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Abstract  

Pectins, complex polysaccharides and major components of the plant primary cell wall, can be 

degraded by pectate lyases (PLs). PLs cleave glycosidic bonds of homogalacturonans (HG), the 

main pectic domain, by β-elimination, releasing unsaturated oligogalacturonides (OGs). To 

understand the catalytic mechanism and structure/function of these enzymes, we characterized 

VdPelB from Verticillium dahliae. We first solved the crystal structure of VdPelB at 1.2Å 

resolution showing that it is a right-handed parallel β-helix structure. Molecular dynamics (MD) 

simulations further highlighted the dynamics of the enzyme in complex with substrates that 

vary in their degree of methylesterification, identifying amino acids involved in substrate 

binding and cleavage of non-methylesterified pectins. We then biochemically characterized 

wild type and mutated forms of VdPelB. Pectate lyase VdPelB was most active on non-

methylesterified pectins, at pH8.0 in presence of Ca2+ ions. The VdPelB-G125R mutant was 

most active at pH9.0 and showed higher relative activity compared to native enzyme. The OGs 

released by VdPelB differed to that of previously characterized PLs, showing its peculiar 

specificity in relation to its structure. OGs released from Verticillium-partially tolerant and 

sensitive flax cultivars differed which could facilitate the identification VdPelB-mediated 

elicitors of defence responses. 
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Abstract  22 

Pectins, complex polysaccharides and major components of the plant primary cell wall, can be 23 

degraded by pectate lyases (PLs). PLs cleave glycosidic bonds of homogalacturonans (HG), the 24 

main pectic domain, by β-elimination, releasing unsaturated oligogalacturonides (OGs). To 25 

understand the catalytic mechanism and structure/function of these enzymes, we characterized 26 

VdPelB from Verticillium dahliae. We first solved the crystal structure of VdPelB at 1.2Å 27 

resolution showing that it is a right-handed parallel β-helix structure. Molecular dynamics (MD) 28 

simulations further highlighted the dynamics of the enzyme in complex with substrates that 29 

vary in their degree of methylesterification, identifying amino acids involved in substrate 30 

binding and cleavage of non-methylesterified pectins. We then biochemically characterized 31 

wild type and mutated forms of VdPelB. Pectate lyase VdPelB was most active on non-32 

methylesterified pectins, at pH8.0 in presence of Ca2+ ions. The VdPelB-G125R mutant was 33 

most active at pH9.0 and showed higher relative activity compared to native enzyme. The OGs 34 

released by VdPelB differed to that of previously characterized PLs, showing its peculiar 35 

specificity in relation to its structure. OGs released from Verticillium-partially tolerant and 36 

sensitive flax cultivars differed which could facilitate the identification VdPelB-mediated 37 

elicitors of defence responses. 38 

 39 

 40 

 41 

Keywords: Pectate lyase, pectins, homogalacturonan, oligogalacturonides, Verticillium 42 

dahliae. 43 
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1. Introduction 45 

Primary cell wall, a complex structure of proteins and polysaccharides, cellulose and 46 

hemicelluloses, is embedded in a pectin matrix. Pectins, are complex polysaccharides 47 

composing up to 30% of cell wall dry mass in dicotyledonous species [1]. Pectin is mainly 48 

constituted of homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan 49 

II (RG-II) domains, but its composition can differ between plant organs and among species. 50 

The most abundant pectic domain is HG, a linear homopolymer of α-1,4-linked galacturonic 51 

acids (GalA), which represents up to 65% of pectins [2]. During synthesis, HG can be O-52 

acetylated at O-2 or O-3 and/or methylesterified at C-6 carboxyl, before being exported at the 53 

cell wall with a degree of methylesterification (DM) of ~80% and a degree of acetylation (DA) 54 

of ~5-10%, depending on species [3]. At the wall, HG chains can be modified by different 55 

enzyme families, including pectin acetylesterase (PAEs; EC 3.1.1.6), pectin methylesterases 56 

(PMEs; CE8, EC 3.1.1.11), polygalacturonases (PGs; GH28, EC 3.2.1.15, EC 3.2.1.67, EC 57 

3.2.1.82), and pectin lyases-like (PLLs), which comprise pectate lyases (PLs; EC 4.2.2.2) and 58 

pectin lyase (PNLs, EC 4.2.2.10). All these enzymes are produced by plants to fine-tune pectin 59 

during development [4–8], but they are also secreted by most phytopathogenic bacteria and 60 

fungi during plant infection [9–13]. PMEs and PAE hydrolyse the O6-ester and O2-acetylated 61 

linkages, respectively, leading to a higher susceptibility of HG to PG- and PLL-mediated 62 

degradation [14]. PLL are pectolytic enzymes that cleave HG via a β-elimination mechanism 63 

leading to the formation of an unsaturated C4-C5 bond [15], and can be divided into two 64 

subfamilies depending on their biochemical specificities: i) PLs have a high affinity for non- or 65 

low-methylesterified pectins and an optimal pH near 8.5. Their activity requires Ca2+ ions. ii) 66 

PNLs are most active on high-DM pectins at acidic pH values [16]. Both type of enzymes can 67 

degrade HG chains, and release oligogalacturonides (OGs), but their mode of action can differ. 68 

For PLs both endo and exo modes of action have been described, while only endo-PNL have 69 

been characterised so far [17]. For the latter, it was notably shown that endo-PNLs from B. 70 

fuckeliana, A. parasiticus and Aspergillus sp., can first release OGs with degrees of 71 

polymerisation (DP) 5–7, that are subsequently used as substrates, generating OGs of DP3 and 72 

DP4 as end-products [9,18,19]. Despite having the same DP, the final products can differ in 73 

their degrees and patterns of methylesterification and acetylation (DM/DA) depending on the 74 

enzymes’ specificities; implying potential differences in substrate binding, and therefore in 75 

PLLs fine structures. Several crystallographic structures of bacterial and fungal PLL have been 76 

reported [15,20–24]. Overall, the PLL fold resemble that of published PME, PGs and 77 
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rhamnogalacturonan lyases [25–27], and is composed of three parallel β-sheets forming a right-78 

handed parallel β-helix. The three β-sheets are called PB1, PB2 and PB3 and the turns 79 

connecting them T1, T2 and T3 [28]. The active site features three Asp, localized on the PB1 80 

β-sheet and, in the case of PLs, accommodates Ca2+ [29]. In PNLs, Ca2+ is, on the other hand, 81 

replaced by Asp [15]. Additionally, the PL binding site is dominated by charged acidic and 82 

basic residues (Gln, Lys, Arg) which can accommodate negatively charged pectate substrates. 83 

In contrast, the PNL binding site is dominated by aromatic residues [15,29], which have less 84 

affinity for lowly methylesterified pectins. These differences in structure could translate into 85 

distinct enzyme dynamics when in complex with substrates of varying degrees of 86 

methylesterification.  87 

In fungi, PLLs are encoded by large multigenic families which are expressed during 88 

infection. Verticillium dahliae Kleb., a soil-borne vascular fungus, targets a large number of 89 

plant species, causing Verticillium wilt disease to become widespread among fiber flax, with 90 

detrimental effects to fiber quality [30–32]. V. dahliae infects plants by piercing the root surface 91 

using hyphae. When Verticillium reaches the vascular tissue, hyphae start to bud and form 92 

conidia which progress in xylem vessels before germinating and penetrating adjacent vessel 93 

elements to start another infection cycle. [33,34]. During its colonization and proliferation 94 

Verticillium produces and secretes a number of pectinolytic enzymes, including thirteen PLLs. 95 

Considering the role of PLLs in determining pathogenicity, it is of paramount importance to 96 

determine their biochemical and structural properties [30,35,36]. This could allow engineering 97 

novel strategies to control or inhibit, the pathogen’s pectinolytic arsenal. For this purpose, we 98 

characterized, via combined experimental and computational approaches, one V. dahliae PLL 99 

(VdPelB, VDAG_04718) after its heterologous expression in P. pastoris. The obtention of the 100 

3D structure of VdPelB after X-ray diffraction and the analysis of enzyme dynamics when in 101 

complex with substrates of distinct DM, allowed the identification of the residues favouring 102 

pectate lyase (PL) activity. Experiments confirmed the importance of these residues in 103 

mediating PL activity showing that VdPelB is a bona fide PL, that releases peculiar OG as 104 

compared to previously characterized PLs. More importantly, the OGs released from roots of 105 

Verticillium-partially tolerant and sensitive flax cultivars differed, paving the way for the 106 

identification of VdPelB-mediated OGs that can trigger plant defence mechanisms. 107 

 108 

2. Material and methods  109 

2.1. Bioinformatical analysis  110 
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Verticillium dahliae PLL sequences were retrieved using available genome database 111 

(ftp.broadinstitute.org/). SignalP-5.0 Server (http://www.cbs.dtu.dk/services/ SignalP/) was 112 

used for identifying putative signal peptide and putative glycosylation sites were predicted 113 

using NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/services/NetOGlyc/). Sequences were 114 

aligned and phylogenetic analysis was carried out using MEGA multiple sequence alignment 115 

program (https://www.megasoftware.net/). Homology models used for molecular replacement 116 

were created using I-TASSER structure prediction software 117 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and UCSF Chimera 118 

(http://www.cgl.ucsf.edu/chimera/) was used for creation of graphics. 119 

2.2. Fungal strain and growth 120 

V.dahliae was isolated from CALIRA company flax test fields (Martainneville, France) and 121 

was kindly provided by Linéa-Semences company (Grandvilliers, France). Fungus was grown 122 

as described in Safran et al. [37]. Briefly, fungus was grown in polygalacturonic acid sodium 123 

salt (PGA, P3850, Sigma) at 10 g.L−1 and in pectin methylesterified potassium salt from citrus 124 

fruit (55–70% DM, P9436, Sigma) solutions to induce expression of  PLLs. After 15 days of 125 

growth in dark conditions at 25°C and 80 rpm shaking, mycelium was collected and filtered 126 

under vacuum using Buchner flask. Collected mycelium was frozen in liquid nitrogen, 127 

lyophilized and ground. Isolation of RNA and cDNA synthesis was realized as previously 128 

described in Lemaire et al.[38]. 129 

2.3. Cloning, heterologous expression and purification of VdPelB  130 

V. dahliae PelB gene (VdPelB, UNIPROT: G2X3Y1, GenBank: EGY23280.1, 131 

VDAG_04718) consists of 1 single exon of 1002 bp length. The coding sequence, minus the 132 

nucleotides encoding signal peptide, was PCR-amplified using cDNA and gene-specific 133 

primers while VdPelB mutants were generated by PCR mutagenesis, a method for generating 134 

site-directed mutagenesis, using specific primers carrying mutations (Table S1). Cloning of the 135 

PCR-amplified sequences in pPICZαB, sequencing  and expression in P. pastoris heterologous 136 

expression system as well as purification steps were done as previously described in Safran et 137 

al. [37]. 138 

2.4. Crystallization of VdPelB 139 

Pectate lyase VdPelB was concentrated at 10 mg.mL-1 in Tris-HCl pH 7.5 buffer. 140 

Crystallization conditions were screened using the sitting-drop vapor-diffusion method. Pectate 141 

http://www.cbs.dtu.dk/services/NetOGlyc/
https://www.megasoftware.net/
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lyase VdPelB (100 nL) was mixed with an equal volume of precipitant (1:1) using Mosquito 142 

robot (STP Labtech). The crystals that resulted in best diffraction data were obtained with 0.1 143 

M MIB (Malonic acid, Imidazole, Boric acid system) at pH8.0, with 25 % PEG 1500 as the 144 

precipitant (condition B5 from the PACT premier kit, Molecular Dimensions, Sheffield, UK) 145 

after 1 month. Optimization was realized using the hanging drop vapor-diffusion method 146 

forming the drop by mixing 1 µL of precipitant solution with 1 µL of the enzyme. The crystals 147 

(120 µm x 30 µm) were cryo-protected by increasing PEG 1500 concentration to 35%, before 148 

mounting them in a loop and flash-cooling them in liquid nitrogen.  149 

2.5. VdPelB X-ray data collection and processing 150 

X-ray diffraction data were collected at the PROXIMA-2a beamline of the Soleil 151 

synchrotron (Saint Aubin, France), at a temperature of -173°C using an EIGER 9M detector 152 

(Dectris). Upon a first data collection to 1.3 Å resolution, three more data sets were collected 153 

from the same crystal in order to obtain a complete data set. Thereby the kappa angle was tilted 154 

once to 30°, once to 60° and finally a helical data set was collected at 1.2 Å resolution. The 155 

reflections of each data set were indexed and integrated using XDS [39], scaled and merged 156 

using XSCALE [40]. The VdPelB crystal has a primitive monoclinic lattice in the P 1 21 1 space 157 

group, with two molecules contained in asymmetric unit [41].  158 

2.6. Structure solution and refinement 159 

The structure of VdPelB was solved by molecular replacement using Phaser [42]. The data 160 

were phased using pectate lyase BsPelA (PDB: 3VMV, Uniprot D0VP31), as a search model 161 

[43]. Model was build using Autobuild and refined using Refine from PHENIX suite [44]. The 162 

model was iteratively improved with Coot [45] and Refine. The final structure for VdPelB has 163 

been deposited in the Protein Data Bank (PDB) as entry 7BBV. 164 

2.7. VdPelB biochemical characterization 165 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, United 166 

States) was used to determine the protein concentration, with Bovine Serum Albumin (A7906, 167 

Sigma) as a standard. Deglycosylation was performed using Peptide-N-Glycosidase F (PNGase 168 

F) at 37 °C for one hour according to the supplier's protocol (New England Biolabs, Hitchin, 169 

UK). Enzyme purity and molecular weight were estimated using a 12% SDS-PAGE and mini-170 

PROTEAN 3 system (BioRad, Hercules, California, United States). Gels were stained using 171 



7 
 

PageBlue Protein Staining Solution (Thermo Fisher Scientific) according to the manufacturer’s 172 

protocol.  173 

The substrate specificity of VdPelB was determined using PGA (81325, Sigma) and citrus 174 

pectin of various DM: 20–34% (P9311, Sigma), 55–70% (P9436, Sigma) and >85% (P9561, 175 

Sigma), with 0.5 µM CaCl2 or 5 µM EDTA (Sigma) final concentrations. Enzyme activity was 176 

measured by monitoring the increase in optical density at 235 nm due to formation of 177 

unsaturated uronide product using UV/VIS Spectrophotometer (PowerWave Xs2, BioTek, 178 

France) during 60 min. The optimum temperature was determined by incubating the enzymatic 179 

reaction between 20 and 70°C for 12 min using PGA as a substrate (0.4%, w/v). The optimum 180 

pH was determined between pH5.0 and 10.0 using sodium phosphate (NaP, pH5.0 to 7.0) and 181 

Tris-HCl buffer (pH7.0 to 10.0) and 0.4% (w/v) PGA as a substrate. VdPelB and VdPelB-182 

G125R kinetic parameters, Km,Vmax and kcat, were calculated using GraphPad Prism (8.4.2). 183 

The reactions were performed using 0.75 to 15 mg.mL−1 PGA concentrations at 50 mM Tris-184 

HCl pH8.0 (native) and 9.0 (G125R) during 12 min at 35°C. All experiments were realized in 185 

triplicate. The statistical analysis was done using the Welch's t-test. 186 

2.8. Digestion of commercial pectins and released OGs profiling 187 

OGs released after digestions by recombinant VdPelB or commercially available 188 

Aspergillus PL (named AsPel) were identified as described in Voxeur et al., 2019 [9], using a 189 

novel in-house OGs library. Briefly, DM 20–34% (P9311, Sigma) and sugar beet pectin with 190 

DM 42% and degree of acetylation (DA) 31% (CP Kelco, Atlanta, United States) were prepared 191 

at 0.4 % (w/v) final concentration diluted in 50 mM Tris-HCl buffer (pH8.0) and incubated 192 

with either VdPelB or AsPel (E-PCLYAN, Megazyme). For each substrate, enzyme 193 

concentrations were adjusted to have enzymes at iso-activities (Table S2). For each substrate 194 

two dilutions, were used for analysing OGs released in early, VdPelB-2 and AsPel-2, and late 195 

phase, VdPelB-1 and AsPel-1, of digestions. Digestions were performed overnight. Non-196 

digested pectins were pelleted by centrifugation and the supernatant dried in a speed vacuum 197 

concentrator (Concentrator plus, Eppendorf, Hamburg, Germany). Separation of OGs was done 198 

as previously described using an ACQUITY UPLC Protein BEH SEC column (125Å, 1.7 μm, 199 

4.6 mm x 300 mm) at a flow rate of 0.4 ml min-1. MS detection was performed using an 200 

ACQUITY UPLC H-Class system coupled to a SYNAPT G2-Si-Q-TOF hybrid quadrupole 201 

time-of-flight instrument (Waters) equipped with an electrospray ionization (ESI) source (Z-202 

spray) and an additional sprayer for the reference compound (lock spray). Samples were 203 

analysed by ESI–high-resolution MS (HRMS) and MS/MS in negative ionization mode. Data 204 
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acquisition and processing were performed with MASSLYNX software (v.4.1; Waters). 205 

[9,37,46].  206 

The intensities were defined as the area under the curve, for each OG. Peak areas were clustered 207 

by hierarchical clustering with complete linkage on the euclidian distance matrix and visualized 208 

in the heatmap-package using R version 3.6.0. The statistical analysis was done using the 209 

Welch's t-test. 210 

2.9. Molecular Dynamics simulations  211 

Two sets of molecular dynamics (MD) simulations were conducted on the VdPelB protein: 212 

one in complex with a fully non-methylesterified polygalacturonate decasaccharide, and the 213 

other with a fully methylesterified polygalacturonate decasaccharide. Parameters specified by 214 

the AMBER14SB_parmbsc1 forcefield [47] were used to create the molecular topologies of 215 

the complexes. Each complex was set up in a cubic box with solute-box distances of 1.0 nm 216 

and solvated with water molecules specific to the TIP3P water model [48]. Na+ and Cl- ions 217 

were added to neutralise the system’s net charge and reach a salt concentration of 0.165 M. 218 

Using a steep-descent algorithm with a step size of 0.01, energy minimisation was performed 219 

to resolve clashes between particles, with convergence being established at a particle-particle 220 

force of 1000 kJ mol-1 nm-1. Particle-particle forces were calculated by considering van der 221 

Waals and electrostatic interactions occurring up to 1.0 nm, as well as long-range electrostatics 222 

treated in the Fourier space using the Particle Mesh Ewald (PME) summation method. Solvent 223 

equilibration was attained post minimisation in two stages: through the NVT and NPT 224 

ensembles, to reach constant temperature and pressure, respectively. Equilibration of the 225 

solvent under the NVT ensemble was conducted for 1 ns, integrating the equation of motion at 226 

a time step of 2 fs. The target reference temperature was 310.15 K, coupled every 0.1 ps using 227 

the V-rescale thermostat3. Based on the Maxwell-Boltzmann distribution [49] at 310.15 K, 228 

random velocities were then assigned to each particle in the system. Finally, solvent 229 

equilibration under the NPT ensemble was conducted for 1 ns, continuing from the last step of 230 

the previous equilibration, in terms of particle coordinates and velocities, at a reference 231 

temperature of 310.15 K, coupled every 0.1 ps using the V-rescale thermostat [50]. Here, 232 

pressure coupling was isotropically coupled every 2.0 ps, at 1 bar, using the Parrinello-Rahman 233 

barostat [51]. Particle-particle interactions were computed by constructing pair lists using the 234 

Verlet scheme. Short-range van der Waals and electrostatic interactions sampled through a 235 

Coulomb potential, were calculated at a cutoff of 1.0 nm. The PME algorithm [52] was used to 236 

compute long-range electrostatic interactions beyond this cut-off in the Fourier space, utilising 237 
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a Fourier grid spacing of 0.16 and a cubic B-spline interpolation level at 4. The simulations 238 

were then performed on in-house machines, using GROMACS (Groningen Machine for 239 

Chemical Simulations) version 2021.37. Each set of simulations were run for 150 ns each, at a 240 

time step of 2 fs, with molecular dynamics trajectories written out every 10 ps. Simulations 241 

were replicated 7 times for a total production run time of 1.05 μs per complex. Replicates 242 

differed with respect to the random particle velocity sets computed under the NVT ensemble. 243 

For analysis, the first 50 ns of each production run were discarded as equilibration time. In-244 

house Python 3 scripts implemented using Jupyter notebooks [53] were used to carry out 245 

analyses. Figures were created and rendered with Matplotlib [54] and VMD (Visual Molecular 246 

Dynamics)[55]. 247 

 248 

3. Results and Discussion 249 

3.1. Sequence and phylogeny analysis 250 

In addition to 9 polygalacturonases (PGs) and 4 pectin methylesterases (PMEs), V. 251 

dahliae encodes 30 putative endo-pectate lyases (EC 4.2.2.2), exo-pectate lyases (EC 4.2.2.9), 252 

endo-pectin lyases (EC 4.2.2.10), belonging to PL1-PL3 and PL9 families, respectively [56]. 253 

For hierarchical clustering of Verticilium’s sequences with other PLLs, fifty-one amino acid 254 

sequences encoding putative PLLs, belonging to bacteria, fungi and plants were aligned and a 255 

phylogenetic tree was built. Different clades can be distinguished. (Fig. 1). V. dahliae PelB 256 

(VdPelB, VDAG_04718) clustered with VDAG_05344 (59.68% sequence identity) with close 257 

relations to VDAG_05402 (57.19% sequence identity) and VDAG_07566 (56.95% sequence 258 

identity). VDAG_05402 and VDAG_05344, that are found in the protein secretome, have 259 

orthologs in V. alfalfa (VDBG_07839 and VDBG_10041), which were shown to possess 260 

putative lyase activity [36,57]. Plant PLLs from A. thaliana (AtPLL21, AtPLL15 and AtPLL18) 261 

formed a separate clade with close connections to A. denitrificans (AdVexL), a PLL homologue 262 

[58]. D.dadanti (DdPelI), Bacillus Sp. KSM-P15 (BsPel-P15) and C. bescii (CbPel1854) 263 

formed separate clades similarly to B.subtilis and D. dadantii PLs (BsPel, DdPelA and 264 

DdPelC). The clade corresponding to PNLs consisting of A. tubingensis PelA (AtPelA), A. 265 

niger (AnPelA, AnPnlA and AnPelB), A. luchuensis AlPelB was closely related to 266 

VDAG_07238 and VDAG_08154 which were indeed annotated as putative PNLs [18,56]. 267 

VDAG_06155 was previously named VdPel1 and previously characterized as a pectate lyase 268 

[35]. 269 
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 270 

Fig. 1. Phylogenetic analysis of V. dahliae pectate lyase VdPelB with selected PLLs 271 

Phylogentic tree representing V. dahliae  VdPelB (VDAG_04718, G2X3Y1, red star) amino acid sequence in 272 
comparison with PLLs from Verticillium [VDAG_00740 (G2WQU8), VDAG_02904 (G2WXC5), VDAG_05344 273 
(G2X628), VDAG_07242 (G2XBA4), VDAG_07759 (G2XC77), VDAG_02709 (G2WWT0), VDAG_02843 274 
(G2WX64), VDAG_02886 (G2WXA7), VDAG_03656 (G2X1P5), VDAG_05402 (G2X597), VDAG_07144 275 
(G2X9U9), VDAG_07238 (G2XBA0), VDAG_07566 (G2XBY8), VDAG_08067 (G2XD35), VDAG_08154 276 
(G2XDC2), VDAG_08734 (G2XF02), VDAG_10475 (G2XJZ3), VDAG_03354 (G2WZB2), VDAG_03551 277 
(G2WZV9), VDAG_07267 (G2XBC9), VDAG_07768 (G2XC86), VDAG_08236 (G2XDK4), VDAG_06155 278 
(G2X8L4), VDAG_06523 (G2X7R5), VDAG_08685 (G2XEV0), VDAG_09523 (G2XH91), VDAG_09536 279 
(G2XHA4), VDAG_00063 (G2WR80), VDAG_07350 (G2XGG7)], Arabidopsis thaliana [AtPLL15 280 
(At5g63180), AtPLL18 (At3g27400), AtPLL21 (At5g48900)], Dickeya dadanti [DdPelA (P0C1A2), DdPelC 281 
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(P11073), DdPelE (P04960), DdPelI (O50325)], Bacillus subtilis [BsPel (P39116)], Bacillus Sp.  KSM-P15 282 
[BsPel-P15 (Q9RHW0)], Bacillus sp. N16-5 [BsPelA (D0VP31)], Aspergillus niger AnPelA [(Q01172), AnPelB 283 
(Q00205), AnPnlA (A2R3I1)], Achromobacter denitrificans [AdVexL (A0A160EBC2)], Aspergillus tubingensis 284 
[AtPelA (A0A100IK89)], Aspergillus luchuensis [AlPelB (G7Y0I4)], Acidovorax citrulli [AcPel343, (A1TSQ3)], 285 
Paenibacillus sp. 0602 [PsPelN (W8CR80)], Caldicellulosiruptor bescii [CbPel1854 (B9MKT4)]. Maximum 286 
likelihood tree was constructed with 1000 bootstrap replicates. Most important clades are indicated in orange 287 
squares while VdPelB is marked by red star. Amino acids sequences were retrieved from Uniprot and TAIR. 288 

3.2. Expression and purification of VdPelB 289 

Since the expression was performed using the pPICZαB vector with the yeast alpha-factor 290 

directing VdPelB secretion in the culture media, the protein could be easily recovered and 291 

purified. The protein is composed of 343 amino acids, including the 6xHIS tag at the C-terminus 292 

used for affinity chromatography purification. After purification, VdPelB purity was assessed 293 

using SDS-PAGE with an apparent molecular mass of ~38 kDa (Fig. S1), higher than what was 294 

predicted on the basis of the amino acid sequence (33.8 kDa). However, this shift is likely to 295 

correspond to the two tags that are fused to the protein (His and C-myc) and to the presence of 296 

19 putative O-glycosylation sites, as predicted by NetOGlyc 4.0 Server.  297 

3.3. VdPelB has a right-handed parallel β-helix fold 298 

Pectate lyase VdPelB was crystallized and its 3D structure was determined using X-ray 299 

diffraction. VdPelB crystallized in monoclinic P 1 21 1 asymmetric unit. Four data sets, 300 

collected from the same crystal at 1.2 Å resolution, were integrated, scaled and merged. There 301 

are two molecules in the asymmetric units: chains A and B are highly similar with a Cα root 302 

mean square deviation (rmsd) value of 0.227 Å (Fig. S2A). The VdPelB structure consists of 303 

298 amino acids with 18 at the N-terminus and 27 amino acids at the C-terminus that were not 304 

resolved because of poor electron densities, while overall electron densities were well defined. 305 

While no N-glycosylation sites could be revealed on the VdPelB structure, six O-glycosylation 306 

sites carrying mannose are visible for each molecule: T22, T44, T45, T46, S48 and T54, in 307 

accordance with the shift in size previously observed (Fig. S2A). During data acquisition no 308 

heating of the crystal was observed, as shown by low B factors and good occupancies (Fig. S3A 309 

and B). The final models’ geometry, processing and refinement statistics are summarized 310 

(Table 1). The VdPelB’s structure has been deposited in the Protein Data Bank as entry 7BBV.  311 

Table 1. Data collection, processing and refinement for VdPelB 312 
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The VdPelB has a right-handed parallel β-helix fold which is common in pectinases 314 

[59]. The β-helix is formed by three parallel β-sheets - PB1, PB2 and PB3 which contain 7, 10 315 

and 8 β-strands, respectively. Turns connecting the PB1-PB2, PB2-PB3 and PB3-PB1 β-sheets 316 

are named T1-turns, T2-turns and T3-turns, respectively, according to Yoder and Jurnak (Fig. 317 

2A, S4A and B) [60]. T1-turns consist of 2-14 amino acids and builds the loop around the 318 

active site on the C-terminus. T2 turns mostly consist of 2 amino acids with Asn being one of 319 

the predominant amino acid, forming an N-ladder with the exception of an N245T mutation in 320 

VdPelB [15,20]. Pectate lyase VdPelB has a α-helix on N-terminus end that shields the 321 

hydrophobic core and is commonly conserved in PLs and PGs [15,61], while the C–terminus 322 

end is also protected by tail-like structure carrying one α-helix. Interestingly N- and C- terminus 323 

tails pack against PB2 (Fig. 2A). There are only two Cys (C25 and C137) that do not form a 324 

disulphide bridge.  325 

Sequence and structural alignments show that VdPelB belong to the PL1 family. The 326 

VdPelB shares the highest structural similarity with BsPelA (PDB: 3VMV), with 30.06% 327 

sequence identity and Cα rmsd of 1.202 Å. The second-best structural alignment was with 328 

DdPelC (PDB: 1AIR) with 24.20% identity and Cα rmsd of 1.453 Å [43,62]. Both of these 329 

structures lack the long T3 loop described in A.niger pectate lyase (AnPelA, PDB: 1IDJ, Fig. 330 

S2B and S5) [15]. The putative active site is positioned between the T3 and T2 loops (Fig. 2A 331 

and B). 332 
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 333 

Fig. 2. Structure determination of VdPelB 334 

A) Ribbon diagram of VdPelB crystalized in P1 21 1 space group. VdPelB is a right-handed parallel β helical 335 

structure consisting of β strands (red arrows) and turns (blue arrows). VdPelB active site’s amino acids are yellow-336 

colored while Ca atom is green. B) Surface representation of VdPelB binding groove. C) Active site of VdPelB 337 

highlighting conserved amino acids and atoms interacting with Ca. D) Structure of VdPelB binding groove 338 

highlighting amino acids involved in the interaction (yellow) and amino acids not of previously characterized in 339 

PLs (plum). Red stars indicate amino acids from the active site.  340 

3.4. Active site harbours Ca2+ that is involved in catalysis 341 

The VdPelB active site is well conserved, harbouring strictly conserved acidic and basic 342 

amino acids that are required for Ca2+ binding. Previously reported structures showed that two 343 

Asp (D122 and D155) and one Arg (R208) in VdPelB, are conserved, while D151 can be 344 
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mutated to Glu, or Arg in PNLs (Fig. 2C and D, Mayans et al., 1997). Other conserved amino 345 

acids in VdPelB include K175 and R213, with K175 being responsible for binding the carboxyl 346 

oxygen while R213 hydrogen bonds to C-2 and C-3 of GalA (Fig. 2D) [29,63]. Mutating any 347 

of these amino acids leads to decreased enzyme activity [64]. In VdPelB, Ca2+ ion is directly 348 

coordinated by D122, two carboxyl oxygen, D151, D155 and two water molecules (W568 and 349 

W830, Fig. 2C). In addition, mutation of D122T (VdPelB numbering) in BsPelA, is responsible 350 

for reduced affinity for Ca2+ [43]. In the catalytic mechanism, Ca2+ is directly involved in 351 

acidification of the proton absorption from C5 and elimination of group from C4, generating an 352 

unsaturated product. R208 act as a base, similarly to the hydrolysis in the reaction mechanism 353 

of the GH28 family [65,66].  354 

3.5. Structural analysis of VdPelB suggests a PL activity mediated by peculiar 355 

specificities 356 

The VdPelB binding groove comprises a number of basic and acidic amino acids 357 

including K147, D151, K175 L178, H181, S207, R208, R213 and R235 and D259 (Fig. 2C 358 

and D), that have previously been shown to be characteristics of PLs. This would suggest an 359 

enzyme activity on low DM pectins as amino acids positioned at the binding groove were 360 

indeed shown to differ between PNL and PL [15,21,24,29]. These amino acids are indeed 361 

mutated in Arg, Trp, Tyr, Gln and Gly in PNLs, which, by reducing their charge, would favour 362 

higher affinity for highly methylesterified pectins [15,29]. In VdPelB, as the T3 loop is missing, 363 

there are no equivalent to PNL specific W66, W81, W85, W151 amino acids (Fig. S2B, AnPelA 364 

numbering) and, moreover, W212 and W215 are replaced by K175 and L178 in VdPelB. In 365 

BsPelA and DdPelC, these amino acids are replaced by K177/K190 and L180/L193, 366 

highlighting the high conservation of amino acids in VdPelB/BsPelA/DdPelC and subsequently 367 

in PLs. When a DP4 ligand from DdPelC crystal structure is superimposed to VdPelB, hydrogen 368 

bonds and van der Waals interactions are visible with the above-mentioned amino acids (Fig. 369 

S6) [15,21,29,43].  370 

Interestingly, despite this rather conserved PL-related binding groove, VdPelB harbors, 371 

in the vicinity of the active site, G125 and T157 that are not present in the well characterized 372 

DdPelC [62]. At these positions, DdPelC, which was shown to be a bona fide PL with a high 373 

activity on polygalacturonic acid and alkaline pH with Ca2+-dependency, harbours Arg and Lys 374 

[15,63,67]. In that respect, the presence of G125 and T157 in VdPelB is similar to that identified 375 

in Bacillus sp. Pel-22, Pel-66, and Pel-90 and Bacillus sp.  which showed activity on both PGA 376 

and high methylesterified pectins (Fig. 2B and D) [22,68,69]. The DdPelC amino acids being 377 
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overall positively charged, could explain the binding preference towards non-methylesterified, 378 

negatively charged substrates in the vicinity of the active site. In contrast, considering the size 379 

of Gly and Thr, they would sterically accommodate the increased size of methylesterified 380 

substrate. G125 and T157 could therefore account for a potential dual activity of VdPelB. 381 

Moreover, in previously characterized PLs and PNLs there is the presence of a small amino 382 

acids, Ser or Ala that replace H181. While H181 interacts directly with the substrate these 383 

amino acids do no provide this interaction instead the primary Ca2+ in the active site induce a 384 

substrate conformation that could be recognized by PLs [43]. Finally, L178 is positioned in-385 

between the catalytic Ca2+ and R208 and is involved in substrate binding making it a perfect 386 

candidate to assess its importance (Fig. 2D).  387 

3.6. Molecular dynamic simulations show higher dynamics of VdPelB in complex with 388 

methylesterified substrates 389 

To determine how the structure of VdPelB and the observed differences in amino-acidic 390 

composition might influence the affinity with differently methylated substrates, we performed 391 

MD simulations on VdPelB in complex with either a non-methylesterified or fully 392 

methylesterified decasaccharides, which are able to occupy the entire binding groove (Fig. 3). 393 

MD simulations show substantially differential dynamic profiles for oligosaccharides with and 394 

without methylesterification. Expectedly, the dynamics is lowest in proximity of the catalytic 395 

subsite (+1) and increases consistently towards both the reducing and non-reducing ends of the 396 

substrate: with the highest dynamics found at the non-reducing end (Fig. 3A).  397 

A quantitative estimation of the substrate dynamics was obtained by monitoring the root 398 

square mean fluctuations (RMSF) of each sugar residue and shows that a polygalacturonate 399 

substrate associates more stably in the subsites of the binding groove placed towards the sugar’s 400 

reducing end (subsites -1 to -5), with differences between methylesterified and non-401 

methylesterified substrates approaching the obtained standard deviation. In some cases, the 402 

dynamics reversed for non-methylesterified sugars, with a higher RMSF for de-methylesterified 403 

sugars towards the saccharide’s reducing end (Fig. 3B). Moreover, and in line with an observed 404 

positively charged binding groove, non-methylesterified substrates retain a higher number of 405 

contacts than methylesterified sugars, with salt-bridges contributing the most to the observed 406 

differences (Fig. 3C).  407 

We then additionally and specifically focused on the analysis of the interactions made by 408 

T157, which is nested with the -2 subsite of the binding groove. Simulations sample consistently 409 
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higher contacts formation between a methylesterified sugar docked in subsite -2 and T157, with 410 

distances shifted to lower values when compared to a non-methylesterified sugar (Fig. 3D), 411 

even the RMSF of non-methylesterified monosaccharides docked in subsite -2 experience on 412 

average, significantly lower dynamics. Altogether, the formation of a larger number of contacts 413 

between methylesterified saccharides docked in the -2 subsite suggests and active role of T157 414 

in the binding of methylesterified chains: with the butanoic moiety of T157 engaging in 415 

hydrophobic interactions with the methyl-ester presented by methylesterified sugar units (Fig. 416 

3E). While T157 is seen to have an active role in engaging with the substrate’s hydrophobic 417 

moieties, an active role of G125, also in the same subsite, was not observed but it is plausible 418 

that the minimal size of G125 would increase the accommodability of methylesterified sugars 419 

in that position. 420 

 421 
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Fig. 3. VdPelB substrate dynamics in complex with fully de-methylesterified and methylesterified complex  422 

A) Ensembles of non-methylesterified (green, left panel) and methylesterified (pink, right panel) HG 423 

decasaccharide at every 100 frames for the simulated VdPelB complexes. Substrate within the enzymes’ binding 424 

grooves are labelled from -5 (HG-non-reducing end) to +5 (HG-reducing end) B) RMSF of non-methylesterified 425 

(green) and methylesterified (pink) HG bound across the binding groove of VdPelB. Numbers indicate the beta 426 

sheet position form the active site. C) Analysis of the contacts between VdPelB and non-methylesterified (green) 427 

and methylesterified substrate (pink). D) Distance between T157K residue and the substrate residues plotted as 428 

cumulative frequency. E) T157 hydrophobic interaction with methyl-ester of methylesterified substrate.  429 

3.7. Biochemical characterization of VdPelB 430 

We first determined the activity of VdPelB by following the release of 4,5-unsaturated 431 

bonds which can be detected at 235 nm using UV spectrophotometer. The VdPelB activity was 432 

first tested for its dependency towards Ca2+. Using a standard PL assay, with PGA as a substrate, 433 

an increase in the VdPelB activity was measured in presence of calcium. In contrast in presence 434 

of EDTA, used as a chelating agent, no activity was detected, confirming the calcium-dependent 435 

activity of the enzyme (Fig. S7A) [15]. Activity measured in absence of added CaCl2 reflects 436 

the presence of calcium from the culture media that is bound to VdPelB during production, and 437 

previously identified in the 3D structure. We tested the effects of increasing CaCl2 438 

concentrations and showed that the maximum activity was already reached when using as low 439 

as 0.125 µM (Fig. S7B). To test the substrate-dependence of VdPelB, four substrates of 440 

increasing degrees of methyl-esterification were used. The VdPelB showed the highest activity 441 

on PGA, with less than 10% of the maximum activity measured on the three others substrates 442 

(Fig. 4A). This shows that, as inferred from above-mentioned structural and dynamical data, 443 

The VdPelB act mainly as a PL although it can still show residual activity on high DM pectins. 444 

Considering this, PGA was used as substrate to test the pH-dependence of the enzyme’s activity 445 

in sodium acetate and Tris-HCl buffers (Fig. 4A). Pectate lyase VdPelB was most active at pH 446 

8, with only a slight decrease in activity at pH 9 (93%). In contrast, the relative activity at pH 447 

5-7 was close to null. The pH optimum for VdPelB was the same as B. fuckeliana Pel (pH 8) 448 

[70], close to that reported for D. dadantii PelN (pH 7.4) [71], but was lower to that measured 449 

for B.clausii Pel (pH 10.5) [72]. In contrast, the pH optimum was higher compared to five PNLs 450 

from Aspergillus sp. AaPelA (pH 6.1), AtPelA (pH 4.5), AtPelA (pH 6.4), AtPelD (pH 4.3) 451 

[18] and A. parasiticus Pel (pH 4) [19]. The optimum temperature assay showed that VdPelB 452 

was most active at 35°C (Fig. S8). The VdPelB appeared less heat-tolerant as compared to 453 

thermophilic PLLs reported from Bacillus sp. RN1 90°C [73], B. clausii Pel, 70°C [72], B. 454 

subtilis Pel168, 50°C [74]. However, its optimum temperature is in the range of that measured 455 
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for X. campestris Pel [75] and cold-active Pel1 from M. eurypsychrophila [76]. The lack of 456 

disulphide bridges previously shown in the structure could be responsible for the lower stability 457 

of the enzyme at high temperatures, in comparison with previously characterized PLs [77].  458 

 459 

Fig. 4. Biochemical characterization of VdPelB 460 
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A) Substrate-dependence of VdPelB, G125R and T157K. The activities were measured after 12 min of incubation 461 

with PGA, pectins DM 24-30%, DM 55-70%, DM>85% with addition of Ca2+ at 35°C. B) pH-dependence of 462 

VdPelB, G125R and T157K activity. The activities were measured after 12 min of incubation with PGA in sodium 463 

phosphate (NaP) and Tris-HCl buffer at 35°C. Values correspond to means ± SD of three replicates. Welch t-test 464 

comparing native with mutant VdPelB forms was used for statistical analysis. P value ***<0.001 and **<0.01.  C) 465 

Determination of Km, Vmax and kcat for ADPG2 and PGLR. Activity was assessed using various concentrations 466 

of PGA at 35°C and pH8.0 (VdPelB) and pH9.0 (VdPelB-G125R).  467 

3.8. Mutation of specific amino-acids affects VdPelB activity 468 

Considering the structure of VdPelB and our hypothesis related to the role of some 469 

amino acids in determining the mode of action of VdPelB, we generated mutated forms of the 470 

enzyme for five amino acids that likely to be involved in the catalytic mechanism and/or 471 

substrate binding:  G125R, D151R, T157K, L178K and H181A. Enzymes were produced in P. 472 

pastoris and purified (Fig. S1). If the importance of some of these amino acids (i.e. D151 and 473 

H181) in the catalytic mechanism was previously shown for others PL [43,78], our study 474 

highlights the key role of some novel amino acids in the catalytic mechanism. The activities of 475 

mutants were tested at iso-quantities of wild-type enzyme. Surprisingly, the G125R mutant was 476 

25% more active on PGA compared to the native enzyme and a shift in the optimum pH was 477 

observed (Fig. 4A). While native enzyme was most active at pH8.0 with slight decrease in 478 

activity at pH9.0, the activity of G125R mutant was approximately doubled at pH9.0 and 479 

pH10.0 (Fig. 4B). Both enzymes kept the same activity at pH8.0.  Moreover, using PGA as a 480 

substrate, at 35°C, VdPelB and VdPelB-G125R differ slightly in their Km (2.7 versus 4.8 481 

mg.ml-1), Vmax (79.1 versus 184.8 nmol of GalA.min-1.μg-1) and kcat (40.5 versus 70.9 s-1, 482 

Fig. 4C). The  substitution of Gly with Arg, present in a number of previously characterized 483 

PL could facilitate the interaction with the substrate and alkalinization of the active site thanks 484 

to its physio-chemical properties [62]. Despite not knowing the exact rotamer orientation, the 485 

presence of Arg with high pKa allowing strong hydrogen bonding and complex electrostatic 486 

interactions within the active site, could change the optimal pH by acting on the protonation 487 

state of amino acids involved in catalysis, as previously reported for a number of different 488 

enzymes [65,79–82]. The activity of T157K was closed to null when tested on PGA and 489 

different pHs. The introduction of a Lys, a chemically different and larger amino acids is likely 490 

to introduce steric clashes notably with H181 and L178 that are important for the activity. The 491 

H181A mutant lost much of its activity as there are less interaction/recognition with the 492 

substrate. No activity for D151R and L178K mutants were observed in line with the fact that 493 

D151 is an active site amino acid that binds the Ca2+. Mutation of this amino-acid is negatively 494 
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impairing the functioning of the enzyme (Fig. S7A and B) [43,78]. We can hypothesize that 495 

L178K mutation positioned in between Ca2+, R208 and the substrate, induces specific substrate 496 

conformation that diminishes the direct interaction between the enzyme catalytic centre and the 497 

substrate, which translates to loss of activity (Fig. S9). 498 

3.9. Identification of the OGs released by VdPelB from commercial and cell wall 499 

pectins 500 

To further understand the specificity of VdPelB on different substrates, we performed 501 

LC-ESI-MS/MS to determine the profiles of digestion products (OGs) and to compare with that 502 

of commercially available Aspergillus sp. Pel (AsPel, Fig. S10). To be fully comparable, 503 

digestions were realized, for each substrate, at iso-activities for the two enzymes. On the basis 504 

of digestion profiles, we identified 48 OGs and created a dedicated library that was used for 505 

identification and integration of peaks (Table S3). MS2 fragmentation allowed determining the 506 

structure of some of the OGs (Fig. S11 and S12). The OGs released by either of the enzymes 507 

mainly corresponded to 4,5-unsaturated OGs, which is in accordance with -eliminating action 508 

of PLLs. When using pectins DM 20-34% and at low enzyme’s concentration (VdPelB-2), 509 

VdPelB mainly released non-methylesterified OGs of high DP (GalA5, GalA6, GalA7, GalA8, 510 

GalA9, GalA10) that were subsequently hydrolysed when using more concentrated VdPelB 511 

(VdPelB-1, Fig. 5A). These digestion products strikingly differed to that generated by AsPel, 512 

that are methylesterified OGs of higher DP (GalA4Me1, GalA4Me2, GalA5Me1, GalA6Me2, 513 

GalA11Me3…), thus showing distinct enzymatic specificities. Altogether, these first results 514 

unequivocally shows both VdPelB and AsPel act as endo-PLs, but they differ in their 515 

processivity [9]. When using sugar beet pectins, that are known to be highly acetylated (DM 516 

42%, DA 31%), VdPelB released acetylated OGs (GalA2Ac2, GalA3Ac1, GalA4Ac1, 517 

GalA5Ac1), while AsPel showed much lower activity and relative abundance of these OGs (Fig. 518 

5B). Previous reports have shown that differences exist between PNL, in particular with regards 519 

to acetyl substitutions [18]. In contrast, AsPeI released mainly methylesterifed OGs (GalA6Me1, 520 

GalA8Me1, GalA10Me3…).  521 

 522 

 523 
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 524 

Fig. 5. Analysis of OGs produced by the action of VdPelB and AsPeI on pectins of various degrees of 525 

methylesterification and acetylation 526 

OGs were separated by SEC and analysed by MS/MS. A) Pectins DM 24-30%. B) Sugar beet pectins (DM 42% 527 

DA 31%). Substrates were digested overnight at 40°C and pH8.0 using isoactivities of VdPelB and AsPel. Enzyme 528 

concentrations are stated in Table S2. Subscript numbers indicate the DP, DM and DA. * indicate non-unsaturated 529 

OGs. Values correspond to means of three replicates.  530 

V. dahliae and closely related fungus from the same genus are known flax pathogens, 531 

where they use their enzymatic arsenal, that includes pectin degrading enzymes, for penetrating 532 

the host cell leading to infection [30]. To assess the potential role of VdPelB in flax 533 

pathogenicity we digested root cell walls from two flax cultivars, Evea (Verticillium-partially 534 

resistant), and Violin (Verticillium-susceptible), and we compared the OGs released. On root 535 

cell walls, VdPelB released mainly unsaturated OGs up to DP5 (Fig. 6). From similar starting 536 

root material, the OG total peak area detected was five times lower for Evea compared to Violin, 537 

suggesting that it is less susceptible to digestion by VdPelB. OGs released by VdPelB were 538 

mainly non-methylesterified but could be acetylated (GalA2, GalA3, GalA3Ac1, GalA4, 539 
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GalA4Ac1 GalA5, GalA5Ac1), and the abundance of GalA3 and GalA4 was five and fifteen times 540 

higher in Violin, respectively. These data together with that obtained from sugar beet pectins 541 

strongly suggests that VdPelB preference is for non-methylesterified and acetylated substrates. 542 

Our data suggest that cell wall structure differ between the two cultivars and that VdPelB could 543 

determine Verticillium pathogenicity thanks to a better degradation of the cell wall pectins of 544 

sensitive cultivars [37]. Similarly, VdPel1 was previously identified as virulence factor, where 545 

the deletion of this gene decreased virulence in tobacco, as compared with the wild-type 546 

Verticillium [35].  547 
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 548 

Fig. 6. Analysis of OGs released by VdPelB from flax roots.  549 

The VdPelB was incubated overnight with roots from Évéa (spring flax, partially resistant to Verticillium wilt, 550 

black) and Violin (winter flax, more susceptible to Verticillium wilt, grey). Values correspond to means ± SD of 551 

three replicates. Welch t-test comparing Evea with Violin was used for statistical analysis. P value ***<0.001. 552 

Subscript numbers indicate the DP, DM and DA. 553 

 554 

4. Conclusion  555 

We have characterized, by multidisciplinary approaches, a novel pectinolytic enzyme 556 

from V.dahliae, VdPelB, that belongs to the PLL family. The protein was crystallised and its 557 

3D structure determined at a high resolution. Pectate lyase VdPelB showed a conserved 558 
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structure, with parallel -sheet topology for PLs and the active site harboured three conserved 559 

Asp coordinating Ca2+ and Arg involved in the β-elimination mechanism. The binding groove 560 

of VdPelB reveals conserved amino acids that are characteristic of PLs, with MD simulations 561 

confirming the lower dynamics/higher affinity of the enzyme towards non-methylesterifed 562 

pectins. As inferred from structural and dynamical analyses, VdPelB showed high activity on 563 

non-methylesterified substrates, with a maximum activity at pH8.0 and 35°C. The analysis of 564 

the structure led the identification, in the VdPelB, of peculiar amino acids that are normally 565 

present in PNL. In particular, G125R mutant increased activity on PGA and switch in pH 566 

optimum from 8.0 to 9.0 related to amino acids protonation. The analysis of the digestion 567 

products showed that VdPelB act as an endo enzyme and that it can release a large diversity of 568 

OGs with a preference for non-methylesterified and acetylated products. The OGs generated by 569 

VdPelB from pectins extracted from Verticillium-partially tolerant and Verticillium-sensitive 570 

flax cultivars showed that the enzyme could be a determinant of pathogenicity, since these OGs 571 

differ as a function of pectins’ structure. Thus, our study now paves the way for generating, 572 

using dedicated enzymes, OG pools that could be used for protecting plants against 573 

phytopathogens.  574 

  575 
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Abstract  23 

Pectins, complex polysaccharides and major components of the plant primary cell wall, can be 24 

degraded by pectate lyases (PLs). PLs cleave glycosidic bonds of homogalacturonans (HG), the 25 

main pectic domain, by β-elimination, releasing unsaturated oligogalacturonides (OGs). To 26 

understand the catalytic mechanism and structure/function of these enzymes, we characterized 27 

VdPelB from Verticillium dahliae, a plant pathogen. We first solved the crystal structure of 28 

VdPelB at 1.2Å resolution showing that it is a right-handed parallel β-helix structure. Molecular 29 

dynamics (MD) simulations further highlighted the dynamics of the enzyme in complex with 30 

substrates that vary in their degree of methylesterification, identifying amino acids involved in 31 

substrate binding and cleavage of non-methylesterified pectins. We then biochemically 32 

characterized wild type and mutated forms of VdPelB. Pectate lyase VdPelB was most active 33 

on non-methylesterified pectins, at pH8.0 8 in presence of Ca2+ ions. The VdPelB-G125R 34 

mutant was most active at pH9.0 9 and showed higher relative activity compared to native 35 

enzyme. The OGs released by VdPelB differed to that of previously characterized PLs, showing 36 

its peculiar specificity in relation to its structure. OGs released from Verticillium-partially 37 

tolerant and sensitive flax cultivars differed which could facilitate the identification VdPelB-38 

mediated elicitors of defence responses. 39 

 40 

 41 

 42 

Keywords: Pectate lyase, pectins, homogalacturonan, oligogalacturonides, Flax, Verticillium 43 

dahliae. 44 

  45 
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1. Introduction 46 

Primary cell wall, a complex structure of proteins and polysaccharides, cellulose and 47 

hemicelluloses, is embedded in a pectin matrix. Pectins, are complex polysaccharides 48 

composing up to 30% of cell wall dry mass in dicotyledonous species [1]. Pectin is mainly 49 

constituted of homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan 50 

II (RG-II) domains, but its composition can differ between plant organs and among species. 51 

The most abundant pectic domain is HG, a linear homopolymer of α-1,4-linked galacturonic 52 

acids (GalA), which represents up to 65% of pectins [2]. During synthesis, HG can be O-53 

acetylated at O-2 or O-3 and/or methylesterified at C-6 carboxyl, before being exported at the 54 

cell wall with a degree of methylesterification (DM) of ~80% and a degree of acetylation (DA) 55 

of ~5-10%, depending on species [3]. At the wall, HG chains can be modified by different 56 

enzyme families, including pectin acetylesterase (PAEs; EC 3.1.1.6), pectin methylesterases 57 

(PMEs; CE8, EC 3.1.1.11), polygalacturonases (PGs; GH28, EC 3.2.1.15, EC 3.2.1.67, EC 58 

3.2.1.82), and pectin lyases-like (PLLs), which comprise pectate lyases (PLs; EC 4.2.2.2) and 59 

pectin lyase (PNLs, EC 4.2.2.10). All these enzymes are produced by plants to fine-tune pectin 60 

during development [4–8], but they are also secreted by most phytopathogenic bacteria and 61 

fungi during plant infection [9–13]. PMEs and PAE hydrolyse the O6-ester and O2-acetylated 62 

linkages, respectively, leading to a higher susceptibility of HG to PG- and PLL-mediated 63 

degradation [14]. PLL are pectolytic enzymes that cleave HG via a β-elimination mechanism 64 

leading to the formation of an unsaturated C4-C5 bond [15], and can be divided into two 65 

subfamilies depending on their biochemical specificities: i) PLs have a high affinity for non- or 66 

low-methylesterified pectins and an optimal pH near 8.5. Their activity requires Ca2+ ions. ii) 67 

PNLs are most active on high-DM pectins at acidic pH values [16]. Both type of enzymes can 68 

degrade HG chains, and release oligogalacturonides (OGs), but their mode of action can differ. 69 

For PLs both endo and exo modes of action have been described, while only endo-PNL have 70 

been characterised so far [17]. For the latter, it was notably shown that endo-PNLs from B. 71 

fuckeliana, A. parasiticus and Aspergillus sp., can first release OGs with degrees of 72 

polymerisation (DP) 5–7, that are subsequently used as substrates, generating OGs of DP3 and 73 

DP4 as end-products [9,18,19]. Despite having the same DP, the final products can differ in 74 

their degrees and patterns of methylesterification and acetylation (DM/DA) depending on the 75 

enzymes’ specificities; implying potential differences in substrate binding, and therefore in 76 

PLLs fine structures. Several crystallographic structures of bacterial and fungal PLL have been 77 

reported [15,20–24]. Overall, the PLL fold resemble that of published PME, PGs and 78 
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rhamnogalacturonan lyases [25–27], and is composed of three parallel β-sheets forming a right-79 

handed parallel β-helix. The three β-sheets are called PB1, PB2 and PB3 and the turns 80 

connecting them T1, T2 and T3 [28]. The active site features three Asp, localized on the PB1 81 

β-sheet and, in the case of PLs, accommodates Ca2+ [29]. In PNLs, Ca2+ is, on the other hand, 82 

replaced by Asp [15]. Additionally, the PL binding site is dominated by charged acidic and 83 

basic residues (Gln, Lys, Arg) which can accommodate negatively charged pectate substrates. 84 

In contrast, the PNL binding site is dominated by aromatic residues [15,29], which have less 85 

affinity for lowly methylesterified pectins. These differences in structure could translate into 86 

distinct enzyme dynamics when in complex with substrates of varying degrees of 87 

methylesterification.  88 

In fungi, PLLs are encoded by large multigenic families which are expressed during 89 

infection. Verticillium dahliae Kleb., a soil-borne vascular fungus, targets a large number of 90 

plant species, causing Verticillium wilt disease to become widespread among fiber flax, with 91 

detrimental effects to fiber quality [30–32]. V. dahliae infects plants by piercing the root surface 92 

using hyphae, . When Verticillium reaches the vascular tissue, hyphae start to bud and form 93 

conidia which are carried byprogress in  the xylem vessels and trapped at vessel end walls 94 

before germinating and penetrating adjacent vessel elements to continue colonization and start 95 

another infection cycle. [33,34]. During its colonization and proliferation Verticillium produces 96 

and secresecretesting a number of pectinolytic enzymes, including thirteen PLLs. Considering 97 

the role of PLLs in determining pathogenicity, it is of paramount importance to determine their 98 

biochemical and structural properties [30,35,36]. This could allow engineering novel strategies 99 

to control or inhibit, the pathogen’s pectinolytic arsenal. For this purpose, we characterized, via 100 

combined experimental and computational approaches, one V. dahliae PLL (VdPelB, 101 

VDAG_04718) after its heterologous expression in P. pastoris. The obtention of the 3D 102 

structure of VdPelB after X-ray diffraction and the analysis of enzyme dynamics when in 103 

complex with substrates of distinct DM, allowed the identification of the residues favouring 104 

pectate lyase (PL) activity. Experiments confirmed the importance of these residues in 105 

mediating PL activity showing that VdPelB is a bona fide PL, that releases peculiar OG as 106 

compared to previously characterized PLs. More importantly, the OGs released from roots of 107 

Verticillium-partially tolerant and sensitive flax cultivars differed, paving the way for the 108 

identification of VdPelB-mediated OGs that can trigger plant defence mechanisms. 109 

 110 

2. Material and methods  111 
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2.1. Bioinformatical analysis  112 

Verticillium dahliae PLL sequences were retrieved using available genome database 113 

(ftp.broadinstitute.org/). SignalP-5.0 Server (http://www.cbs.dtu.dk/services/ SignalP/) was 114 

used for identifying putative signal peptide and putative glycosylation sites were predicted 115 

using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 116 

Server (http://www.cbs.dtu.dk/services/NetOGlyc/). Sequences were aligned and phylogenetic 117 

analysis was carried out using MEGA multiple sequence alignment program 118 

(https://www.megasoftware.net/). Homology models used for molecular replacement were 119 

created using I-TASSER structure prediction software 120 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and UCSF Chimera 121 

(http://www.cgl.ucsf.edu/chimera/) was used for creation of graphics. 122 

2.2. Fungal strain and growth 123 

V.dahliae was isolated from CALIRA company flax test fields (Martainneville, France) and 124 

was kindly provided by Linéa-Semences company (Grandvilliers, France). Fungus was grown 125 

as described in Safran et al. [37]. Briefly, fungus was grown in polygalacturonic acid sodium 126 

salt (PGA, P3850, Sigma) at 10 g.L−1 and in pectin methylesterified potassium salt from citrus 127 

fruit (55–70% DM, P9436, Sigma) solutions to induce expression of  PLLs expression. After 128 

15 days of growth in dark conditions at 25°C and 80 rpm shaking, mycelium was collected and 129 

filtered under vacuum using Buchner flask. Collected mycelium was frozen in liquid nitrogen, 130 

lyophilized and ground. Isolation of RNA and cDNA synthesis was realized as previously 131 

described in Lemaire et al.[38]. 132 

2.3. Cloning, heterologous expression and purification of VdPelB  133 

V. dahliae PelB coding sequencegene (VdPelB, UNIPROT: G2X3Y1, GenBank: 134 

EGY23280.1, VDAG_04718), consists of 1 single exon of 1002 bp length.? The coding 135 

sequence, minus the nucleotides encoding signal peptide, was PCR-amplified using cDNA and 136 

gene-specific primers while . VdPelB mutants were generated by PCR mutagenesis, a method 137 

for generating site-directed mutagenesis, following the same strategy and using cDNA and 138 

specific primers carrying mutations (Table S1). Cloning of the PCR-amplified sequences in 139 

pPICZαB, sequencing  and expression in P. pastoris heterologous expression system as well as 140 

purification steps were doneCloning, heterologous expression in P. pastoris and purification of 141 

VdPelB was done as previously described in Safran et al. [37]. 142 

http://www.cbs.dtu.dk/services/NetOGlyc/
https://www.megasoftware.net/
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2.4. Crystallization of VdPelB 143 

Pectate lyase VdPelB was concentrated at 10 mg.mL-1 in Tris-HCl pH 7.5 buffer. 144 

Crystallization conditions were screened using the sitting-drop vapor-diffusion method. Pectate 145 

lyase VdPelB (100 nL) was mixed with an equal volume of precipitant (1:1) using Mosquito 146 

robot (STP Labtech). The crystals that resulted in best diffraction data were obtained with 0.1 147 

M MIB (Malonic acid, Imidazole, Boric acid system) at pH 8.0, with 25 % PEG 1500 as the 148 

precipitant (condition B5 from the PACT premier kit, Molecular Dimensions, Sheffield, UK) 149 

after 1 month. Optimization was realized using the hanging drop vapor-diffusion method 150 

forming the drop by mixing 1 µL of precipitant solution with 1 µL of the enzyme. The large 151 

beam-like crystals (120 µm x 30 µm)   were cryo-protected by increasing PEG 1500 152 

concentration to 35%, before mounting them in a loop and flash-cooling them in liquid nitrogen.  153 

2.5. VdPelB X-ray data collection and processing 154 

X-ray diffraction data were collected at the PROXIMA-2a beamline of the Soleil 155 

synchrotron (Saint Aubin, France), at a temperature of -173°C using an EIGER 9M detector 156 

(Dectris). Upon a first data collection to 1.3 Å resolution, three more data sets were collected 157 

from the same crystal in order to obtain a complete data set. Thereby the kappa angle was tilted 158 

once to 30°, once to 60° and finally a helical data set was collected at 1.2 Å resolution. The 159 

reflections of each data set were indexed and integrated using XDS [39], scaled and merged 160 

using XSCALE [40]. The VdPelB crystal has a primitive monoclinic lattice in the P 1 21 1 space 161 

group, with two molecules contained in asymmetric unit [41].  162 

2.6. Structure solution and refinement 163 

The structure of VdPelB was solved by molecular replacement using Phaser [42]. The data 164 

were phased using pectate lyase BsPelA (PDB: 3VMV, Uniprot D0VP31), as a search model 165 

[43]. Model was build using Autobuild and refined using Refine from PHENIX suite [44]. The 166 

model was iteratively improved with Coot [45] and Refine. The final structure for VdPelB has 167 

been deposited in the Protein Data Bank (PDB) as entry 7BBV. 168 

2.7. VdPelB biochemical characterization 169 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, United 170 

States) was used to determine the protein concentration, with Bovine Serum Albumin (A7906, 171 

Sigma) as a standard. Deglycosylation was performed using Peptide-N-Glycosidase F (PNGase 172 

F) at 37 °C for one hour according to the supplier's protocol (New England Biolabs, Hitchin, 173 
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UK). Enzyme purity and molecular weight were estimated using a 12% SDS-PAGE and mini-174 

PROTEAN 3 system (BioRad, Hercules, California, United States). Gels were stained using 175 

PageBlue Protein Staining Solution (Thermo Fisher Scientific) according to the manufacturer’s 176 

protocol.  177 

The substrate specificity of VdPelB was determined using PGA (81325, Sigma) and citrus 178 

pectin of various DM: 20–34% (P9311, Sigma), 55–70% (P9436, Sigma) and >85% (P9561, 179 

Sigma), with 0.5 µM CaCl2 or 5 µM EDTA (Sigma) final concentrations. Enzyme activity was 180 

measured by monitoring the increase in optical density at 235 nm due to formation of 181 

unsaturated uronide product using UV/VIS Spectrophotometer (PowerWave Xs2, BioTek, 182 

France) during 60 min. The optimum temperature was determined by incubating the enzymatic 183 

reaction between 25 20 and 4570°C for 8 12 min using PGA as a substrate (0.4%, w/v). The 184 

optimum pH was determined between pH 5.0 and 10.0 using sodium phosphate (NaP, pH 5.0 185 

to 7.0) and Tris-HCl buffer (pH 7.0 to 10.0) and 0.4% (w/v) PGA as a substrate. All experiments 186 

were realized in triplicate. VdPelB and VdPelB-G125R kinetic parameters, Km,Vmax and kcat, 187 

were calculated using GraphPad Prism (8.4.2). The reactions were performed using 0.75 to 15 188 

mg.mL−1 PGA concentrations at 50 mM Tris-HCl pH8.0 (native) and 9.0 (G125R) during 12 189 

min at 35°C. 190 

 All experiments were realized in triplicate. The statistical analysis was done using the 191 

Welch's t-test. 192 

VdPelB and VdPelB-G125R kinetic parameters, Km,Vmax and kcat, were calculated using 193 

GraphPad Prism (8.4.2).  The reactions were performed using 0.75 to 15 mg.mL−1 PGA 194 

concentrations at 50 mM Tris-HCl pH8.0 (native) and 9.0 (G125R) during 12 min at 35°C. 195 

 All experiments were realized in triplicate.  196 

2.8. Digestion of commercial pectins and released OGs profiling 197 

OGs released after digestions by recombinant VdPelB or commercially available 198 

Aspergillus PL (named AsPel) were identified as described in Voxeur et al., 2019 [9], using a 199 

novel in-house OGs library. Briefly, DM 20–34% (P9311, Sigma) and sugar beet pectin with 200 

DM 42% and degree of acetylation (DA) 31% (CP Kelco, Atlanta, United States) were prepared 201 

at 0.4 % (w/v) final concentration diluted in 50 mM Tris-HCl buffer (pH 8.0) and incubated 202 

with either VdPelB or AsPel (E-PCLYAN, Megazyme). For each substrate, enzyme 203 

concentrations were adjusted to have enzymes at iso-activities (Table S2). For each substrate 204 
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two dilutions, were used for analysing OGs released in early, VdPelB-2 and AsPel-2, and late 205 

phase, VdPelB-1 and AsPel-1, of digestions. Digestions were performed overnight. Non-206 

digested pectins were pelleted by centrifugation and the supernatant dried in a speed vacuum 207 

concentrator (Concentrator plus, Eppendorf, Hamburg, Germany). Separation of OGs was done 208 

as previously described using an ACQUITY UPLC Protein BEH SEC column (125Å, 1.7 μm, 209 

4.6 mm x 300 mm) at a flow rate of 0.4 ml min-1. MS detection were as performed using an 210 

ACQUITY UPLC H-Class system coupled to a SYNAPT G2-Si-Q-TOF hybrid quadrupole 211 

time-of-flight instrument (Waters) equipped with an electrospray ionization (ESI) source (Z-212 

spray) and an additional sprayer for the reference compound (lock spray). Samples were 213 

analysed by ESI–high-resolution MS (HRMS) and MS/MS in negative ionization mode. Data 214 

acquisition and processing were performed with MASSLYNX software (v.4.1; Waters). 215 

[9,37,46][44].  216 

The intensities were defined as the area under the curve, for each OG. Peak areas were clustered 217 

by hierarchical clustering with complete linkage on the euclidian distance matrix and visualized 218 

in the heatmap-package using R version 3.6.0. The statistical analysis was done using the 219 

Welch's t-test. 220 

2.9. Digestion of commercial pectins and released OGs profiling 221 

OGs released after digestions by recombinant VdPelB or commercially available 222 

Aspergillus PL (named AsPel) were identified as described in Voxeur et al., 2019 [9], using a 223 

novel in-house OGs library. Briefly, DM 20–34% (P9311, Sigma) and sugar beet pectin with 224 

DM 42% and degree of acetylation (DA) 31% (CP Kelco, Atlanta, United States) were prepared 225 

at 0.4 % (w/v) final concentration diluted in 50 mM Tris-HCl buffer (pH 8) and incubated with 226 

either VdPelB or AsPel (E-PCLYAN, Megazyme). For each substrate, enzyme concentrations 227 

were adjusted to have enzymes at iso-activities (Table S2). For each substrate two dilutions, 228 

were used for analysing OGs released in early, VdPelB-2 and AsPel-2 and late phase, VdPelB-229 

1 and AsPel-1, of digestion. Digestions were performed overnight. Non-digested pectins were 230 

pelleted by centrifugation and the supernatant dried in a speed vacuum concentrator 231 

(Concentrator plus, Eppendorf, Hamburg, Germany). Separation of OGs was done as 232 

previously described using an ACQUITY UPLC Protein BEH SEC column (125Å, 1.7 μm, 4.6 233 

mm x 300 mm) [44]. The intensities were defined as the area under the curve, for each OG. 234 

Peak areas were clustered by hierarchical clustering with complete linkage on the euclidian 235 

distance matrix and visualized in the heatmap-package using R version 3.6.0.  236 
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2.10.2.9. Molecular Dynamics simulations  237 

Two sets of molecular dynamics (MD) simulations were conducted on the VdPelB protein: 238 

one in complex with a fully non-methylesterified polygalacturonate decasaccharide, and the 239 

other with a fully methylesterified polygalacturonate decasaccharide. Parameters specified by 240 

the AMBER14SB_parmbsc1 forcefield [47] were used to create the molecular topologies of 241 

the complexes. Each complex was set up in a cubic box with solute-box distances of 1.0 nm 242 

and solvated with water molecules specific to the TIP3P water model [48]. Na+ and Cl- ions 243 

were added to neutralise the system’s net charge and reach a salt concentration of 0.165 M. 244 

Using a steep-descent algorithm with a step size of 0.01, energy minimisation was performed 245 

to resolve clashes between particles, with convergence being established at a particle-particle 246 

force of 1000 kJ mol-1 nm-1. Particle-particle forces were calculated by considering van der 247 

Waals and electrostatic interactions occurring up to 1.0 nm, as well as long-range electrostatics 248 

treated in the Fourier space using the Particle Mesh Ewald (PME) summation method. Solvent 249 

equilibration was attained post minimisation in two stages: through the nVT NVT and nPT NPT 250 

ensembles, to reach constant temperature and pressure, respectively. Equilibration of the 251 

solvent under the nVT NVT ensemble was conducted for 1 ns, integrating the equation of 252 

motion at a time step of 2 fs. The target reference temperature was 310.15 K, coupled every 0.1 253 

ps using the V-rescale thermostat3. Based on the Maxwell-Boltzmann distribution [49] at 254 

310.15 K, random velocities were then assigned to each particle in the system. Finally, solvent 255 

equilibration under the nPT NPT ensemble was conducted for 1 ns, continuing from the last 256 

step of the previous equilibration, in terms of particle coordinates and velocities, at a reference 257 

temperature of 310.15 K, coupled every 0.1 ps using the V-rescale thermostat [50]. Here, 258 

pressure coupling was isotropically coupled every 2.0 ps, at 1 bar, using the Parrinello-Rahman 259 

barostat [51]. Particle-particle interactions were computed by constructing pair lists using the 260 

Verlet scheme. Short-range van der Waals and electrostatic interactions sampled through a 261 

Coulomb potential, were calculated at a cutoff of 1.0 nm. The PME algorithm [52] was used to 262 

compute long-range electrostatic interactions beyond this cut-off in the Fourier space, utilising 263 

a Fourier grid spacing of 0.16 and a cubic B-spline interpolation level at 4. The simulations 264 

were then performed on in-house machines, using GROMACS (Groningen Machine for 265 

Chemical Simulations) version 2021.37. Each set of simulations were run for 150 ns each, at a 266 

time step of 2 fs, with molecular dynamics trajectories written out every 10 ps. Simulations 267 

were replicated 7 times for a total production run time of 1.05 μs per complex. Replicates 268 

differed with respect to the random particle velocity sets computed under the nVT NVT 269 
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ensemble. For analysis, the first 50 ns of each production run were discarded as equilibration 270 

time. In-house Python 3 scripts implemented using Jupyter notebooks [53] were used to carry 271 

out analyses. Figures were created and rendered with Matplotlib [54] and VMD (Visual 272 

Molecular Dynamics)[55]. 273 

 274 

3. Results and Discussion 275 

3.1. Sequence and phylogeny analysis 276 

In addition to 9 polygalacturonases (PGs) and 4 pectin methylesterases (PMEs), V. 277 

dahliae encodes 30 putative endo-pectate lyases (EC 4.2.2.2), exo-pectate lyases (EC 4.2.2.9), 278 

endo-pectin lyases (EC 4.2.2.10), belonging to PL1-PL3 and PL9 families, respectively [56]. 279 

For hierarchical clustering of Verticilium’s sequences with other PLLs, fifty-one amino acid 280 

(aa) sequences encoding putative PLLs, belonging to bacteria, fungi and plants were aligned 281 

and a phylogenetic tree was built. Different clades can be distinguished. (Fig. 1). V. dahliae 282 

PelB (VdPelB, VDAG_04718) clustered with VDAG_05344 (59.68% sequence identity) with 283 

close relations to VDAG_05402 (57.19% sequence identity) and VDAG_07566 (56.95% 284 

sequence identity). VDAG_05402 and VDAG_05344, that are found in the protein secretome, 285 

have orthologs in V. alfalfa (VDBG_07839 and VDBG_10041), which were shown to possess 286 

putative lyase activity [36,57]. Plant PLLs from A. thaliana (AtPLL21, AtPLL15 and AtPLL18) 287 

formed a separate clade with close connections to A. denitrificans (AdVexL), a PLL homologue 288 

[58]. D.dadanti (DdPelI), Bacillus Sp. KSM-P15 (BsPel-P15) and C. bescii (CbPel1854) 289 

formed separate clades similarly to B.subtilis and D. dadantii PLs (BsPel, DdPelA and 290 

DdPelC). The clade corresponding to PNLs consisting of A. tubingensis PelA (AtPelA), A. 291 

niger (AnPelA, AnPnlA and AnPelB), A. luchuensis AlPelB was closely related to 292 

VDAG_07238 and VDAG_08154 which were indeed annotated as putative PNLs [18,56]. 293 

VDAG_06155 was previously named VdPel1 and previously characterized as a pectate lyase 294 

[35]. 295 
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 296 

Fig. 1. Phylogenetic analysis of  V. dahliaedahliae pectate lyase VdPelB with selected PLLs 297 

Phylogentic tree representing V. dahliae  VdPelB (VDAG_04718, G2X3Y1, red star) amino acid sequence in 298 
comparison with PLLs from Verticillium [VDAG_00740 (G2WQU8), VDAG_02904 (G2WXC5), VDAG_05344 299 
(G2X628), VDAG_07242 (G2XBA4), VDAG_07759 (G2XC77), VDAG_02709 (G2WWT0), VDAG_02843 300 
(G2WX64), VDAG_02886 (G2WXA7), VDAG_03656 (G2X1P5), VDAG_05402 (G2X597), VDAG_07144 301 
(G2X9U9), VDAG_07238 (G2XBA0), VDAG_07566 (G2XBY8), VDAG_08067 (G2XD35), VDAG_08154 302 
(G2XDC2), VDAG_08734 (G2XF02), VDAG_10475 (G2XJZ3), VDAG_03354 (G2WZB2), VDAG_03551 303 
(G2WZV9), VDAG_07267 (G2XBC9), VDAG_07768 (G2XC86), VDAG_08236 (G2XDK4), VDAG_06155 304 
(G2X8L4), VDAG_06523 (G2X7R5), VDAG_08685 (G2XEV0), VDAG_09523 (G2XH91), VDAG_09536 305 
(G2XHA4), VDAG_00063 (G2WR80), VDAG_07350 (G2XGG7)], Arabidopsis thaliana [AtPLL15 306 
(At5g63180), AtPLL18 (At3g27400), AtPLL21 (At5g48900)], Dickeya dadanti [DdPelA (P0C1A2), DdPelC 307 



12 
 

(P11073), DdPelE (P04960), DdPelI (O50325)], Bacillus subtilis [BsPel (P39116)], Bacillus Sp.  KSM-P15 308 
[BsPel-P15 (Q9RHW0)], Bacillus sp. N16-5 [BsPelA (D0VP31)], Aspergillus niger AnPelA [(Q01172), AnPelB 309 
(Q00205), AnPnlA (A2R3I1)], Achromobacter denitrificans [AdVexL (A0A160EBC2)], Aspergillus tubingensis 310 
[AtPelA (A0A100IK89)], Aspergillus luchuensis [AlPelB (G7Y0I4)], Acidovorax citrulli [AcPel343, (A1TSQ3)], 311 
Paenibacillus sp. 0602 [PsPelN (W8CR80)], Caldicellulosiruptor bescii [CbPel1854 (B9MKT4)]. Maximum 312 
likelihood tree was constructed with 1000 bootstrap replicates. Most important clades are indicated in orange 313 
squares while VdPelB is marked by red star. Amino acids sequences were retrieved from Uniprot and TAIR. 314 

3.2. Cloning, eExpression and purification of VdPelB 315 

The VdPelB (VDAG_04718) gene consists of 1 single exon of 1002 bp length. Since the 316 

expression was performed using the pPICZαB vector with the yeast alpha-factor directing ,  the 317 

VdPelB was secretedsecretion in  in the culture media.The coding sequence, minus the putative 318 

signal peptide was PCR-amplified using gene-specific primers, ligated in pPICZαB vector and 319 

expressed in P. pastoris heterologous expression system, allowing its secretion in the culture 320 

media. Thus, Secreted the secreted, the protein could be easily recovered and purified VdPelB 321 

was more easily purified. It consistesd ofThe protein is composed of 343 aaamino acids, 322 

including the 6xHIS tag poly-histidine tag at the C-terminus used for affinity chromatography 323 

purification. After purification, VdPelB purity was assessed using SDS-PAGE and hadwith an 324 

apparent molecular mass of ~38 kDa (Fig. S1A), higher than what was predicted on the basis 325 

of the amino acid sequence (33.8 kDa). However, this shift is likely to correspond to the two 326 

tags that are fused to the protein (His and C-myc) and to the presence of 19 putative O-327 

glycosylation sites, as predicted by NetOGlyc 4.0 Server.  328 

3.3. VdPelB has a right-handed parallel β-helix fold 329 

Pectate lyase VdPelB was crystallized and its 3D structure was determined using X-ray 330 

diffraction. VdPelB crystallized in monoclinic P 1 21 1 asymmetric unit. Four data sets, 331 

collected from the same crystal at 1.2 Å resolution, were integrated, scaled and merged. There 332 

are two molecules in the asymmetric units: chains A and B are highly similar with a Cα root 333 

mean square deviation (rmsd) value of 0.227 Å (Fig. S2A). The VdPelB structure consists of 334 

298 amino acids (aa) with 18 aa at the N-terminus and 27 aaamino acids at the C-terminus that 335 

were not resolved because of poor electron densities, while overall electron densities were well 336 

defined. While no N-glycosylation sites could be revealed on the VdPelB structure, six O-337 

glycosylation sites carrying mannose are visible for each molecule: T22, T44, T45, T46, S48 338 

and T54, in accordance with the shift in size previously observed (Fig. S2A). During data 339 

acquisition no heating of the crystal was observed, as shown by low B factors and good 340 

occupancies (Fig. S3A and B). The final models’ geometry, processing and refinement 341 

statistics are summarized (Table 1). The VdPelB’s structure has been deposited in the Protein 342 

Data Bank as entry 7BBV.  343 
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Table 1. Data collection, processing and refinement for VdPelB 344 
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The VdPelB has a right-handed parallel β-helix fold which is common in pectinases 346 

[59]. The β-helix is formed by three parallel β-sheets - PB1, PB2 and PB3 which contain 7, 10 347 

and 8 β-strands, respectively. Turns connecting the PB1-PB2, PB2-PB3 and PB3-PB1 β-sheets 348 

are named T1-turns, T2-turns and T3-turns, respectively, according to Yoder and Jurnak (Fig. 349 

2A, S4A and B) [60]. T1-turns consist of 2-14 aaamino acids and builds the loop around the 350 

active site on the C-terminus. T2 turns mostly consist of 2 aaamino acids with Asn being one 351 

of the predominant amino acid, forming an N-ladder with the exception of an N245T mutation 352 

in VdPelB [15,20]. Pectate lyase VdPelB has a α-helix on N-terminus end that shields the 353 

hydrophobic core and is commonly conserved in PLs and PGs [15,61], while the C–terminus 354 

end is also protected by tail-like structure carrying one α-helix. Interestingly N- and C- terminus 355 

tails pack against PB2 (Fig. 2A). There are only two Cys (C25 and C137) that do not form a 356 

disulphide bridge.  357 

Sequence and structural alignments show that VdPelB belong to the PL1 family. The 358 

VdPelB shares the highest structural similarity with BsPelA (PDB: 3VMV), with 30.06% 359 

sequence identity and Cα rmsd of 1.202 Å. The second-best structural alignment was with 360 

DdPelC (PDB: 1AIR) with 24.20% identity and Cα rmsd of 1.453 Å [43,62]. Both of these 361 

structures lack the long T3 loop described in A.niger pectate lyase (AnPelA, PDB: 1IDJ, Fig. 362 

S2B and S5) [15]. The putative active site is positioned between the T3 and T2 loops (Fig. 2A 363 

and B). 364 
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 365 

Fig. 2. Structure determination of VdPelB 366 

A) Ribbon diagram of VdPelB crystalized in P1 21 1 space group. VdPelB is a right -handed parallel β helical 367 

structure consisting of β strands (red arrows) and turns (blue arrows). VdPelB active site’s aaamino acids are 368 

yellow-colored while Ca atom is green. B) Surface representation of VdPelB binding groove. C) Active site of 369 

VdPelB highlighting conserved aaamino acids and atoms interacting with Ca. D) Structure of VdPelB binding 370 

groove highlighting aaamino acids involved in the interaction (yellow) and aaamino acids not of previously 371 

characterized in  PLsin PLs (plum). Red stars indicatesindicate aaamino acids from the active site.  372 

3.4. Active site harbours Ca2+ that is involved in catalysis 373 

The VdPelB active site is well conserved, harbouring strictly conserved acidic and basic 374 

aaamino acids that are required for Ca2+ binding. Previously reported structures showed that 375 

two Asp (D122 and D155) and one Arg (R208) in VdPelB, are conserved, while D151 can be 376 
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mutated to Glu, or Arg in PNLs (Fig. 2C and D, Mayans et al., 1997). Other conserved aaamino 377 

acids in VdPelB include K175 and R213, with K175 being responsible for binding the carboxyl 378 

oxygen while R213 hydrogen bonds to C-2 and C-3 of GalA (Fig. 2D) [29,63]. Mutating any 379 

of these aaamino acids leads to decreased enzyme activity [64]. In VdPelB, Ca2+ ion is directly 380 

coordinated by D122, two carboxyl oxygen, D151, D155 and two water molecules (W568 and 381 

W830, Fig. 2C). In addition, mutation of D122T (VdPelB numbering) in BsPelA, is responsible 382 

for reduced affinity for Ca2+ [43]. In the catalytic mechanism, Ca2+ is directly involved in 383 

acidification of the proton absorption from C5 and elimination of group from C4, generating an 384 

unsaturated product. R208 act as a base, similarly to the hydrolysis in the reaction mechanism 385 

of the GH28 family [65,66].  386 

3.5. Structural analysis of VdPelB suggests a PL activity mediated by peculiar 387 

specificities 388 

The VdPelB binding groove comprises a number of basic and acidic aaamino acids 389 

including K147, D151, K175 L178, H181, S207, R208, R213 and R235 and D259 (Fig. 2C 390 

and D), that have previously been shown to be characteristics of PLs. This would suggest an 391 

enzyme activity on low DM pectins as aaamino acids positioned at the binding groove were 392 

indeed shown to differ between PNL and PL [15,21,24,29]. These aaamino acids are indeed 393 

mutated in Arg, Trp, Tyr, Gln and Gly in PNLs, which, by reducing their charge, would favour 394 

higher affinity for highly methylesterified pectins [15,29]. In VdPelB, as the T3 loop is missing, 395 

there are no equivalent to PNL specific W66, W81, W85, W151 aaamino acids (Fig. S2B, 396 

AnPelA numbering) and, moreover, W212 and W215 are replaced by K175 and L178 in 397 

VdPelB. In BsPelA and DdPelC, these aaamino acids are replaced by K177/K190 and 398 

L180/L193, highlighting the high conservation of amino acids in VdPelB/BsPelA/DdPelC and 399 

subsequently in PLs. When a DP4 ligand from DdPelC crystal structure is superimposed to 400 

VdPelB, hydrogen bonds and van der Waals interactions are visible with the above-mentioned 401 

aaamino acids (Fig. S6) [15,21,29,43].  402 

Interestingly, despite this rather conserved PL-related binding groove, VdPelB harbors, 403 

in the vicinity of the active site, G125 and T157 that are not present in the well characterized 404 

DdPelC [62]. At these positions, DdPelC, which was shown to be a bona fide PL with a high 405 

activity on polygalacturonic acid and alkaline pH with Ca2+-dependency, harbours Arg and Lys 406 

[15,63,67]. In that respect, the presence of G125 and T157 in VdPelB is similar to that identified 407 

in Bacillus sp. Pel-22, Pel-66, and Pel-90 and Bacillus sp.  which showed activity on both PGA 408 

and high methylesterified pectins (Fig. 2B and D) [22,68,69]. The DdPelC aaamino acids being 409 
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overall positively charged, could explain the binding preference towards non-methylesterified, 410 

negatively charged substrates in the vicinity of the active site. In contrast, considering the size 411 

of Gly and Thr, they would sterically accommodate the increased size of methylesterified 412 

substrate. G125 and T157 could therefore account for a potential dual activity of VdPelB. 413 

Moreover, in previously characterized PLs and PNLs there is the presence of a small aaamino 414 

acids, Ser or Ala that replace H181. While H181 interacts directly with the substrate these 415 

aaamino acids do no provide this interaction instead the primary Ca2+ in the active site induce 416 

a substrate conformation that could be recognized by PLs [43]. Finally, L178 is positioned in-417 

between the catalytic Ca2+ and R208 and is involved in substrate binding making it a perfect 418 

candidate to assess its importance (Fig. 2D).  419 

3.6. Molecular dynamic simulations show higher dynamics of VdPelB in complex with 420 

methylesterified substrates 421 

To determine how the structure of VdPelB and the observed differences in amino-acidic 422 

composition might influence the affinity with differently methylated substrates, we performed 423 

MD simulations on VdPelB in complex with either a non-methylesterified or fully 424 

methylesterified decasaccharides, which are able to occupy the entire binding groove (Fig. 3). 425 

MD simulations show substantially differential dynamic profiles for oligosaccharides with and 426 

without methylesterification. Expectedly, the dynamics is lowest in proximity of the catalytic 427 

subsite (+1) and increases consistently towards both the reducing and non-reducing ends of the 428 

substrate: with the highest dynamics found at the non-reducing end (Fig. 3A).  429 

A quantitative estimation of the substrate dynamics was obtained by monitoring the root 430 

square mean fluctuations (RMSF) of each sugar residue and shows that a polygalacturonate 431 

substrate associates more stably in the subsites of the binding groove placed towards the sugar’s 432 

reducing end (subsites -1 to -5), with differences between methylesterified and non-433 

methylesterified substrates approaching the obtained standard deviation. In some cases, the 434 

dynamics reversed for non-methylesterified sugars, with a higher RMSF for de-methylesterified 435 

sugars towards the saccharide’s reducing end (Fig. 3B). Moreover, and in line with an observed 436 

positively charged binding groove, non-methylesterified substrates retain a higher number of 437 

contacts than methylesterified sugars, with salt-bridges contributing the most to the observed 438 

differences (Fig. 3C).  439 

We then additionally and specifically focused on the analysis of the interactions made by 440 

T157, which is nested with the -2 subsite of the binding groove. Simulations sample consistently 441 
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higher contacts formation between a methylesterified sugar docked in subsite -2 and T157, with 442 

distances shifted to lower values when compared to a non-methylesterified sugar (Fig. 3D), 443 

even the RMSF of non-methylesterified monosaccharides docked in subsite -2 experience on 444 

average, significantly lower dynamics. Altogether, the formation of a larger number of contacts 445 

between methylesterified saccharides docked in the -2 subsite suggests and active role of T157 446 

in the binding of methylesterified chains: with the butanoic moiety of T157 engaging in 447 

hydrophobic interactions with the methyl-ester presented by methylesterified sugar units (Fig. 448 

3E). While T157 is seen to have an active role in engaging with the substrate’s hydrophobic 449 

moieties, an active role of G125, also in the same subsite, was not observed but it is plausible 450 

that the minimal size of G125 would increase the accommodability of methylesterified sugars 451 

in that position. 452 

 453 
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Fig. 3. VdPelB substrate dynamics in complex with fully de-methylesterified and methylesterified complex  454 

A) Ensembles of non-methylesterified (green, left panel) and methylesterified (pink, right panel) HG 455 

decasaccharide at every 100 frames for the simulated VdPelB complexes. Substrate within the enzymes’ binding 456 

grooves are labelled from -5 (HG-non-reducing end) to +5 (HG-reducing end) B) RMSF of non-methylesterified 457 

(green) and methylesterified (pink) HG bound across the binding groove of VdPelB. Numbers indicate the beta 458 

sheet position form the active site. C) Analysis of the contacts between VdPelB and non-methylesterified (green) 459 

and methylesterified substrate (pink). D) Distance between T157K residue and the substrate residues plotted as 460 

cumulative frequency. E) T157 hydrophobic interaction with methyl-ester of methylesterified substrate.  461 

3.7. Biochemical characterization of VdPelB 462 

We first determined the activity of VdPelB by following the release of 4,5-unsaturated 463 

bonds which can be detected at 235 nm using UV spectrophotometer. The VdPelB activity was 464 

first tested for its dependency towards Ca2+. Using a standard PL assay, with PGA as a substrate, 465 

an increase in the VdPelB activity was measured in presence of calcium. In contrast in presence 466 

of EDTA, used as a chelating agent, no activity was detected, confirming the calcium-dependent 467 

activity of the enzyme (Fig. S7A) [15]. Activity measured in absence of added CaCl2 reflects 468 

the presence of calcium from the culture media that is bound to VdPelB during production, and 469 

previously identified in the 3D structure. We tested the effects of increasing CaCl2 470 

concentrations and showed that the maximum activity was already reached when using as low 471 

as 0.125 µM (Fig. S7B). To test the substrate-dependence of VdPelB, four substrates of 472 

increasing degrees of methyl-esterification were used. The VdPelB showed the highest activity 473 

on PGA, with less than 10% of the maximum activity measured on the three others substrates 474 

(Fig. 4A). This shows that, as inferred from above-mentioned structural and dynamical data, 475 

The VdPelB act mainly as a PL although it can still show residual activity on high DM pectins. 476 

Considering this, PGA was used as substrate to test the pH-dependence of the enzyme’s activity 477 

in sodium acetate and Tris-HCl buffers (Fig. 4A). Pectate lyase VdPelB was most active at pH 478 

8, with only a slight decrease in activity at pH 9 (93%). In contrast, the relative activity at pH 479 

5-7 was close to null. The pH optimum for VdPelB was the same as B. fuckeliana Pel (pH 8) 480 

[70], close to that reported for D. dadantii PelN (pH 7.4) [71], but was lower to that measured 481 

for B.clausii Pel (pH 10.5) [72]. In contrast, the pH optimum was higher compared to five PNLs 482 

from Aspergillus sp. AaPelA (pH 6.1), AtPelA (pH 4.5), AtPelA (pH 6.4), AtPelD (pH 4.3) 483 

[18] and A. parasiticus Pel (pH 4) [19]. The optimum temperature assay showed that VdPelB 484 

was most active at 35°C (Fig. S8). The VdPelB appeared less heat-tolerant as compared to 485 

thermophilic PLLs reported from Bacillus sp. RN1 90°C [73], B. clausii Pel, 70°C [72], B. 486 

subtilis Pel168, 50°C [74]. However, its optimum temperature is in the range of that measured 487 
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for X. campestris Pel [75] and cold-active Pel1 from M. eurypsychrophila [76]. The lack of 488 

disulphide bridges previously shown in the structure could be responsible for the lower stability 489 

of the enzyme at high temperatures, in comparison with previously characterized PLs [77].  490 

 491 
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Fig. 4. Biochemical characterization of VdPelB 492 

A) Substrate-dependence of VdPelB-N, G125R and T157K. The activities were measured after 12 min of 493 

incubation with PGA, pectins DM 24-30%, DM 55-70%, DM>85% with addition of Ca2+ at 35°C. B) pH-494 

dependence of VdPelB-N, G125R and T157K activity. The activities were measured after 12 min of incubation 495 

with PGA in sodium phosphate (NaP) and Tris-HCl buffer at 35°C. Values correspond to means ± SD of three 496 

replicates. Welch t-test comparing native with mutant VdPelB forms was used for statistical analysis. P value 497 

***<0.001 and **<0.01.  C) Determination of Km, Vmax and kcat for ADPG2 and PGLR. Activity was assessed 498 

using various concentrations of PGA at 35°C and pH8.0 (VdPelB) and pH9.0 (VdPelB-G125R). Values 499 

correspond to means ± SE of three replicates.   500 

3.8. Mutation of specific amino-acids affects VdPelB activity 501 

Considering the fine structure of VdPelB and our hypothesis aboutrelated to the role of  502 

some amino acids relevantin determining for the mode of action of VdPelB, structural we 503 

generated mutated forms of the enzymes for five amino acids that likely to be involved in the 504 

catalytic mechanism and/or substrate binding:  G125R, D151R, T157K, L178K and H181A. 505 

Enzymes were produced in P. pastoris and purified (Fig. S1B). If the importance of some of 506 

these aaamino acids (i.e. D151 and H181) in the catalytic mechanism was previously shown for 507 

others PL [43,78], our study highlights the key role of some novel aaamino acids in the catalytic 508 

mechanism. The activities of mutants were tested at iso-quantities of wild-type enzyme. 509 

Surprisingly, the G125R mutant was 25% more active on PGA compared to the native enzyme 510 

and a shift in the optimum pH was observed (Fig. 4A). While native enzyme was most active 511 

at pH8.0 with slight decrease in activity at pH9.0, the activity of G125R mutant was 512 

approximately doubled increased by circa 50% at pH9.0 and pH10.0 (Fig. 4B).  Both enzymes 513 

kept the same activity at pH8.0.  The Moreover, using PGA as a substrate, at 35°C, VdPelB and 514 

VdPelB-G125R differ slightly in their Km (2.7 versus 4.8 mg.ml-1), Vmax (79.1 versus 184.8 515 

nmol of GalA.min-1.μg-1) and kcat (40.5 versus 70.9 s-1, Fig. 4C). The  substitution of Gly with 516 

Arg, present in a number of previously characterized PL could facilitate the interaction with the 517 

substrate and basification alkalinization of the active site thanks to its physio-chemical 518 

properties [62]. Despite not knowing the exact rotamer orientation,  the presence of Arg with 519 

highly elevated pKa which canallowing interact in strong hydrogen bonding and complex 520 

electrostatic interactions insidewithin the active site, could change the optimal pH by acting on 521 

the protonation state of amino acids involved in catalysis, as previously reported for a number 522 

of different enzymes [65,79–82]. The activity of T157K was closed to null when tested on PGA 523 

and different pHs. The introduction of a Lys, a chemically different and larger aaamino acids 524 

is likely to introduce steric clashes notably with H181 and L178 that are important for the 525 
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activity. The H181A mutant lost much of its activity as there are less interaction/recognition 526 

with the substrate. No activity for D151R and L178K mutants were observed in line with the 527 

fact that D151 is an active site aaamino acids that binds the Ca2+. Mutation of this amino-acid 528 

is negatively impairing the functioning of the enzyme (Fig. S7A and B) [43,78]. We can 529 

hypothesize that L178K mutation positioned in between Ca2+, R208 and the substrate, induces 530 

specific substrate conformation that diminishes the direct interaction between the enzyme 531 

catalytic centre and the substrate, which translates to loss of activity (Fig. S9). 532 

3.9. Identification of the OGs released by VdPelB from commercial and cell wall 533 

pectins 534 

To further understand the specificity of VdPelB on different substrates, we performed 535 

LC-ESI-MS/MS to determine the profiles of digestion products (OGs) and to compare with that 536 

of commercially available Aspergillus sp. Pel (AsPel, Fig. S10). To be fully comparable, 537 

digestions were realized, for each substrate, at iso-activities for the two enzymes. On the basis 538 

of digestion profiles, we identified 48 OGs and created a dedicated library that was used for 539 

identification and integration of peaks (Table 2S3). MS2 fragmentation allowed determining 540 

the structure of some of the OGs (Fig. S11 and S12). The OGs released by either of the enzymes 541 

were mainly corresponded to 4,5-unsaturated OGs, which is in accordance with -eliminating 542 

action of PLLs. When using pectins DM 20-34% and at low enzyme’s concentration (VdPelB-543 

2), VdPelB mainly released non-methylesterified OGs of high DP (GalA5, GalA6, GalA7, 544 

GalA8, GalA9, GalA10) that were subsequently hydrolysed when using more concentrated 545 

VdPelB (VdPelB-1, Fig. 5A). These digestion products strikingly differed to that generated by 546 

AsPel, that are methylesterified OGs of higher DP (GalA4Me1, GalA4Me2, GalA5Me1, 547 

GalA6Me2, GalA11Me3…), thus showing distinct enzymatic specificities. Altogether, these first 548 

results unequivocally shows both VdPelB and AsPel act as an endo-PLs, but they differ in their 549 

processivity and that its processivity differ to that of AsPel, which act as well as an endo-PL 550 

[9]. When using sugar beet pectins, that are known to be highly acetylated (DM 42%, DA 31%), 551 

VdPelB released acetylated OGs (GalA2Ac2, GalA3Ac1, GalA4Ac1, GalA5Ac1), while AsPel 552 

showed much lower activity and relative abundance of these OGs (Fig. 5B). Previous reports 553 

have shown that differences exist between PNL, in particular with regards to acetyl substitutions 554 

[18]. In contrast, AsPeI released mainly methylesterifed OGs (GalA6Me1, GalA8Me1, 555 

GalA10Me3…).  556 

Table  2. List of oligogalacturonides identified by LC-MS/MS analysis.  557 
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For each OG, elemental composition, retention time (RT) and ion mass used for the analysis are highlighted. In 558 

the case of detection of mono and di-charged OGs, the italicized and BOLD mass, corresponding to the more 559 

intense ion, were used for the quantification. * indicates non-unsaturated OGs. 560 
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 563 

Fig. 5. Analysis of OGs produced by the action of VdPelB and AsPeI on pectins of various degrees of 564 

methylesterification and acetylation 565 

OGs were separated by SEC and analysed by MS/MS. A) Pectins  DM 24-30%. B) Sugar beet pectins  (DM 42% 566 

DA 31%). Substrates were digested overnight at 40°C and pH 8.0  using isoactivities of VdPelB and AsPel. 567 

Enzyme concentrations are stated in Table S2. Subscript numbers indicate the DP, DM and DA . * indicate non-568 

unsaturated OGs. Values correspond to means of three replicates.  569 

V. dahliae and closely related fungus from the same genus are known flax pathogens, 570 

where they use their enzymatic arsenal, that includes pectin degrading enzymes, for penetrating 571 

the host cell leading to infection [30]. To assess the potential role of VdPelB in flax 572 

pathogenicity we digested root cell walls from two flax cultivars, Evea (Verticillium-partially 573 

resistant), and Violin (Verticillium-susceptible), and we compared the OGs released. On root 574 

cell walls, VdPelB released mainly unsaturated OGs up to DP5 (Fig. 6). From similar starting 575 

root material, the OG total peak area detected was five times lower for Evea compared to Violin, 576 

suggesting that it is less susceptible to digestion by VdPelB. OGs released by VdPelB were 577 

mainly non-methylesterified but could be acetylated (GalA2, GalA3, GalA3Ac1, GalA4, 578 
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GalA4Ac1 GalA5, GalA5Ac1), and the abundance of GalA3 and GalA4 was five and fifteen times 579 

higher in Violin, respectively. These data together with that obtained from sugar beet pectins 580 

strongly suggests that VdPelB preference is for non-methylesterified and acetylated substrates. 581 

Our data suggest that cell wall structure differ between the two cultivars and that VdPelB could 582 

determine Verticillium pathogenicity thanks to a better degradation of the cell wall pectins of 583 

sensitive cultivars [37]. Similarly, VdPel1 was previously identified as virulence factor, where 584 

the deletion of this gene decreased virulence in tobacco, as compared with the wild-type 585 

Verticillium [35].  586 
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 587 

Fig. 6. Analysis of OGs released by VdPelB from flax roots.  588 

The  V VdPelB was incubated overnight with roots from Évéa (spring flax, partially resistant to Verticillium wilt, 589 

black) and Violin (winter flax, more susceptible to Verticillium wilt, grey). Values correspond to means ± SD of 590 

three replicates. Welch t-test comparing Evea with Violin was used for statistical analysis. P value ***<0.001. 591 

Subscript numbers indicate the DP, DM and DA.dPelB was incubated overnight with roots from Évéa (spring flax, 592 

partially resistant to Verticillium wilt, black) and Violin (winter flax, more susceptible to Verticillium wilt, grey). 593 

Data are means ± SD; n = 3. Subscript numbers indicate the DP, DM and DA. Values correspond to means of three 594 

replicates.  595 

 596 

4. Conclusion  597 
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We have fully characterized, by multidisciplinary approaches, a novel pectinolytic 598 

enzyme from V.dahliae, VdPelB, that belongs to the PLL family. The protein was crystallised 599 

and its 3D structure determined at a high resolution. Pectate lyase VdPelB showed a conserved 600 

structure, with typical parallel -topologysheet topology for PLs and the active site harboured 601 

three conserved Asp coordinating Ca2+ and Arg involved in the β-elimination mechanism. The 602 

binding groove of VdPelB showed reveals conserved aaamino acids that are characteristic of 603 

PLs, with MD simulations confirming the lower dynamics/higher affinity of the enzyme 604 

towards non-methylesterifed pectins. As inferred from structural and dynamical analyses, 605 

VdPelB showed high activity on non-methylesterified substrates, with a maximum activity at 606 

pH 8.0 and 35°C. The analysis of the structure led the identification, in the VdPelB, of peculiar 607 

aaamino acids that are normally present in PNL. In particular, G125R mutant showed increased 608 

activity on PGA and switch in pH optimum from 8.0 to 9.0 related to amino acids protonation.. 609 

The analysis of the digestion products of showed that VdPelB act as an endo enzyme and that 610 

it can release a large diversity of OGs with a preference for non-methylesterified and acetylated 611 

products. The OGs generated by VdPelB from pectins extracted from Verticillium-partially 612 

tolerant and Verticillium-sensitive flax cultivars showed that the enzyme could be a determinant 613 

of pathogenicity, since these OGs differ as a function of pectins’ structure. Thus, our study now 614 

paves the way for generating, using dedicated enzymes, OG pools that could be used for 615 

protecting plants against phytopathogens.  616 
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Dear Prof. Dong,  

 

Please find enclosed a revised version of the manuscript now entitled “The specificity of pectate 

lyase VdPelB from Verticillium dahliae is highlighted by structural, dynamical and biochemical 

characterizations”, by Safran et al. I would like to thank you and the International Journal of 

Biological Macromolecules for your interest in publishing our research. 

 

We have carefully considered the reviewers’ comments and questions. You will find our 

comments to each specific point in the response to reviewers. Regarding suggested additional 

experiments made by reviewer#1 for having a full biochemical characterization, we indeed 

added some novel elements regarding to the temperature optimum, as well as Km, Vmax and 

kcat of wild-type and mutant isoforms. We agree that more experiments could be done (ion-

dependency…) but we initially aimed at a characterization of VdPelB in relation with its 
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structure and dynamics in complex with its substrate. We believe that it’s highly original and 

highlight the specificities of the enzyme. We justified this in our responses to reviewers’ 

comments.  

In the same way, we notably changed title, modified figure colours, corrected misspellings, 

simplified some sections, added statistics and improved conclusion in the Ms. 

 

We hope that this revised version of the manuscript and our responses to the reviewers’ 

comments will now meet the standards for publishing in International Journal of Biological 

Macromolecules. 

 

Looking forward to hearing from you soon 

Kind regards 

 

 

 

 

Jérôme Pelloux 
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1. Are the objectives and the rationale of the study clearly stated? 

Reviewer #1: Yes. 

 

Reviewer #2: Yes 

 

Reviewer #3: The objectives and the ratinale of the study have been clearly stated. 

 

Reviewer #4: The authors report first crystallographic structure of Verticillium pectate lyase (VdPelB) at 

1.2Å resolution in the presence of Ca2+ ions and revealed that it is a right-handed parallel β-helix structure, 

Molecular dynamics (MD) simulations and biochemical characterization of wild type and mutated forms of 

VdPelB were also carried out by authors to identify key amino-acids for the activity and further highlight 

the dynamics of the enzyme in complex with substrates that vary in their degree of methylesterification 

and finally showed that VdPelB was most active on non-methylesterified pectins, at pH 8 in presence of 

Ca2+ ions. 

Overall, the findings are remarkable and will be important to better understand the mechanism of the OGs 

generated by VdPelB from Verticillium-partially tolerant and Verticillium-sensitive flax cultivars showed 

that the enzyme could be a determinant of pathogenicity, as a function of pectin’s structure. 

 
2. If applicable, is the method/study reported in sufficient detail to allow for its replicability 

and/or reproducibility? 

Reviewer #1: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

 

Reviewer #2: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

 

Reviewer #3: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

 

Reviewer #4: Mark as appropriate with an X: 

Yes [x] No [] N/A [] 

Provide further comments here: yes the authors have reported it 

 
3. If applicable, are statistical analyses, controls, sampling mechanism, and statistical 

reporting (e.g., P-values, CIs, effect sizes) appropriate and well described? 

Reviewer #1: Mark as appropriate with an X: 

Yes [] No [X] N/A [] 

Provide further comments here: See report. 

 

Reviewer #2: Mark as appropriate with an X: 

Yes [] No [X] N/A [] 

Provide further comments here: 

1. Please provide P values where relative activities of the enzymes under different concentrations are 

compared. For example. when the authors state that the G125R has higher activity as compared to WT. 

Support of their data with P values would make their arguments stronger. 

The statistics were done and symbols showing significant differences were added on the bar 

plots for relative activities, as well as for other graphs as suggested by the reviewer#2. 

 

Reviewer #3: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 
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Reviewer #4: Mark as appropriate with an X: 

Yes [x] No [] N/A [] 

Provide further comments here: The manuscript does not require additional peer review 

 
4. Could the manuscript benefit from additional tables or figures, or from improving or 

removing (some of the) existing ones? 

Reviewer #1: Yes. 

 

Reviewer #2: Not required 

 

Reviewer #3: No. 

 

Reviewer #4: Tables and figures are well addressed 

 
5. If applicable, are the interpretation of results and study conclusions supported by the data? 

Reviewer #1: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

See report. 

 

Reviewer #2: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

 

Reviewer #3: Mark as appropriate with an X: 

Yes [X] No [] N/A [] 

Provide further comments here: 

 

Reviewer #4: Mark as appropriate with an X: 

Yes [x] No [] N/A [] 

Provide further comments here: 

 
6. Have the authors clearly emphasized the strengths of their study/methods? 

Reviewer #1: Yes. 

 

Reviewer #2: The authors have used very standard methods. 

 

Reviewer #3: Yes, the strenghts of their study have been clearly emphasized. 

 

Reviewer #4: The authors report first crystallographic structure of Verticillium pectate lyase (VdPelB) at 

1.2Å resolution in the presence of Ca2+ ions and revealed that it is a right-handed parallel β-helix structure, 

Molecular dynamics (MD) simulations and biochemical characterization of wild type and mutated forms of 

VdPelB were also carried out by authors to identify key amino-acids for the activity and further highlight 

the dynamics of the enzyme in complex with substrates that vary in their degree of methylesterification 

and finally showed that VdPelB was most active on non-methylesterified pectins, at pH 8 in presence of 

Ca2+ ions. 

Overall, the findings are remarkable and will be important to better understand the mechanism of the OGs 

generated by VdPelB from Verticillium-partially tolerant and Verticillium-sensitive flax cultivars showed 

that the enzyme could be a determinant of pathogenicity, as a function of pectin’s structure. 

 

Concerns: 

1. The data collection for the crystals were carried out at a temperature of 100.15 °C (Table 1). Could you 

please elaborate this data collection at that temperature because there would be lot of radiation damage 

during the data collection at the reported temperature. 

We thank the reviewer#4 for pointing out this mistake on the temperature used for X-Ray 

diffraction data collection of the crystal. Indeed, we apologize for omitting the minus symbol, 

the acquisition being realized at -100.15°C and not 100.15°C.  

 



2. Authors can report the role of 18 aa at the N-terminus and 27 aa at the C-terminus that were not 

resolved because of poor electron densities by making the constructs without these residues and can 

characterize these mutants with respect to wildtype VdPelB.  

We thank the reviewer #4 for this suggestion. While we do not see the N and C terminus of the 

protein in the X-ray diffracted structure we know that they are present in the purified enzyme 

as i) the right mass of the VdPelB is observed on SDS-PAGE, ii) the His-tag on C-terminus was 

used for IMAC purification. We think that these amino acids are not visible in the crystal 

structure as they are disordered and they do not form any alpha helixes or beta sheets. 

Considering that, we do not think that making constructs without these residues would be 

scientifically justified as it is know from previously published pectate lyase structures that these 

disordered parts do not play a role in the pectate lyase activity [1,2].  

 

3. Did authors tried to crystallize the VdPelB without Ca2+ ions because this can provide the crystal 

structure of VdPelB in inactive conformation. 

We did not resolve the structure without Ca2+, since the Ca2+ comes from the yeast extract used 

in buffered complex methanol medium (Invitrogen) and it is incorporated in the protein 

structure during the expression process. Consequently, it is impossible to obtain crystal 

structure without Ca2+ because we cannot remove this ion from the media. 

 

4. The text needs to be cross checked because there are misspellings of words like in the supplementary 

materials caption using 1 mL Ni NTA colon but it is 1 mL Ni NTA column. 

We thank reviewer #4 for highlighting some misspellings of words in the text. We have checked 

and corrected them. 

 
7. Have the authors clearly stated the limitations of their study/methods? 

Reviewer #1: See report. 

 

Reviewer #2: The authors have used very standard methods. 

 

Reviewer #3: See the comments to authors. 

 

Reviewer #4: yes 

 
8. Does the manuscript structure, flow or writing need improving (e.g., the addition of 

subheadings, shortening of text, reorganization of sections, or moving details from one section 

to another)? 

Reviewer #1: Yes. 

 

Reviewer #2: No. The manuscript is well organized into subheadings 

 

Reviewer #3: See the comments to authors. 

 

Reviewer #4: The authors need to check the spelling of words 

 
9. Could the manuscript benefit from language editing? 

Reviewer #1: Yes 

 

Reviewer #2: Yes 

 

Reviewer #3: Yes 

 

Reviewer #4: Yes 

 

 

Reviewer #1: Major issues: 

 

- The title should be improved, and it should be pectate lyase VdPelB from Verticillium dahlia. 

The title has been changed as suggested by reviewer #1  



 

- Does it show additional salt bridges by the mutant V461K from MD analysis? 

We have not done the V461K mutant.  

 

- In the abstract, it shows "a plant pathogen", and these words are not necessary to highlight this work. 

We removed these words in the abstract as mentioned by reviewer #1 

 

- The descriptions of "pH 8", and "pH 9", e.g. are not an exact science. Should it show as pH7.0? pH 9.0? 

Please check them carefully throughout this paper. 

We thank the reviewer #1 for this comment. It is true that pH7.0 is more exact science than pH 

7. We carefully checked throughout the Ms for misspelled pH values. 

 

- For a clear description of this work, some text which is shortened as VdPelB may be not easy to review, 

and it may be pectate lyase VdPelB. 

VdPelB is the abbreviation for Verticillium dahliae pectate lyase B, but to further highlight the 

function of the enzyme for readers, we included pectate lyase before VdPelB, notably at the 

beginning of sentences. 

 

- In keywords, Flax? 

We initially added Flax as keyword since Verticillium is a pathogen of this plant. Moreover, we 

digested cell wall pectins from two Flax cultivars (Evea and Violin) to investigate the released 

OGs that are produced by VdPelB. Results show that there is a difference between the two 

cultivars. This is why we initially put this plant species as a keyword but, as mentioned by 

reviewer #1 flax being not the main interest in this publication, we agree to remove it. 

 

- Line 108, Verticillium dahliae PLL? 

We used the abbreviation PLL in this sentence since we compared all sequences retrieved from 

Verticillium and that are identified as putative Pectin lyase or Pectate lyase. PLL (Pectin lyase-

like) is a generic term that includes both PLs (Pectate lyases) and PNLs (Pectin Lyases) [3]. In 

absence of fine biochemical characterization, we indeed do not know the specificity of each of 

the isoforms. Therefore, to mention all Verticillium’s sequences, PLL (PL and/or PNL) appears 

suitable. These abbreviations are mentioned in the introduction part. 

 

- What's the abbreviation of aa? 

aa abbreviation refers to amino acids. As this was not clear we have changed all aa 

abbreviations with the words amino acids.   

 

- In section "2.2. Fungal strain and growth", is the shaken condition of 80 rpm suitable for the cultivation?   

We indeed used 80 rpm for shaking condition. It is enough and suitable for developing this 

fungal strain. 

 

- Line 128, V. dahliae PelB? What's the purpose of the SignalP-5.0 Server in this work? 

SignalP-5.0 was used in this study to identify the putative signal peptide as mentioned, lines 

112-113 of the revised manuscript. Thanks to this bioinformatic analysis, we later removed the 

nucleotides encoding amino acids related to signal peptide in order to (i) avoid any problems of 

protein secretion, since the vector used for heterologous expression already possess a sequence 

encoding a yeast signal peptide, and (ii) for producing a lyase without signal peptide since the 

mature enzymes working in the cell wall are known to be free of their signal peptide. 

 

- How do the VdPelB mutants generate by expression in P. pastoris? The method of the generation of 

mutants is not clear. Should it first prepare in E. coli? Should each mutant be confirmed by DNA 

sequencing? 

The cloning procedure for VdPelB and its mutants was followed as mentioned in EasySelect™ 

Pichia Expression Kit, Invitrogen. VdPelB mutants were generated using the specific mutation 

primers as followed: VdPelB DNA was amplified by VdPelB-native primers and gel purified. To 

generate the mutants, purified DNA was used as a template in a PCR reaction with VdPelB-

native forward and for example VdPelB-G125R reverse primer (primer carrying mutation in the 

nucleotides for Gly). A second PCR reaction was carried with VdPelB-G125R forward primer 

(primer carrying mutation in the nucleotides for Gly) and VdPelB-native reverse primer. The 



DNA fragments were gel purified and the third PCR reaction was carried out where we have 

annealed the two DNA fragment into one with G125R mutation. In this third PCR reaction only 

VdPelB-native forward and reverse primers were used. As the primers carried the restriction 

enzymes site (Pst1 and Not1) DNA was digested by specific enzymes, gel purified and ligated 

to the pPICZalphaB expression vector.  

This vector was used to transform the E.coli cells which were used to obtain sufficient quantities 

of vector for Pichia transformation. Before Pichia transformation we have sent the vector for 

sequencing and after confirming that our vector indeed has a desired amino acid mutation we 

transformed Pichia.  As this part was not sufficiently detailed in the manuscript, we added in 

the 2.3 section of the Ms some additional explanations. 

 

- Section 2.8. Digestion of commercial pectins and released OGs profiling, the conditions for the separation 

of OGs should be clear. What's the flow rate? 

The conditions used for LC-MS OG profiling were already described in a previous paper (Voxeur 

et al 2019) and further detailed in Safran et al 2021, both references being cited in the current 

manuscript. However, since reviewer #1 requires additional information related to the method 

with for instance the flow rate used, we added some elements in the 2.8 section of the Ms.   

 

- For MD simulations of VdPelB protein and complex with a fully non-methyl esterified polygalacturonate 

decasaccharide or with a fully methylesterified polygalacturonate decasaccharide, should it first conduct 

the docking analysis? It is suggested to add docking studies to this work. 

We thank the reviewer for the comment. With all its limitations, docking remains an effective 

technique to explore the binding of small molecule compounds to macromolecular targets. 

Nevertheless, this is more difficult to apply for big molecule such as decassacharide. 

 

- Line 223, nPT? nVT? I think they should be NPT and NVT. Please check them through this submission. 

We thank the reviewer for the comment and have now changed the capitalisation of “n” in the 

description of the ensembles. 

 

- Section 3.2. Cloning, expression, and purification of VdPelB, some text could be moved to the method 

part. 

As suggested by reviewer #1, some information was moved from section 3.2 to 2.3 of the 

method part. As a consequence, the title of section 3.2 was slightly changed and is now 

“Expression and purification of VdPelB”.  

 

- Section 3.2 can be merged with section 3.1. 

We do not think that merging of the sections 3.1 and 3.2 improves the flow and the structure 

of the Ms. Consequently, and according to the previous comment, we simplified the section 3.2 

but we did not merge the sections as suggested. 

 

- Line 293, it is not clear to show the "poly-histidine tag". 

We agree with the reviewer #1, poly-histidine tag is not crystal-clear denomination. Thus, we 

changed throughout the Ms by writing 6xHIS tag. The nucleotide encoding the 6XHIS tag are 

located in the sequence of the expression vector, pPICZalphaB. Thus, during the translation of 

the mRNA, this tag is fused at the C-terminus of VdPelB sequence to produce a tagged protein, 

which ease purification using IMAC and Western blot analysis with anti6xHIS antibody. The 

VdPelB mutants show the same tag since they were produced with the same expression vector. 

 

- Does the putative VdPelB contain signal peptide? 

As identified by bioinformatic analysis, VdPelB indeed contains a signal peptide, However, the 

Pichia-expressed VdPelB (native and mutated versions) do not contain any signal peptide, 

since, the signal peptide introduced by the expression vector, pPICZalphaB is cleaved during 

the enzyme secretion in culture media.  

 

- In the method part, NetNGlyc 1.0 Server is used to analyze the glycosylation sites of VdPelB. However, 

no such result is discussed. 

Indeed, we did not investigate in depth the N-glycosylation. However, we have used the 
NetNGlyc 1.0 Server to assess the presence of putative N-glycosylation sites in VdPelB.  



Following the reviewer comment we have removed the NetNGlyc 1.0 Server from the method 

part, as no N-glycosylation of the protein was identified in the crystal structure.  

 

- It claims that "the presence of 19 putative O-glycosylation sites, as predicted by NetOGlyc 4.0 Server.", 

and VdPelB is expressed in P. pastoris that glycosylation may easily be observed. There should be more 

evidence for this result. Could the VdPelB expressed by P. pastoris be stained using PAS? 

As mentioned above for N-glycosylation, the predicted O-glycosylation of VdPelB first assessed 

using NetOGlyc 4.0 Server. The presence of putative O-glycosylaytion was further hypothesized 

after obtaining the SDS-PAGE which shows multiple bands which are likely to correspond to 

multiple glycosylated isoforms. However, we believe that PAS staining is not necessary as 

VdPelB was indeed confirmed as being O-glycosylated when analysing the crystal structure of 

the protein. This is discussed in section 3.2 and section 3.3 of the Ms. 

 

- It is also concluded that "VdPelB had an apparent molecular mass of ~38 kDa". This is just an estimation, 

and it is suggested to show the MS data of VdPelB expressed by P. pastoris. 

We did not analyze the  secreted VdPelB protein by proteomic because (i) we previously 

sequenced the cDNA inserted in the expression vector used for heterologous expression, (ii) we 

revealed VdPelB on SDS-PAGE at the proper size using western blot with anti-6xHIS antibodies 

(since our protein is fused with 6xHIS tag, also used for purification), and (iii) we detected PL 

activity for our secreted/purified protein, knowing that none pectate/pectin lyases were 

identified in Pichia pastoris. Consequently, this activity comes from the secreted/purified 

protein of interest (VdPelB). Moreover, we obtained crystal structure of VdPelB from the 

purified extract that only contain pectate lyase, ultimately showing that we worked with the 

proper enzyme. 

 

- Line 368, grove? 

We thank the reviewer for seeing this misspelling. It is indeed groove and we changed it in the 

Ms. 

 

- Table 2 could be moved to SI. 

As suggested by the reviewer #1, we moved the table 2 in the SI, which is now table S3. 

 

- The graphical abstract and Fig.S2, it may show that VdPelB is a dimer form. It is suggested to confirm 

this result by SEC or non-denaturing SDS-PAGE. 

This comment is particularly relevant, thanks to the reviewer#1. However, it is not a dimer but 

simply two VdPelB molecules that closely crystallized in the same asymmetric unit (smallest 

portion of a crystal that provides the symmetry of the space group). Thus, this only relates to 

the crystallization conditions. Consequently, we did not check if a dimer can exist in native 

condition by SEC or non-denaturating SDS-PAGE. 

 

- Is the G125 site close to active sites of VdPelB? What's the distance? 

The C of the G125 is 6.28 Å apart from the Ca2+ ion. However, the G125R mutant depending on 

the rotamer conformation show distances between 3 and 6 Å between the NH groups of arginine 

and Ca2+.   

 

- It claims that "G125R mutant showed increased activity on PGA and switch in pH optimum from 8 to 9", 

does it show additional salt bridges around the pocket VdPelB of the mutant from MD analysis? 

In the VdPelB-G125R, arginine has multiple possible rotamers, as it is surrounded mostly with 

glycine residues, making different conformation possible. While the exact mechanism of switch 

in pH optimum is not clear we think that arginine with high pKa which can interact in strong 

hydrogen bonding and complex electrostatic interactions within the active site, could change 

the optimal pH by acting on the protonation state of amino acids.    

Regarding the salt bridges, by examining the structure there is a possibility that G125R makes 

a salt bridge contact between the NH groups and D122, the closest amino acid as the distance 

is between 3 and 6 Å. 

 

- It claims that "G125R mutant showed increased activity on PGA and switch in pH optimum from 8 to 9", 

and it may be reasonable for the improvement of activity by the G125R mutant. How does the optimum 



pH of VdPelB change from 8 to 9 only introduced by a single mutant? There should be more confirmations 

and citations. 

We agree with the reviewer #1 that we did not elaborate sufficiently on how only one mutation 

in G125 could change the optimal pH. We thank the reviewer for the observation and are happy 

to dwell more into the observed differences, although MD simulations were not conducted on 

mutants, the observation on the WT dynamics informed experiments on potential mutations. 

While arginine holds obvious important differences with glycine, with a sidechain that contains 

both charged and hydrogen-bond donor/acceptor moieties, the differences observed in the 

activity of the mutated enzyme from pH 8 to 9 could be rationalised within the protonation 

behaviour of R125 sidechain. From pH 8 to 9, the population of an arginine partially solvent-

exposure would change considerably, with numerous molecules now losing the charge. This 

would reduce the salt-bridging ability of the residue, in favour of h-bond accepting abilities. The 

effect of this change on the dynamics of the substrate and enzymatic activity is so far unknown, 

and holds an interesting question regarding the interplay between strong substrate-enzyme 

interactions along the binding groove, and weaker multivalent h-bond interactions that could 

facilitate processivity balancing sliding and dissociation rates. While this question is beyond the 

scope of this paper, we acknowledge that it could certainly be a topic for future investigation. 

We have added in the Ms additional explanations and literature citations, in total four papers, 

where a shift is observed when mutating a single amino acid in different types of enzymes.  

 

- Fig.4 is hard to discern, please change the color or pattern of each figure, as well as Fig.S9. 

We thank the reviewer for suggesting changes in the graphical representations. Indeed, colours 

can improve figures. We did modifications with additional colours for figure 4 as well as other 

figures that were previously only black, grey and white-coloured.  

 

- The major concern is the biochemical characterization of VdPelB, and this submission does not present 

the normal biochemical characterization of VdPelB. 

Indeed, the biochemical characterization could be completed with other analysis. However, in 

the current manuscript, we only focused on the main biochemical features of VdPelB such as 

substrate specificity, optimal temperature and pH for activity, Ca2+ dependency to correlate 

with protein structure and molecular dynamics simulation. Following the reviewer’s suggestion 

we have determined VdPelB and VdPelB-G125R, Km (2.7 versus 4.8 mg.ml-1), Vmax (79.1 

versus 184.8 nmol of GalA.min-1.μg-1) and kcat (40.5 versus 70.9 s-1). Additional data would 

indeed be interesting but we felt that it would not particularly improve our understanding of 

the mode of action of VdPelB in relation with the structure and the amino acids of importance 

for tuning enzyme’s activity.  

 

- Could an enzyme be characterized only by optimum temperature and pH? 

It is true we might extend the biochemical characterization, but, as mentioned above, our 

multidisciplinary study, focused on the key parameters that we can correlate with structure and 

molecular dynamics. In addition, for temperature we focused on conditions relevant of the 

physiological conditions in planta (e.g. range of temperature for activity, which is moderated 

like that observed in fungi and plants).  

 

- For the optimum temperature of VdPelB, the variables should be expanded. It should also select 

temperatures above 45°C and temperatures below 25°C. 

Thanks for this comment. We did not initially assay the activity at temperatures below 25°C and 

above 45°C to stay in the physiological range. However, as requested by reviewers 1 and 2, we 

expanded the temperature range from 20 to 70°C for VdPelB and VdPelB-G125R and the data 

are presented in Fig. S8. While VdPelB shows higher activity on 20°C both enzymes start to lose 

activity at 60 and 70°C. 

 

- Please re-confirm the pH scope of Tris-HCl, and it usually shares a good ability for buffer usage ranging 

from 7.0 to 9.2. It should select another kind of buffer for the optimum pH of VdPelB when the pH is above 

9.5. Please check it carefully. 

As pectins are not easily solubilized in the Glycine-OH buffer usually used for pH values above 

9.5, we used the Tris-HCl buffer for assays up to pH10.0 as pectin solubility in this buffer is 

better. It is true that it is not the optimum buffer for these pH values, but it was the best way 

to assay the activity for pH values above 9.5.  



 

- It is recommended to show the results of different ions on the activities of VdPelB for biochemical 

characterization. 

We agree with the reviewer#1, that the biochemical characterization of VdPelB is not as 

complete as it could be, with numerous experiments that could be conducted. However, as 

mentioned above, our initial aim was to relate the structure of the enzymes to some key 

biochemical and dynamical characteristics. However, we now included some additional results 

that could be of interest for a broader panel of scientists. Thus, we added in the Ms some 

additional data (Km, Vmax, kcat and broader temperature optimum.). 

 

- It should add the pH stability and thermal stability of VdPelB for the biochemical characterization. 

We agree with the reviewer #1. While we did not add pH stability and thermal stability of VdPelB 

for the biochemical characterization new data regarding the Km, Vmax, kcat and broader 

temperature optimum are available.  

 

- For the biochemical characterization of VdPelB and its mutant, Ca2+ should be added to the buffer 

system. 

Ca2+ was added in the buffer for both native and mutants isoforms of VdPelB. We added this 

information in all figure legends and specified this in the method section. 

 

- Could Ca2+ affect the secondary structure of VdPelB? It should supply the CD data with or without Ca2+ 

addition. 

This is an interesting comment. While we don’t exactly know if Ca2+ affects the secondary 

structure we can observe on the Fig. S7 that our enzyme is well folded and active at low Ca2+ 

concentration. Binding of Ca2+ could affect protein structure mostly the position of the amino 

acid sidechains in the active site as no other calcium binding site is seen on the VdPelB 

structure.  

 

- For the MD results, the free binding energy of the complexes should be analyzed. 

We thank the reviewer for the comment. However, we note that what the reviewer is pointing 

at it is something that suffers of considerable methodological limitations due to the nature of 

the investigated system. The understanding of the binding-free energy from simulations can 

more easily be achieved for small-molecule compounds bound to protein targets (and even that 

is not granted at a reasonable level of accuracy), which have much lower degrees of freedom 

compared to a carbohydrate oligomer. Due to the numerous degrees of freedom of HG chains 

and the large substrate-enzyme binding interface in carbohydrate binding enzymes, a collective 

variable that would allow a meaningful investigation of binding free energy with robust MD 

simulation methods is still unknown and an investigation of binding free energies would first 

require finding what are the relevant degrees of freedom for HB unbinding.  

This make a different and purely computational project. On the other hand, we also notice that 

the different possible methylesterification and acetylation states of each monomer along a HG 

oligomer, call for a combinatorial investigation after the identification of the collective variable 

best describing dissociation. We also consider that dissociation of the enzyme from a 

oligosaccharide does not necessarily grant (whenever it could become methodologically 

achievable) identity with dissociation from a longer HG chains as most likely found in 

experiments. For this reason, we would like the reviewer to consider that the assessment of 

accurate binding free energies is beyond the scope of this work and could be pursued in future 

investigations.  

 

- The method of LC-MS/MS should be included. 

We initially did not develop in detail the method used for LC-MS/MS since it was already 

described in Voxeur et al 2019 as well as Safran et al 2021, both cited in our current manuscript. 

We however added some additional elements in the Material and Methods section 2.8.  

 

- The model of LC-MS/MS should be marked in Fig. S11 & Fig.S12. 

Thank you for this suggestion. We have used the ACQUITY UPLC Protein BEH size exclusion 

chromatography (SEC) column (125 Å, 1.7 µm, 4.6 X 300 mm; Waters) for OG separation. MS 

detection were performed using an ACQUITY UPLC H-Class system coupled to a SYNAPT G2-Si-

Q- TOF hybrid quadrupole time-of-flight instrument (Waters) equipped with an electrospray 



ionization (ESI) source (Z-spray) and an additional sprayer for the reference compound (lock 

spray). Samples were analysed by ESI–high-resolution MS (HRMS) and MS/MS in negative 

ionization mode. Data acquisition and processing were performed with MASSLYNX software 

(v.4.1; Waters). This data is now added to the M&M section 2.8 and in Fig. S11 & Fig.S12 caption. 

 

- In addition, do not start sentences with abbreviations. Please check and revise them carefully. 

We thank reviewer #1 for this comment. We changed the text, notably by adding “The” or 

“pectate lyase” before VdPelB when starting a new sentence. 

 

- The discussion and conclusion leave much to be desired, and conclusions should be improved carefully. 

We thank reviewer#1 for his comment and the need for improving the discussion and 

conclusion. As suggested, we modified accordingly the manuscript. 

 

- The typescript of this text suffers from a number of problems. Please check them carefully. 

We did the modifications for spelling problems identified following the reviewer’s comments. 

 

 

Reviewer #2:  

"The structural, dynamical and biochemical characterizations of Verticillium dahlia pectate lyase, VdPelB, 

highlight its specificities." 

 

Josip Safran, Vanessa Ung, Julie Bouckaert, Olivier Habrylo, Roland Molinié, Jean-Xavier Fontaine, Adrien 

Lemaire, Aline Voxeur, Serge Pilard, Corinne Pau-Roblot, Davide Mercadante, Jérôme Pelloux, Fabien 

Seneschal 

The manuscript describes the pectate lyase, VdPelB, from Vertiicillium dahlia in terms of its structure, 

biochemical properties as well as the dynamics of its substrate interactions. The authors very methodically 

describe the biochemical properties and specificities of the enzyme in terms of its structure and amino acid 

composition. They have used mutants to clearly explain the observed properties of the wild type enzyme. 

It is a well-designed study, executed very methodically, and represented well in the manuscript. It is indeed 

an extensive study on the enzyme and does shed light on the pathogenicity determinants and could prove 

useful in designing inhibiting pathogenicity. 

 

I have a few minor points that, if addressed, would greatly improve the manuscript. They are as follows: 

1. The manuscript lacks statistical analysis. Some statistical analysis while comparing the activities in the 

manuscript would mage the authors' arguments much stronger. They can just provide the P values for 

each comparison. For example, when they state that the G125R mutant has higher activity than the wild 

type enzyme, a P value there would make it more appropriate. Please incorporate statistical analysis. 

We thank reviewer#2 for this relevant comment. We have consequently statistically analyzed 

data for all figures where bar plots are presented. The significant differences thus appear as *, 

** and *** marks, according to the significance. Moreover, information about statistical test 

are indicated in the method part as well as in the figure legends. 

 

2. The authors have mentioned performing homology modelling in the methods section, but nothing is 

mentioned about that anywhere later in the manuscript. If it has not been used further, it could be removed 

from the manuscript. 

We have indeed mentioned homology modelling as it is a required step when solving the crystal 

structure. After crystal diffraction, the electron densities map is not sufficient to obtain the 

protein structure and we need to use a homology model to solve the phase problem in the 

molecular replacement step of structure solving. We have added the explanation in section 2.1. 

 

3. Page 6, Line 141: "large beamlike crystals" What do the authors mean exactly? They can simply mention 

the dimensions of the crystals that they obtained and used for data collection. 

We thank the reviewer#2 for this comment. We have included the crystal size (120 µm x 30 

µm) into the manuscript. 

 

4. Page 7: Sections 2.8 and 2.9 are the same; they have been duplicated. Please correct it. 

Thanks for this comment. Indeed, we did not see that this section was duplicated. We 

consequently removed one of the duplicates. 



 

5. Page 17, Figure 3: the color boxes legend on the figure reads "methyesterified" instead of 

"methylesterified", missing the l. Please correct this. 

We corrected this spelling error. 

 

6. The temperature dependence graph (Figure S8) does not show much difference in activity between the 

different temperatures studied. Have the authors gone beyond 45oC? If yes, and they show significantly 

lower values, it would be better to show those values in the plot. 

As suggested also by the first reviewer we increased the temperature range (20 to 70°C) for 

activity and changed the Fig. 4 in consequence. 

 

7. Figure S1: For the mutants, the ladder should be shown for each gel. The authors should run a new gel 

with the ladder and all the purified wild type and mutants in the same gel and provide that gel picture. 

This gel is not convincing without the side by side ladder on the same gel. 

We agree with the reviewer #2. Thus, to simplify the Figure S1, we did a new SDS-PAGE with 

all version of the VdPelB and the ladder on the same gel. You can now see it on the new Fig S1. 

 

8. Page 19, Lines 464-465: The first sentence of section 3.8 requires grammatical correction. 

We thank the reviewer #2 for highlighting this spelling problem in the sentence. We did the 

modification in the manuscript. 

 

9. Page 19, Line 473: "the activity of G125R mutant was increased by circa 50% at pH9 and pH10". This 

statement of increase in activity by 50% is not a correct representation of the data. They should consider 

stating the fold increase, such as " it was doubled". 

We agree the sentence is not perfectly consistent with the data. We modified it in the 

manuscript as suggested by reviewer#2. 

 

10. Page 20, Line 495: Delete "were" 

We did the modification as suggested. 

 

11. Page 20, line 503: "of AsPel, which act as well as an endo-PL" needs correction. 

Thanks for this comment. We indeed changed the sentence to be clearer in our statement.  

 

 

12. Page 25, line 557: delete "of" from "digestion products of showed that VdPelB" 

This field is optional. If you have any additional suggestions beyond those relevant to the questions above, 

please number and list them here. 

We modified the text as suggested by reviewer#2 

 

Reviewer #3:  

In this work, the authors conducted a detailed analysis of Verticillium dahliae, starting from the bacterium's 

physiological structure, and explored its biological composition and secondary structure simulation through 

chemical means. As a phytopathogenic pathogen, this work provides some powerful ideas for the study of 

Verticillium dahliae. Especially for the design of antibacterial materials, it has certain inspiration for its 

microbial targeting property. Therefore, we believe that the starting point of this work is of extraordinary 

significance. The paper is concise and clear, the topic is prominent, and the subject matter fully satisfies 

the journal's publication requirements. 

Furthermore, I recommend publishing it after a few minor revisions. My detailed comments are listed 

below. 

1. It is recommended that the authors add a chapter to the main text to specifically introduce the 

characteristics of "Verticillium dahliae", including appearance, metabolism, pathogenicity, etc. with a 

simple schematic. 

We thank reviewer #3 for his suggestion and we have indeed added some supplementary 

information in the introduction (lines 91-95). However, we did not include all information 

related to the appearance, metabolism, pathogenicity as suggested, as our work is mainly 

focused on the enzymes that are secreted from the Verticillium dahliae, rather than on the 

fungus per se.  

 



2. The author preliminarily verified the pathogenic mechanism of the pathogen in this work, and this 

conclusion is very reliable, but the author did not propose a solution for how to kill or inhibit the pathogen. 

I hope the author can give some treatment plans for the bacteria based on the conclusions. 

Yes, indeed we did not include any suggestion on how to kill or inhibit the pathogen as it was 

not the initial scope of this manuscript. We were indeed focusing on the enzymes that are 

produced by Verticillium and not on the fungus itself. While the reviewer #3 question is 

interesting we won’t be able to address it in the current Ms. However, we suggested in the 

conclusion that the OG that differed between sensitive and resistant flax cultivars could be of 

interest for defining strategies to improve plants’ resistance to pathogens.  

 

3. The author revealed the relationship between pectinase and pathogenic bacteria, and hoped that the 

author could briefly prospect the application of pectinase in inhibiting the persecution of pathogenic 

bacteria. 

We are not sure to understand what reviewer#3 refers to as we did not work with pathogenic 

bacteria. 

 

Reviewer #4:  

This field is optional. If you have any additional suggestions beyond those relevant to the questions above, 

please number and list them here. 
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