelis-Menten kinetics on birch LRP for the selected CE15s. Hydrolysis conducted with fixed enzyme 512 
concentration at different substrate concentrations given in µM MeGlcA in the LRP. CE15 reaction products 513 
were detected and quantified as aldouronic acids and converted into MeGlcA equivalents. Reaction rates 514 
calculated at specific substrate concentrations in the linear part of the curve. None linear fit made with Origin 515 
2017 software. Kinetic parameters listed in the table below the graphs. a: PsGE, b: CuGE, c: CuGECD (catalytic 516 
domain without CBM) d: AfuGE, e:TtGE  517 

 518 
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 519 

Fig. 3 Product profiles showing charged products generated by CE15 treated LRP from birch and spruce after 520 
reaction at 50 ◦C for 6 hours. Detected products are numbered and listed in the table below the 521 
chromatograms together with the corresponding m/z values of the observed sodium adducts. Panel a: Birch 522 
LRP treated with the CE15s. The products include a mixture of aldouronic acids containing 4-O-methyl-523 
glucuronosyl (MeGlcA) ranging from DP3 to DP5 with varying acetylation patterns. Samples were analysed on 524 
LC-MS in MRM mode and diluted before analysis. Panel b: Products released by CE15s from spruce LRP. 525 
Products include aldouronic acids from DP3 to DP5 with no acetylations. Samples not diluted before analysis   526 

 527 

 528 

 529 
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 530 

Fig. 4 HPAEC-PAD chromatograms of enzyme reaction products released by CE15 enzymes and alkali 531 
treatment. Enzyme reactions with 5 mg/mL LRP from birch and spruce for 6 hours at 50 ◦C. The chromatograms 532 
include a standard of xylooligos from DP1-6 assigned to the right axis (black trace, X1-X6). Longer oligomeric 533 
charged products released by CE15 or during high pH treatment are eluting later in the chromatogram starting 534 
approximately after 10-13 minutes. Panel a: Products released by CE15s and alkali treatment from birch LRP. 535 
Panel b; Products released by CE15s and alkaline treatment from spruce LRP (SLRP) 536 

 537 

 538 

 539 

 540 
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 541 

Fig. 5 Size Exclusion Chromatography of CuGE hydrolysis products in comparison to alkali treated sample and 542 
GH10 hydrolysis products. Standards in dotted lines assigned to the right axis. The alkali treated fraction has 543 
been diluted 5 times prior to analysis to avoid sudden pressure increase on the column and hence appears 544 
lower in concentration compared to the enzyme hydrolyzed samples  545 

 546 


