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Abstract 

The demand for biofuels is increasing constantly with industrialization and population 

growth. Biofuels can replace fossil fuels due to their effective role in reducing carbon 

dioxide emissions and global warming. Increasing demand for biofuels triggered 

substantial scientific research activities to optimize the efficiency of biofuel production. 

According to the annual oil consumption statistics of Pakistan, the remaining oil reserves 

can fulfill the requirements only for the next two years. Pakistan and other developing 

countries that have a rich source of agricultural biomass can apply the biofuel production 

technology to reduce or even replace the use of fossil fuels. Agricultural wastes, especially 

sugar cane bagasse, corn and wheat straws are potential lignocellulosic waste materials.   

 

 

Referring to the carbohydrates active enzymes for biofuel production, the genome of 

Nectria haematococca revealed several putative biomass-degrading enzymes, which have 

been structurally uncharacterized so far, including the glycoside hydrolase from family 11. 

Therefore, xylanase from N. haematococca (NhGH11) was selected as a potential 

candidate for biophysical and biochemical characterization. The three-dimensional 

structure of xylanase from N. haematococca (NhGH11) is determined at high-resolution 

(1.0 Å). NhGH11 is single domain xylanase with β-jelly roll folds, the antiparallel and 

highly twisted sheets create a well-structured cylindrical cavity for the binding of xylan 

substrates. Due to the advantage of a high-resolution structure, NhGH11 provides details 

and insights about the complex hydrogen-bonding network of the active site region and 

allows a detailed comparison with homologous structures. Biochemical and functional 

properties show the catalytic potential of NhGH11 to be applied for industrial applications. 

NhGH11 can catalyze the hydrolysis of complex xylan into simple xylose subunits of 
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different lengths. The mesophilic character of NhGH11 is confirmed by the comparison of 

the number of hydrogen bonds, side-chain interactions and buried water molecules, with 

thermophilic GH11 enzymes. NhGH11 is not found to be sensitive towards metal ions and 

chemical reagents typically present in associated industrial production processes. However, 

lignin-derived phenolic compounds i.e. caffeic acid, cinnamic acid, coumaric acid, and 

ferulic acid can affect the catalysis by inhibiting the xylanase activity of NhGH11.  

Therefore, this data highlights the potential of NhGH11 to be applied in industrial biomass 

degradation processes, in which the catalysis of xylan biopolymers can produce sustainable 

biofuel and bio-based commercial eco-friendly materials. 
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Zusammenfassung 

Die Nachfrage nach Biokraftstoffen steigt mit der Industrialisierung und dem 

Bevölkerungswachstum stetig an. Biokraftstoffe können fossile Brennstoffe ersetzen, da 

sie die Kohlendioxidemissionen und die globale Erwärmung wirksam reduzieren. Die 

steigende Nachfrage nach Biokraftstoffen löste umfangreiche wissenschaftliche 

Forschungsaktivitäten aus, um die Effizienz der Biokraftstoffproduktion zu optimieren. 

Nach der jährlichen Ölverbrauchsstatistik Pakistans können die verbleibenden Ölreserven 

die Anforderungen nur für die nächsten zwei Jahre erfüllen. Pakistan und andere 

Entwicklungsländer mit einer reichen Quelle landwirtschaftlicher Biomasse können die 

Biokraftstoffproduktionstechnologie anwenden, um den Einsatz fossiler Brennstoffe zu 

reduzieren oder sogar zu ersetzen. Landwirtschaftliche Abfälle, insbesondere 

Zuckerrohrbagasse, Mais und Weizenstrohhalme, sind potenzielle Abfälle von 

Lignocellulose. 

 

 

In Bezug auf die kohlenhydrataktiven Enzyme für die Biokraftstoffproduktion enthüllte das 

Genom von Nectria haematococca mehrere mutmaßliche biomasseabbauende Enzyme, die 

bisher strukturell nicht charakterisiert wurden, einschließlich der Glycosidhydrolase aus 

Familie 11. Daher wurde die Xylanase aus N. haematococca (NhGH11) als potenzieller 

Kandidat für die biophysikalische und biochemische Charakterisierung ausgewählt. Die 

dreidimensionale Struktur der Xylanase aus N. haematococca (NhGH11) wurde bei hoher 

Auflösung (1.0 Å) bestimmt. NhGH11 ist eine Einzeldomänen-Xylanase mit β-jelly roll- 

Faltung. Die antiparallelen und stark verdrillten Schichten bilden einen gut strukturierten 

zylindrischen Hohlraum für die Bindung von Xylansubstraten. Die hochaufgelöste Struktur 

von NhGH11 liefert Details und Einblicke in das komplexe Wasserstoffbindungsnetzwerk 
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der Region des aktiven Zentrums und ermöglicht einen detaillierten Vergleich mit 

homologen Strukturen. Biochemische und funktionelle Eigenschaften zeigen das 

katalytische Potenzial von NhGH11 für industrielle Anwendungen. NhGH11 kann die 

Hydrolyse von komplexem Xylan zu einfachen Xylose-Untereinheiten unterschiedlicher 

Länge katalysieren. Der mesophile Charakter von NhGH11 wird durch den Vergleich der 

Anzahl von Wasserstoffbrückenbindungen, Seitenkettenwechselwirkungen und 

verborgenen Wassermolekülen mit thermophilen GH11-Enzymen bestätigt. Es wurde 

festgestellt, dass NhGH11 unempfindlich gegenüber Metallionen und chemischen 

Reagenzien ist, welche typischerweise in assoziierten industriellen Produktionsprozessen 

vorhanden sind. Von Lignin abgeleitete Phenolverbindungen wie Kaffeesäure, Zimtsäure, 

Cumarsäure und Ferulasäure können jedoch die Katalyse beeinflussen, indem sie die 

Xylanaseaktivität von NhGH11 hemmen. 

Daher unterstreichen diese Daten das Potenzial von NhGH11 für industrielle 

Abbauprozesse von Biomasse, bei denen durch Katalyse von Xylan-Biopolymeren 

nachhaltige Biokraftstoffe und biobasierte kommerzielle umweltfreundliche Materialien 

hergestellt werden können. 
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1. Introduction 

Lignocellulose is a major part of the plant cell wall which is composed of 15-20% lignin, 

25-30% hemicellulose and 40-50% cellulose
1
. All of these components are arranged in the 

form of a three-dimensional network in the plant cell wall
2
. Hemicellulose consists of a 

hetero-polysaccharide called xylan, consisting of β-1,4 linked xylose with various 

branches of sugars i.e. arabinose, xylose, galactose, or organic acids i.e. acetic acid, ferulic 

acid, glucuronic acid
3
. Xylan is the second most abundant polysaccharide after cellulose 

which covers 15-30% of the hardwoods and 7-10% of the softwood, constituting 

altogether 33% of total lignocellulosic biomass on earth
4,5

. Additionally, the 

lignocellulosic biomass from rice straw, wheat bran, wheat straw, sugarcane bagasse, 

barley, woody residues, softwood herbaceous plants, paper pulps, manures and waste 

materials from forestry can be used as a sustainable source of energy
6
. 

1.1 Importance of lignocellulose biomass  

Lignocellulosic biomass varies from other energy sources and is used today as a 

sustainable resource for the production of bioethanol and other bio-based chemicals
7,8

. 

However, in the past, nearly 80% of the total energy was produced utilizing fossil fuels 

and now the remaining resources of fossil energy are about to end, particularly crude oil
9
. 

Therefore, due to declining of oil reserves, the world will face a significant energy crisis in 

the future that needs to be resolved by introducing alternative sources of energy in time. 

Bioethanol has gained significant attention in the automotive sector because of its utility as 

an octane booster and even as a fuel. Brazil and USA produce ethanol from sugar cane and 

corn on a large scale. However, major bottlenecks in the process of bioethanol production 

are technical issues, which do not promote and allow cost-effective and efficient 

lignocellulosic bioethanol production
10

. An integrated and committed approach is needed 

to establish a commercial scale production of lignocellulosic bioethanol, also to support 

the establishment of a cleaner global climate and more energy-efficient world
11

. The 

international energy agency estimates that lignocellulose will be able to provide 5-15% of 

the overall required energy by the year 2035
12

.  

Biofuels are categorized into four groups: first-generation biofuels are produced from 

edible plants containing energy in the form of simple sugars, oils and cellulose. In this 

context, there is an ongoing debate about the competition of first-generation biofuels with 

food production and security. Therefore, the second-generation biofuels are produced from 



1. Introduction 

2 

lignocellulosic biomass; non-food materials from agricultural fields, including wheat 

straw, sugar cane bagasse and forest residues. Today, several initiatives are under 

development to maximize and enhance the production of second-generation biofuels. It is 

important to mention that only the first and second-generation biofuels have been 

commercialized so far. Therefore, efforts are needed to accelerate the generation of more 

advanced biofuels from non-food raw materials (https://easac.eu/programmes/energy/). 

The third-generation biofuels are produced from algal biomass. The procedures to obtain 

third-generation biomass on an industrial scale are under development. Algal biomass 

offers several advantages in terms of biofuel processing methods that focus on non-food 

crops and organic waste materials, also wastewater effluents can be used for algal growth 

In parallel, there are some disadvantages like low efficiency in terms of the lipids 

extraction generated from biomass, the possibility of environmental contamination due to 

growth in open ponds and high energy requirements because the entire production cycle 

require mixing, filtration, and centrifugation at each stage. Therefore, there is a need to 

optimize the production of algal biofuels and corresponding separation techniques to 

remove particular non-fuel waste components
13,14

. Fourth-generation biofuels are obtained 

by bioengineering of genetically modifying algae or cyanobacteria that can support high 

yields of biofuels along with environmental benefits of capturing and storing carbon 

dioxide to reduce the greenhouse effect. The corresponding production process requires 

fewer steps and the genetically modified algae can utilize solar energy to transform carbon 

sources into biofuels, thereby the cost of the fermentation process can be avoided
15

. The 

procedures to obtain fourth-generation biofuels are under development so far, and they are 

expected to be a breakthrough in the field of advanced biofuels
15,16

. Biofuels include 

bioethanol, biodiesel, biobutanol and biogas, however, to focus on the utilization of 

enzymes for bioethanol production, the steps of bioethanol from all four biofuel 

generations are summarized in Fig. 1.1.  

1.2 Biofuels versus fossil fuels 

Human activities are continuously influencing the climate resulting in increased pollution. 

The concentrations of greenhouse gases including CO2, N2O and CH4 are increasing to a 

substantial level due to the modernization of human life and resulting in the greenhouse 

effect and global warming
17

. Additionally, utilizing conventional fossil fuels can enhance 

the toxicity of SO2 gas, which causes respiratory problems and also contributes to acid 

rain. The shift from non-renewable fossil fuels to sustainable lignocellulose biofuels 
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ensures the reduction of pollution and global warming
18

. The concepts of biofuel 

production are based on principles of green chemistry that can enhance energy production 

from low-cost sources and recycling processes by utilizing the particular lignocellulose 

waste materials. Biofuels are fully biodegradable fuels that burn cleaner than fossil fuels, 

resulting in less emission of greenhouse gases; for example, even bioethanol has the 

potential to reduce greenhouse gases up to 86% that can consequently reduce 

environmental pollution (https://www.energy.gov/sites/). In this context, there is a need to 

identify efficient enzymatic cocktails, cheap substrates and cost-effective pre-treatment 

methods to optimize biofuel production, these optimizations will improve the production 

yields and utilization of side products that can lead to the minimization of the overall cost 

for successful commercialization of biofuels in future
19

.   

 

Fig. 1.1 Steps of bioethanol production. Biomass complexities increase the challenges in bioethanol 

production. Sugar cane is the easiest and most convenient raw material for bioethanol production. Corn or 

advanced biomass from different sources requires more steps for bioethanol production. Figure adapted from 

source, https://slideplayer.com/slide/ 2562799/ with modification.  
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1.3 Nectria haematococca: a source of enzymes for biofuel production 

The fungus Nectria haematococca, commonly called Fusarium solani (asexual name) is a 

filamentous fungus in the division of Ascomycota
20,21

, genetically encodes 67 cellulases 

and 6 xylanases from GH10 and GH11 families (www.uniprot.org). F. solani consists of 

about 50 phylogenetic species commonly known as the F. solani species complex which 

are all saprophytic fungi found as pathogens to nearly a hundred genera of plants and 

animals, also causative agents of human mycoses, especially in immunocompromised 

patients
22

. F. solani is also associated with opportunistic fungal infections, especially eye 

infections in humans
23,24

. Zhang and coworkers isolated F. solani species complex from 

the hospital environment, the isolates were found to be responsible for infections in 

humans and were designated in four different groups based on the phylogenetic 

relationship of their genome (Fig. 1.2)
23

. F. solani has the largest fungal genomes with 

many repeated sequences that are enriched in unique genes. The studies on chromosomes 

suggest that several genes are involved in niche adaptation
25

. Therefore, F. solani can 

grow in a variety of habitats i.e. agricultural regions, littoral zones, prairies, forests, 

deserts, scrub communities and coastal zones
23

. Because of their diversity, some members 

of F. solani have been used for the biological control of plant parasites and pathogens
26

.  

 

Fig. 1.2 The phylogenetic tree. Division of F. Solani isolates into designated groups 1 to 4 which indicate 

the phylogenetic diversity of fungus genome isolated from human infections, plant and animal sources, soil 

debris, and hospital environment. Figure source: doi:10.1128/JCM.00120-06. 



1. Introduction 

5 

1.4 Optimum conditions of carbohydrate degrading enzymes  

Cost-effective degradation of plant biomass is an emerging need for a growing economy. 

Therefore, enzymatic cocktails need to be optimized for industrial processes. Considerable 

factors for the formation of industrial enzyme cocktails are shown in Fig. 1.3. The 

selection of suitable substrate, fermentation conditions and methods of pretreatment are 

the most important factors for an efficient breakdown of biomass material. Biochemical 

and structural studies of enzymes are providing knowledge to understand catalysis and 

optimization of catalysis parameters. Optimization of different carbohydrate-active 

enzyme ratios and the optimum conditions of each enzyme in a selected and designed 

cocktail should be known before commercial use
27

. Also, optimization of thermostability 

is important because the enzymatic hydrolysis at a high temperature improves the efficacy 

of the overall process. Most of the GH11 xylanases are stable over a wide range of 

temperatures. GH11 xylanases characterized so far have optimum temperatures between 

35 ºC to 85 ºC, categorizing them as mesophilic, thermophilic and hyper-thermophilic 

xylanases
28

.   

 

Fig. 1.3 Parameters for the efficient formulation of a biomass-degrading enzymatic cocktail. Selection 

of substrates, fermentation conditions and methods of pretreatment depend on the type of industrial 

application and need optimization at each step. Figure adapted from source: doi:10.1016/j.btre.2020.e00525. 

Mesophilic xylanases have an optimum temperature of about 65 ºC and include known 

xylanases from Bispora sp.
29

, C. thermocellum
30

, P. varioti
31

, Streptomyces
32

 and T. 

lanuginosus
33

. Thermophilic xylanases have an optimum temperature between 70-80 ºC 

and include xylanases from Bacillus sp. JB-99
34

, Caldicelluosiruptor sp. Rt69 B.1
35

, C. 

stercorarium XynA
36

, H. grisea XYN2
37

, Paenibacillus sp. DG-22
38

 and T. fusca 

NTU22
39

. Hyper-thermophilic xylanases have an optimum temperature of about 80 ºC and 
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include xylanases from T. flexuosa
40

 and D. thermophilum
41

. They have a longer half-life 

at higher temperatures than the thermophilic group. In addition to this, the use of high 

temperature in biorefineries also has benefits such as accelerated catalysis, reduced slurry 

viscosity and prevention of microbial contamination. Hydrolysis of lignocellulose biomass 

at elevated temperature accelerates the decomposition of xylan layers on top of the 

cellulose and increases the accessibility of cellulases
42

. 

1.5 Industrial applications of xylanases 

Approximately 20% of the world’s enzyme market depends only on glycosyl hydrolyses, 

including xylanases, cellulases and pectinases
43

. The commercial production of xylanases 

is ongoing in Germany, China, India, Denmark, Japan, Finland, Ireland, USA and Canada. 

The fungal genera e.g. Fusarium
44

, Penicillium
45

, Aspergillus
46

, and Trichoderma
47

 are 

used to produce xylanases. Some acidic xylanases producing fungal species, Fusarium 

proliferatum
44

, Penicillium oxalicum
45

, Aspergillus niger
46

, Trichoderma reesei
47

, 

Paecilomyces themophila
48

, Humicola insolens
49

, Aspergillus oryzae
50

, Pichia stipitis
51

 

and Trichoderma virens
52

 are being used for the production of xylanases. The 

comprehensive enzymes database named BRENDA provides the information of 190 

entries of endo-β-1,4-xylanases with potential application in biofuel production, 

biotechnology, food and paper industry
53

. 

1.5.1 Food and feed technology  

Glycoside hydrolases have many applications in the food industry. Among glycoside 

hydrolases, xylanases are mainly used in baking factories and are also being added to 

cereals to reduce the processing time and to improve the product quality. Xylanases from 

different families are used together to optimize the crumb structure of bread and to reduce 

the stickiness of the dough. They also improve bread loaf volume up to approx. 25% under 

specific conditions and enhance the shelf life of bread
54

. Xylanases are also recommended 

to improve the texture of crackers and biscuits
55,56

. They are used to improve the texture, 

taste and color of crispy wafer made by black gram by hydrolysis of arabinoxylan in the 

flour
57

. They are also used in combination with amylases, cellulases and pectinases to 

improve stabilization, aroma, mineral salts and vitamins in fruit and vegetable juices
43

. 

The synergic action of GH10 and GH11 xylanases induce the separation of wheat flour 

into starch and gluten
58

. The quality of bread can be improved by gluten protein 

agglomeration via the addition of xylanases
59

.  
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Xylanases have important applications in the animal food industry and poultry diet 

production, also supplementary xylanase cocktail is added to the animal diet to provide 

efficient growth effects which improve digestion, enhance immune parameters and support 

the gut microflora
60

. A xylanase cocktail from T. viride is reported to enhance the 

digestibility of crude fiber by 60% and also enhancing the bodyweight of broiler 

chicken
61

. Selected commercially available xylanases are summarized in table 1.1, with 

source names and applications. 

Table 1.1 Commercially available xylanases
43

  

Commercial 

Name 

Organism Distributors Industrial Applications 

Amano 90 A. niger Amano 

Pharmaceutical 

Pharmaceutical analysis, food industry 

Allzyme PT A. niger Alltech Feed additive for chickens and turkeys 

Bio-Feed Plus H. insolens Novo Nordisk Animal feed 

Bleachzyme Not cited Biocon, India Cellulose and paper industry 

Cartazyme T. fusca Clariant, UK Cellulose and paper industry 

EcopulpX-200 T. reesei Primalco Cellulose pulp bleaching 

Ecosane Not cited Biotec Animal feed 

ROHALASE® Not cited AbEnzymes Baking, pasta, fruits and vegetables 

juices and wines 

Solvay 

pentonase 

T. reesei Solvay 

Enzymes 

Starch and bread-making 

Sternzym HC 

46 

Not cited Stern-Enzym Bread preparations 

Sumizyme X T. koningii Shin Nihon Manufacture of mushroom and 

vegetable extracts, bread preparation, 

enzymatic peeling of cereals, animal 

feed 

Xylanase Not cited Granotec  Weight decreasing in cream-crackers 

for better texture and taste 

Xylanase Aspergillus Microbiosci Sugar Industry, a feed additive for 

aquatic animals 
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1.5.2 Xylooligosaccharides 

Xylooligosaccharides (XOSs) are degradation products of xylanases. The structure and 

yield of XOSs depend on the xylanase specificity applied for hydrolysis and biomass 

quality
62

. XOSs are novel prebiotics being used in the pharmaceutical, cosmetic, 

agriculture and food industries.  

These prebiotic XOSs with different substitutions and degrees of polymerization can be 

obtained after xylanase hydrolytic action on biomass sources like wheat bran
63

. Due to 

medical properties and health benefits, XOSs are also used as food supplements. XOSs are 

functional compounds having potential applications to control gastrointestinal disorders, 

diabetes, obesity and intestinal cancer
64

. These health benefits of XOSs are monitored in 

rats after enrichment of the bifidobacteria level in the intestine and feces
65

.  

1.5.3 Paper industry 

Xylanases are also important for the paper industry, they hydrolyze the linear 1,4-β-

polyxylose linkages between cellulose and lignin. The hydrolysis of xylan linkages makes 

the paper pulp structure more permeable for other enzymes. The action of xylanases 

allows the better extraction of lignin that may also enhance the bleachability of paper and 

can decrease the amount of total bleaching chemicals (chlorine and chlorine dioxide) 

applied in the paper pulp industry
66

. Xylanases can improve the final brightness of the 

paper
67

. In this context, thermostable xylanases combined with endoglucanases are used 

for biobleaching to improve paper quality
68,69

. 

1.5.4 Cleaning agents  

Proteases, cellulases, lipases and amylases are eco-friendly and effective anti-felting 

cleaning agents for wool as compared to conventional soaps. Also, xylanases from various 

sources and families are proved as important substitutions of conventional chemical 

soaps
70

. For example, xylanases along with pectinases can be used to clean the fibers as 

efficiently as soap, also these enzymes can replace soaps due to their inertness towards 

physical damage of wool
71

. 

1.5.5 Wine and juice industries 

The enzymatic cocktails containing cellulases, xylanases and pectinases are used in wine 

and juice industries because of their ability to hydrolyze small unwanted colloidal particles 

and pectins present in the fruit extracts. Several commercial enzymatic cocktails are 
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widely used in wine production due to the benefits of maximizing juice yield, aroma, 

flavor and color of wines
72

(Fig. 1.4). Xylanase from S. sclerotiorum is well known for 

juice clarification by hydrolysis of oligosaccharides into monosaccharides and by 

decreasing the level of insoluble materials up to 27 percent
73

. The enzymatic cocktails are 

mostly produced by fungi, e.g. primarily from Aspergillus, Rhizopus and Trichoderma, to 

be applied in the wine industry to improve wine quality and stability
74

. 

 

Fig. 1.4 An overview of enzymes used in wine production and their applications
72

. Commercial enzyme 

cocktails are widely used in the pre-fermentation, post-fermentation and ageing process of wine. These 

enzymes enhance the quality of wine. Figure modified from https://doi.org/10.1007/s13197-020-04489-0. 

1.5.6 Biofuel 

Bioethanol (C2H5OH) is a worldwide well-accepted biofuel that can be produced from 

lignocellulose biomass. In the production process of lignocellulosic bioethanol, the 

lignocellulose biomass is subjected to four major steps which are pretreatment of 

lignocellulose biomass, enzymatic hydrolysis of complex lignocellulose biomass, 

fermentation process and separation of bioethanol
75

.  

Pretreatment: involves the mechanical and/or chemical breaking of the complex 

structures in lignocellulose biomass to reduce the size and complexity.  

https://doi.org/10.1007/s13197-020-04489-0
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Pretreatment is important to reduce the degree of polymerization and crystallinity of 

cellulose, therefore, it increases the exposed surface area of raw material to make them 

suitable for enzymatic hydrolysis
76

. Pretreatment of biomass can be performed by a single 

or combination of the following methods:  

Mechanical pretreatment: can be done by milling to reduce particle size and crystallinity 

of lignocellulose biomass. The particle dimensions of biomass can be reduced to approx. 

0.2 mm. Different types of motorized equipment are used for size reduction by milling 

methods. The final particle size and crystallinity of biomass depend on the type of milling 

method and the chemical nature of biomass. Pretreatment by milling does not produce 

toxic materials or phenolic compounds which are potent inhibitors of lignocellulose 

degrading enzymes. Mechanical pretreatment can be done via microwaves and has several 

advantages like easy operation and they are economically favorable
77

. Mechanical 

pretreatment can also be performed by hot water steam. This method enhances the rates of 

enzyme hydrolysis by maintaining the pH between 4 to 7 and reduces the formation of 

inhibitors i.e. aldehydes and phenolic compounds from hemicellulose
78

.  

Chemical pretreatment: involves utilizing strong/dilute acids, alkaline solutions, ionic 

liquids, oxidizing agents, or organic solvents to reduce the complexity of lignocellulose 

biomass. Chemical pretreatment has limitations including toxicity for cellulases and 

xylanases, this process also requires expensive chemicals and special corrosion-resistant 

equipment. However, also has the advantage of minimizing heat and energy 

requirements
79

.  

Biological pretreatment: is an environmentally friendly and cost-effective procedure. In 

this method, biomass is treated with lignin-degrading fungi or bacteria by applying entire 

cells or only enzymes for degradation of lignin
80

. Fungi are most suitable to be applied for 

this process, as they can produce a complete cocktail of cellulose, hemicellulose and 

lignin-degrading enzymes
81

. 

Enzymatic hydrolysis: involves the depolymerization of the insoluble cellulose and 

hemicellulose into a mixture of hexose and pentose sugars, which are subsequently 

fermented into bioethanol. The enzymatic cocktail contains cellulases, hemicellulases and 

lytic polysaccharide monooxygenases (LPMOs) to catalyze the hydrolysis of biomass 

(Fig. 1.5). Cellulose degrading enzymes include endo-β-glucanases, exoglucanases, 

cellobiases and β-glucosidases
82,83

. Fungal cellulases contain exoglucanases including β-

1,4 glucosidase β-1,4 glucan cellobiohydrolases and β-glucosidases that hydrolyze 1-4-
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linkages at the ends of cellulose. While endoglucanases and LPMOs randomly cleave the 

crystalline cellulose and produce free chain ends which are hydrolyzed by 

exoglucanases
84

. Furthermore, exoglucanases cleave the polysaccharides into cellobiose 

subunits which are hydrolyzed by cellobiohydrolases
85

. 

 

Fig. 1.5 Enzymatic hydrolysis of lignocellulose biomass. (A) Structure of crystalline and amorphous 

regions of cellulose with cellulose-degrading enzymes. (B) Structures of hemicellulose (xylan) with 

indicated positions for enzyme action at different sites. Image modified from the source: 

https://doi.org/10.1002/elsc.201800039.  

Hemicellulose degrading enzymes can be divided into two categories: enzymes having 

endo-activity acting in the middle of polymers and enzymes having exo-activity acting on 

ends of the xylan polymers. However, many hemicellulases own both kinds of activities. 

Fungal hemicellulases include β-1,4 xylanases, β-1,3 xylanases, β-xylan glucosidases and 

β- mannosidases.  
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Besides these debranching enzymes can act on variously branched xylan 

polysaccharides
86

. Debranching enzymes are a kind of auxiliary enzyme that can also act 

on hemicellulose. Debranching enzymes can be divided into enzymes acting on ester 

bonds i.e. α-l arabinofuranosidases, α-glucuronidases, and enzymes acting on glycoside 

bonds i.e. β-xylosidases, acetyl-xylan esterases, ferulic acid esterases and coumaric 

esterases
87,88

.  

The commercial cocktails of enzymes for biofuel production additionally comprise 

endoglucanases and cellobiohydrolases, isolated from different aerobic fungal stains
89

. 

Therefore, with the synergistic action of all these enzymes, the components of 

lignocellulosic biomass can be hydrolyzed to monosaccharides, which can be further used 

for biofuel production.  

The carbohydrate-active enzymes (CAZy) is a special online database that was oriented in 

the year 1998 to provide information about enzyme families that can hydrolyze, modify, or 

create glycosidic bonds. Many families of CAZy are involved in the hydrolysis of 

lignocellulose biomass, as summarized in table 1.2 with their preferable substrates.  These 

families of enzymes can be utilized in enzymatic cocktails used for biofuel production.  

Table 1.2 Carbohydrate-Active enzyme (CAZy) for biofuel production 

Substrate Enzyme  CAZy families Function 

Cellulose Endo-β-1,4-

glucanase 

GH5, 6, 7, 8, 9, 

12, 44, 45, 48, 

51, 74, 124, 

131 

Catalyze the cleavage of 

internal bonds randomly at 

amorphous regions of 

cellulose 

Cellobiohydrolase 

(CBHI and II) 

GH6, 7, 9, 48 CBHI acts at the reducing and 

CBHII at the non-reducing 

chain ends of cellulose 

β-1,4-glucosidase GH1, 3 Hydrolysis of oligosaccharide

 at the non-reducing chain 

ends of cellulose to release β-

D-glucose 

 LPMO AA9, AA10 Catalyze the oxidative  

cleavage of cellulose  

LPMO AA13 Catalyze the oxidative  
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cleavage of starch 

Xylan endo-1,3 and endo-

1,4-β-xylanase 

GH8, 10, 11, 8 Hydrolysis of endo-β-1,4-

xylosidic bonds 

Glucuronoarabino-

xylan endo-β-1,4-

xylanase 

GH30 Hydrolysis of endo-β-1,4-

xylosidic links in 

glucuronoarabinoxylans 

Xyloglucan endo-β-1,4-

glucanase/α- 

arabinofuranosidase 

GH5, 9, 12, 16, 

44, 74, 43, 51, 

54, 62 

Hydrolysis of endo-β-1,4 

glucosidic bonds in 

xyloglucan.  

 α-galactosidase  GH27, 36 Hydrolysis of α-D-galactose 

residues at non-reducing ends 

of xylan 

β-1,4-galactosidase GH2, 35, 42 Hydrolysis of terminal non-

reducing β-galactose residues  

Starch α-amylase 

 

GH13, 57 Hydrolyze the internal α-1,4-

glycosidic bonds in amylose 

and amylopectin 

Glucoamylase GH15 Act on non-reducing ends of 

starch to hydrolyze both, α-

1,4 and α-1,6 bonds in 

amylose and amylopectin 

 α-1,4-glucosidase GH31 Act on non-reducing ends of 

starch to release α- glucose  

β-amylase GH14 Act on non-reducing ends of 

starch to hydrolyze α-1,4-

glycosidic bonds to remove 

maltose units 

Fermentation: the monosaccharides released by enzymatic hydrolysis of biomass are 

taken up by microorganisms for the fermentation process. Microbial fermentation of 

sugars is carried out by bacteria, fungi, or yeasts, and the products of the fermentation 

process depend on the selected microorganism. S. cerevisiae and Z. mobilis are commonly 

used microorganisms for bioethanol production but they can only utilize hexose sugar 

under standard conditions
90

. However, S. cerevisiae can utilize pentose sugars for ethanol 
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production but only under special growth conditions
91

. S. cerevisiae are used at 

commercial levels due to approx. 90% bioethanol yield, high ethanol tolerance, simple and 

inexpensive growth media and wide pH range. Also, they are resistant to several inhibitors 

and contaminants present in growth media
92

.  

Moreover, the facultative fermentative yeasts like P. stipitus, K. marxianus, P. tannophilus 

and C. shehatae are suitable for fermentation of pentose sugars, but also with certain 

limiting factors
93

. The edible Ascomycetes fungus can also be used as a potential 

fermentation candidate, due to its xylose-fermenting capability
94

. Bioethanol can be 

produced by three different fermentation processes e.g., batch, fed-batch, or continuous 

process
95

.  

In process of batch fermentation, at the beginning of the whole batch all growth 

ingredients, feedstock, microorganisms and nutrients are added to the fermentation vessel 

followed by bioethanol recovery. This fermentation process does not require skilled 

workers due to fewer control requirements, easy management of feedstocks and 

sterilization process as well as low cost is required. Due to these advantages, batch 

fermentation is commonly used in bioethanol research
96,97

.  

However, in the fed-batch process, ingredients are added stepwise during the fermentation 

process, this process is employed in several industrial productions because of the dual 

benefits from batch and continuous fermentation processes. Industrial adaptation of this 

process is due to the following advantages such as maximum lifespan and cell viability, 

high product accumulation, less inhibition by a high concentration of substrate and proper 

control of physical factors like pH, temperature and oxygen level
98

.  

The continuous fermentation process needs constant input of growth ingredients and 

removal of products from the vessel to maintain the ongoing fermentation process
99

. The 

process can be carried out in two basic types of reactors; continuous stirred reactor and 

plug flow reactor. This process has advantages over batch fermentation due to saving time 

as refilling of ingredients and withdrawal of products is possible without vessel cleaning 

that increases productivity and decreases the overall cost
100

.  

Separation process of bioethanol: bioethanol obtained by fermentation microorganisms 

must be purified for further applications. Bioethanol separation is very crucial but at the 

same time, it is very expensive due to high energy requirements. Several separation 

processes like extractive distillation, pervaporation and conventional molecular sieves can 
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be applied to obtain a better quality of bioethanol
101

. However, distillation is a costly 

procedure to obtain an azeotropic mixture of ethanol (96.6%) and water (3.5%). Today 

there are some conventional procedures known for the separation of bioethanol, which 

includes the combination of liquid-liquid extraction and extractive distillation
102

. 

Moreover, some alternative configurations of ethanol purification in presence of thermal 

coupling have low energy consumption and are environmentally friendly in terms of 

greenhouse effect
103

. 

1.6 Introductory preface of X-ray crystallography  

The German physicist Wilhelm Conrad Röntgen discovered X-rays in 1895, while testing 

the cathode rays he noticed unknown rays coming from a chemically coated tube.  

He named them X-rays because of their unknown nature
104

. Later on, he obtained the 

Nobel Prize in 1901 due to his revolutionary discovery. After the discovery of X-rays, 

they are being used for imaging of bones and cavities in soft tissues
105

. However, the 

application of X-ray in the field of crystallography was started thirteen years later when 

Max von Laue observed X-ray diffraction by copper sulfate crystals
106

, now known as 

Laue-crystallography in honor of Max von Laue
107

. Although, Sir William Lawrence 

Bragg with his father in 1915, provided the interpretation of Laue’s diffraction as 

reflections of a discrete lattice plane from sodium chloride crystal and formulated the 

fundamental law of diffraction, known as Bragg’s Law: 

nλ = 2dhkl sin θ 

Where λ is the wavelength of the x-ray, d is the spacing of the crystal layers (path 

difference), θ is the incident angle (the angle between the incident ray and the scattering 

plane), and n is an integer. 

Pioneers of protein crystallography were Max Perutz and John Kendrew, who obtained the 

Nobel Prize in 1962 for solving the first X-ray crystal structure of myoglobin
108

 and 

hemoglobin
109

, after that the protein crystallography started to develop further. 

Afterwards, the synchrotron radiation sources were developed for producing the most 

intense X-rays. Synchrotron facilities and beamlines were built around the machines that 

were designed for particle physics studies, also included an EMBL outstation at DESY in 

Hamburg. A synchrotron storage ring was constructed with experimental sectors, shown in 

Fig. 1.6.   
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In the 1960s, synchrotron radiation was considered a high-cost by-product from particle 

accelerators. Later on, synchrotron radiation was found to be completely favorable for X-

ray crystallography studies
110

.  

The first generation synchrotron was built in the 1970s followed by the second generation 

in the 1980s, currently, the third generation is also near to replace by the upcoming fourth-

generation synchrotrons (https://www.lnls.cnpem.br/the-lnls/history-of-the-synchrotron). 

High flux synchrotron radiation sources decreased the required dimensions of crystals to 

measure the reliable Bragg intensities
111

 and improved resolutions. 

 

Fig. 1.6 Deutsches Elektronen Synchrotron (DESY). DESY is an international center of fundamental 

research founded in 1959. The right figure is indicating a scheme of how synchrotron radiation is produced, 

via bending magnet or undulator beamline
112

 (Image Source: https://www.research-in-germany.org). 

Electrons and/or positrons which are accelerated and traveling close to the speed of light, kept on a track via 

a strong magnetic field instantaneously emit X-rays tangential to the horizontal plane they travel
113

. 

Since 1971, the Protein Data Bank (PDB) is serving as the single repository of information 

about the three dimensional structures of nucleic acids, proteins and complex assemblies. 

Over the past few decades, the PDB is indicating an exponential growth of X-ray 

structures (https://www.rcsb.org/stats/growth/growthx-ray) and the numbers of X-ray 

structures almost exponentially increased from 13 to 149383 from 1976 up to 2021. The 

PDB contains today approx. 90% of structures are solved by using synchrotron radiation 

and the numbers of deposited structures are increasing every year, as shown in Fig. 1.7. 

High-resolution structures of macromolecules are important to understand the mechanisms 

of biological functions. The advancements of synchrotron beamlines and modern 

techniques of molecular biology improved the crystallographic studies of macromolecules. 

https://www.desy.de/index_eng.html
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Synchrotrons have remarkable features of providing highly brilliant X-ray beams at a wide 

range of wavelengths
114

.  

 

Fig. 1.7 Protein Data Bank structure depositions determined by X-ray crystallography. Total vs. 

structures solved applying data collected with synchrotron radiation (http://biosync.sbkb.org/). 

1.6.1 Conventional vs serial crystallography 

Conventional crystallography is the most productive method in structural biology where a 

suitable single crystal of a protein is irradiated with X-ray
115

. Single crystal diffraction 

data collection requires crystals with approx. dimensions between 50 to 500 µm, to be 

mounted on a goniometer and recording diffraction patterns at cryogenic temperature (Fig. 

1.8 A). Single crystal diffracts X-rays according to Bragg law into discrete diffraction 

spots, also called reflections. The diffraction data provides the amplitudes of the Fourier 

transform of the electron density in the unit cell and the missing phases can be determined 

by phasing methods e.g., isomorphous replacement methods i.e. single isomorphous 

replacement (SIR) or multiple isomorphous replacement (MIR), anomalous diffraction 

methods i.e. single-wave anomalous diffraction (SAD), multi-wavelength anomalous 

dispersion (MAD) and molecular replacement (MR) method
116

. In SIR or MIR, the 

diffraction data are collected from the native crystal and several derivatives crystals by 

soaking in a heavy atom solution. The scattering differences of additional heavy atoms 

present in the derivative crystals, relative to the native protein are used for phase 

information. However, SAD and MAD techniques utilize one or more data sets, recorded 

from only one crystal containing suitable anomalous scatters. Thereby, the protein phases 

are calculated from the wavelength-dependent quantitative differences in the anomalous 
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scattering contribution of certain atoms contained in the crystal
117

. In the molecular 

replacement method, the phases from the similar structure with similar folds are used to 

substitute the missing phase information. Molecular replacement is the most commonly 

used method to solve phase problem in X-ray crystallography
118

. Conventional 

crystallography of macromolecules provided the majority of macromolecular 3D 

structures available to date (https://www.rcsb.org/). 

Along with the development of new radiation sources, a revolutionary serial femtosecond 

X-ray protein crystallography method has been developed for macromolecular structure 

determination where X-ray diffraction data are collected by applying a stream of 

nanocrystals. Crystallographic studies at third-generation synchrotrons and free-electron 

lasers utilizing the serial crystallography approach extended the range of usable crystal 

sizes to approximately 10 μm, also providing the benefits of less radiation damage and 

room temperature data collection for ligand binding studies
119

. The dynamic studies of 

protein-ligand interactions at high resolution were the major challenges of X-ray 

crystallography, now in principle possible by serial crystallography methods. As an 

example, the experimental setup of a tape drive device for mix-and-diffuse serial 

crystallography experiments is shown in Fig. 1.8 B.  

Electron densities of macromolecules complexed with ligands can be calculated using 

diffraction data obtained at mixing times of milliseconds, allowing for example to follow 

the catalytic mechanism of macromolecules
120

. Applying the tape drive method, the 

diffraction pattern collected from individual microcrystals can be merged into data sets 

that can further be used to analyze a macromolecular structure complexed with 

ligands
119,121

. The tape drive approach of serial crystallography enables room temperature 

diffraction data collection from the suspension of small crystals
122

.  
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Fig. 1.8 Conventional vs serial crystallography. (A) A single crystal with approx. the dimension of 

100 μm is mounted on a goniometer for data collection under cryogenic conditions and the detector at a 

suitable distance is recording the diffraction data. (B) A micro-crystal suspension (yellow) mixed with a 

substrate solution (blue). The tape is fixed between two rollers under tension; the needle for sample delivery 

is fixed so that the X-ray beam passes micro-sized crystals
120

, (B) adapted from 

https://doi.org/10.1107/S2052252517013124. 

1.6.2 Crystallographic studies of xylanases 

Xylanases can convert the complex form of xylan into simpler subunits. The first xylanase 

from A. foetidus was produced and purified in the year 1955 for biochemical analysis
123

. 

Afterwards, many other xylanases isolated from different bacteria, fungi and yeasts were 

purified and characterized biochemically. After developments in structural biology, the 

first three dimensional structure of xylanase was solved in 1994
124,125

 an evolution of 

deposited 3D structures of xylanases started afterwards as shown in Fig. 1.9.  

Xylanases are highly diverse enzymes at structural, biochemical and catalytic levels, 

additionally; a single organism can produce many different types of xylanases. For 
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example, fungi like S. dimorphosporum and A. niger can release approx. 15 different 

forms of xylanase respectively
126,127

. The diversity of these enzymes originates from well-

identified differences, by genetic redundancies, post-translational modifications and 

presence or absence of a signal peptide. The versatility provides a better adaptation to 

microorganisms by optimizing the biodegradation of plant cell walls
128

. 

 

Fig. 1.9 Evolution of deposited PDB structures of GH11 xylanases (1994-2021). Data taken from the 

carbohydrate active enzyme database (www.cazy.org/GH11structure) under the description of family GH11 

and dates of structure depositions are confirmed from the protein data bank (https://www.rcsb.org).  

Glycosyl hydrolases (GHs) with xylanase activities are divided into six families GH5, 

GH8, GH10, GH11 and GH43. These families differ in structures, substrate specificities 

and mode of actions. GHs are further divided into clans of related families due to folding 

similarities in the 3D structures. For example, β-jelly roll xylanases are classified as clan 

GH-B and GH-C, while the xylanases with (β/α)8, (α/α)6 and 5-blade β-propeller folds are 

classified as clans GH-A, GH-M and GH-F respectively. GH5 and GH10 xylanases belong 

to clan GH-A, while GH8, GH11 and GH43 belong to GH-B, GH-C, GH-M and GH-F 

respectively, (http://www.cazy.org/). 

Catalytic mechanism: xylanases do not hydrolyze randomly but they decorate the 

substrate backbone selected for hydrolysis depending on the nature of the substrate
129

. The 

families GH5, GH10 and GH11 consisted of xylanases, which have catalytic glutamate 

residues in the active site to hydrolyze the substrate with retention of the anomeric center 
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of substrate (http://www.cazy.org/). While GH8 and 43 have glutamate and aspartate as 

catalytic residues to hydrolyze with inversion of the anomeric center of substrate
130

. The 

proposed catalytic mechanism of GH11 xylanases is shown in Fig. 1.10. 

 

Fig. 1.10 Proposed catalytic mechanism of GH11 xylanases. In the first step, E80 acts as the nucleophile 

and attacks the anomeric center of glycosidic bonds in sugar polymers to form a glycosylated enzyme 

intermediate. In the second step, the deprotonated acidic carboxylate of E180 acts as a base and assists a 

water molecule to perform a nucleophilic attack to hydrolyze the glycosyl enzyme intermediate and to 

release the hydrolyzed product i.e. xylose sugar.  Source:  https://doi.org/10.1016/j.biotechadv.2011.10.003. 

Substrate preferences: GH5 enzymes can catalyze the hydrolysis of glucuronoxylan or 

acetylated glucuronoxylan substrates
131

, while GH8 enzymes prefer a xylan with linear 

and mixed linkage (β-1,3 and β-1,4)
132

. GH11 xylanases are specific for hydrolysis of β-

1,4 linked xylan substrates
4
. While GH10 xylanases show catalytic versatility for 

substrates
128,133

. The substrate selectivity and specificity of xylanases are determined by 

the structural features of their active sites e.g. GH10 enzymes have four to five subsites
4
 

but the substrate-binding clefts of GH10 xylanases have a variable number of subsites
134

. 

GH11 and GH8 xylanases have an extended substrate-binding cleft with six subsites to 

accommodate six-xylose units in the center of the catalytic site
132,135

.  

Caffeic acid 



1. Introduction 

22 

1.7 Inhibition of xylanases 

Due to pathogenic fungi and bacteria, plants show a defense response including the 

production of xylanase inhibitor proteins. These inhibitor proteins consist of two major 

classes of plant proteins named “Xylanase inhibitor proteins” (XIP) and “Triticum 

aestivum xylanase inhibitors” (TAXI)
136,137

. These inhibitors are naturally produced by 

wheat, barley and rye as a part of their defense against fungal xylanases. These natural 

inhibitors can inhibit the xylanases when they are used in the food industries or for the 

hydrolysis of lignocellulose biomass. The inhibition of xylanase takes place when the XIP-

loop binds between the active site and thumb region of GH11 xylanases
138

 while a 

histidine residue of TAXI binds to the catalytic residues of GH11 xylanases to inhibit their 

activity
139

. The bindings of XIP and TAXI with GH11 xylanases are shown in Fig. 1.11. 

TAXI has two forms: a non-cleavable form (TAXI-I) that consists of a 40 kDa polypeptide 

chain and a cleavable form (TAXI-II) with 10 kDa and 30 kDa polypeptide units. These 

different forms differ in their specificities and N-terminus sequences
140

. TAXI-I inhibits 

GH11 xylanases with low and high isoelectric points, while TAXI-II only inhibits 

xylanases with high isoelectric points
141

.  

In addition to protein inhibitors, lignin-derived phenolic compounds also inhibit several 

glycosyl hydrolases including xylanases. The pretreatment of lignocellulose biomass can 

result in the production of many lignin-derived phenolic acids that decrease the efficiency 

of biofuel production by inhibition of many important GH enzymes
142

. The most common 

pretreatment by-products are simple phenolic compounds, derivatives of phenol and 

furans
143,144

. Besides these several other inhibitors like furan aldehydes e.g. furfural and 5-

hydroxymethylfurfural or some aliphatic acids like formic acid, acetic acid, and levulinic 

acids generated from pretreatment or degradation of lignin can inhibit the enzymes used 

for biofuel production
145

. Xylan from hemicellulose contains these phenolic compounds as 

branches on xylose sugars of hemicellulose, shown with yellow color in Fig. 1.11 C. 

Soluble phenolic inhibitors can also inhibit the fermentation process of sugars to 

bioethanol
146

. Lignin degradation products, phenol derivatives, hydroxynamic acid and its 

derivatives, tannins and gallic acid are also potent inhibitors of many glycosyl 

hydrolases
143

. Some other phenolic compounds like gallic acid, hydroxyl cinnamic acid, 4-

hydroxybenzoic acids, vanillin and tannic acid caused 20 to 80% inhibition of glycosyl 

hydrolases
147

 and the removal of these lignin-derived phenolic compounds from biomass 

can result in increased productivity of bioethanol
148

. Lignin derived phenolic compounds 

i.e., coumaric acid, ferulic acid, 3,4-dimethoxycinnamic acid, 3,4,5 trimethoxy cinnamic 
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acid, 3-(4-hydroxyphenyl) propionic acid and ethyl 4-hydroxy-3-methoxy cinnamate also 

showed an inhibitory effect on glucosidase activity and the inhibition depends on the 

structure of lignin-derived phenolic compounds and their functional groups. Inhibition of 

glucosidase was not observed when phenolic free lignin was used for inhibition studies
149

. 

 

Fig. 1.11 Inhibitors of GH11 enzymes. (A) Structure of the inhibition complex of XIP and a GH11 

xylanase
150

. A loop (red color) from XIP binds between the active site region of GH11 xylanases (green) and 

the thumb region (B) Structure of the complex of TAXI and a GH11
139

. A histidine from TAXI binds to the 

catalytic residues of GH11 xylanases (yellow).  (C) Plant cell wall with structural components, cellulose and 

hemicellulose. Hemicellulose is variously branched with phenolic compounds (inhibitors) shown in yellow 

color. These phenolic compounds can inhibit GH11 enzymes
12

. 
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1.8 Scope of the study 

Agricultural and forest waste biomasses can be hydrolyzed by carbohydrate degrading 

enzymes to make them applicable for biofuel production. In this context, corresponding 

research activities have focused on analyzing the potential of lignocellulolytic enzymes 

able to convert waste biomasses into small carbohydrate molecules useful for bioethanol 

production. Xylanases are not only applied on enzymatic cocktails used in biofuel 

industries, but they are also equally important for food, pharmaceutical and paper pulp 

industries. In 2017, Nectria haematococca was identified and characterized by the group 

of Prof. Dr. Wilhelm Schäfer at the Department of Botany, University of Hamburg. After 

extensive bioinformatic studies, GH11 enzymes from N. haematococcca were found to be 

homologous to xylanases already in use for industrial applications, also the carbohydrate 

active enzymes database (CAZy) revealed several putative xylanases from N. 

haematococca genome, which were structurally uncharacterized. Therefore, in this study 

xylanase from N. haematococa (NhGH11) was analyzed and characterized in details, 

starting from protein expression optimization, purification to complete biochemical and 

structural analysis.  

The main objectives of this study can be summarized as: 

 Selection of an expression vector, strains of bacterial cells, expression media and 

conditions for protein expression 

 Optimization of solubility buffers, purification protocols and cleavage conditions 

to remove the affinity tag  

 Biophysical studies to identify the purity and optimum buffer conditions to 

stabilize the expressed protein and estimation of the secondary structure 

 Crystallization experiments, diffraction data collection, data processing, structure 

solution, structure refinement and deposition of three-dimensional structure in the 

protein data bank 

 Production of optimum sized microcrystals for mix-and-diffuse tape drive serial 

crystallography experiments to investigate the catalysis of substrates 

 Identification of the structural basis of thermostability and comparison of NhGH11 

structure with homologous thermostable enzymes 

 Identification of NhGH11 optimal parameters for the enzymatic reaction. Studies 

on biochemical parameters including the effect of temperature, pH, the effect of 

metal ions and chemical reagents 
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 Identification of NhGH11 specificity towards different substrates i.e. xylan 

beechwood, xylan polysaccharide, wheat arabinoxylan, azo-xyloglucan and 

mannan polysaccharide. Determination of Michaelis-Menten kinetics, Michaelis 

constant (Km), turn over number (kcat), and maximum rate of reaction (Vmax) for 

different substrates  

 Inhibition studies of NhGH11 in the presence of lignin derived phenolic 

compounds 
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2. Experimental part 

2.1 General chemicals 

2.1.1 Material and manufacturer 

All chemicals were purchased in analytical grade from companies, Sigma Aldrich 

(Steinheim, Germany), Carl Roth (Karlsruhe, Germany) Merck (Darmstadt, Germany) and 

Megazyme (Megazyme International Ireland Limited, Ireland) and were used according to 

the manufacturer’s instructions. All media and buffers were prepared in distilled water 

while the ultra-pure water (PureLab®flex, ELGA LabWater, Great Britain) was used in 

molecular biology assays. 

Table 2.1 Consumables 

Description Manufacturer/Supplier 

96-well vapor diffusion plates Douglas Instruments Limited, UK 

96-well SWISSCI MRC2 plates Hampton Research Corp., USA 

48-well SWISSCI MRC plates Hampton Research Corp., USA 

24-well linbro plates Jena Bioscience GmbH, Germany 

Amicon® Ultra 4, Ultra 15, Ultra 0.5, 

MWCO 3 kDa, 10 kDa 

Merck Millipore (Merck KGaA), 

Germany 

Vivaspin® centrifugal concentrators 

Vivaspin 15R, Vivaspin 500, 3 kDa MWCO 

GE Healthcare Europe GmbH, 

Germany 

Cellulose acetate membrane filter 0.2 µM VWR International LLC, USA 

Coverslips VWR International LLC, USA 

Ni-NTA resin Macherey-Nagel GmbH & Co. 

KG, Germany 

Amylose resin New England Biolabs, 240 County 

Road, Ipswich, MA, USA 
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Syringes 1 mL, 2 mL, 5 mL, 10 mL, 20 mL, 

50 mL 

VWR International LLC, USA 

Syringe filter 0.22 µm, 0.45 µm VWR International LLC, USA 

ZipTip®C18 Pipette Tips Merck Millipore (Merck KGaA), 

Germany 

Table. 2.2 Instruments 

Device Instrument Manufacturer/Supplier 

Agarose gel 

electrophoresis chamber 

Blue Marine 100 Serva Electrophoresis GmbH, 

Germany 

Perfect Blue Gel system 

Mini 

PEQLAB Biotechnology 

GmbH, Germany 

Beamlines P11 DESY, PETRA III, DESY, 

Hamburg, Germany 

P13 EMBL, PETRA III, DESY, 

Hamburg, Germany 

CD spectrometer J-815 CD Jasco Inc., USA 

Centrifuges 5415R/ 5415C/ 5804R/ 

5810R Mini spin Plus 

Eppendorf AG, Germany 

Multifuge X3R Thermo Fisher Scientific Inc., 

USA 

Crystallization robots Honeybee 961 Genomic Solutions Inc., USA 

Oryx 4 Douglas Instruments Limited, 

UK 

Crystal plate incubator 

4 ºC and 20 °C 

RUMED 3001 incubator Rubarth Apparate GmbH, 

Germany 

DLS Device SpectroLight 300 Xtal Concepts GmbH, 

Germany 

SpectroLight 600 Xtal Concepts GmbH, 

Germany 
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FPLC ÄKTA Purifier P-901 GE Healthcare, USA 

Freezer -20 °C Liebherr premium Liebherr International S.A., 

Switzerland 

Freezer -80 °C B35-85 FRYKA-Kältetechnik GmbH, 

Germany 

Imaging Leica TCS SP8 Confocal Leica Microsystems GmbH, 

Germany 

Incubator 37 °C BD 56 BINDER GmbH, Germany 

Incubation shaker Innova 4330 New Brunswick Scientific 

Co., Inc. (Eppendorf AG), 

Germany 

Magnetic stirrer VMS-A VWR International LLC, 

USA 

Microbalance Sartorius TE3102S 

CP2245- OCE 

Sartorius AG, Germany 

pH meter Seven easy Mettler-Toledo Inc., USA 

Spectrophotometer Nanodrop 2000c 

Nanodrop Lite 

Thermo Fisher Scientific 

Inc., USA 

SDS-PAGE EV 231 (Power supply) PEQLAB Biotechnology 

GmbH, Germany 

Thermomixer Comfort Eppendorf AG, Germany 

UV-light source Crystal LIGHT 100 Nabitec GmbH, Germany 

Vortex mixer VF2 IKA Werke GmbH & Co. 

KG, Germany 

X-ray source 

imaging plate X-

ray detection System 

IμS Mar research GmbH, 

Germany 

SDS-PAGE Four gel caster (SE275) Hoefer Inc., USA 

Deluxe mini electrophoresis 

unit 
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2.2 Mutations and truncation of N. haematococca xylanase (NhGH11)  

The sequence of NhGH11 (GenBank ID: GG698899.1, Uniprot ID: C7YSL3) was 

analyzed by applying the SignalP 4.1 server (http://www.cbs.dtu.dk/ services /SignalP-

4.1/) to identify and truncate the signal peptide sequence. The surface entropy reduction 

prediction server (http://services.mbi.ucla.edu/SER/) was applied to identify high entropy 

surface exposed lysines K4, K107, K108 and K168, after identification they were 

subsequently mutated to alanines to support crystallization experiments. A gene was 

synthesized by the company BioCat (Heidelberg, Germany). Codon optimization was 

done for the E. coli expression host. NdeI and HindIII were selected as 5´ and 3´ 

restriction sites (Fig. 2.1). A tobacco etch virus (TEV) protease cleavage site 

(ENLWFQG) was introduced between the maltose binding protein and a gene. Finally, a 

corresponding gene was ligated into the vector pMAL-c5X by Gibson assembly. Active 

site residues (E89 and E180) of NhGH11 were mutated to slow down enzymatic activity 

for soaking experiments. The construct with active site mutations was also synthesized by 

the company BioCat (Heidelberg, Germany), following the same cloning procedure.  

 

Fig. 2.1 Vector for E. coli expression of NhGH11. Vector contained ampicillin resistance gene (bla) and 

MBP gene (malE). TEV cleavage site was introduced before NhGH11. NdeI and HindIII were selected as 

restriction sites. Figure source with modification: https://www.addgene.org/67004/. 
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2.3 Transformation of competent E. coli cells 

Preparation of competent cells: chemically competent E. coli cells were prepared from 

different strains (Table 2.3). Cells of each strain were inoculated to 5 mL LB growth 

media and allowed to grow overnight at 37 °C and 180 rpm. After 12-14 hours, the 

culture was transferred to 50 mL growth media and allowed to grow until the optical 

density OD600 of cells reached to 0.5. Afterwards, the cell culture was transferred to a 

50 mL falcon tube, incubated on ice for 15 min and then centrifuged for 10 min at 4 °C. 

The supernatant was discarded and the cell pellet was washed three times with 5 mL of 

ice cold 100 mM CaCl2 solution and finally resuspended in 1 mL of ice cold 100 mM 

CaCl2 solution containing 10% glycerol. Aliquots of 50 µL cell suspensions were 

prepared on ice and flash frozen in liquid nitrogen to be stored at -80 °C.  

Transformation: an aliquot of frozen competent E. coli cells was thawed on ice and 1 μL 

plasmid from 100 ng stock was added to the competent E. coli cells. Cells were gently 

mixed with the plasmid and incubated on ice for 15 min. Heat shock was applied to the 

cells at 42 °C for 45 s then they were immediately incubated on the ice for 5 min. Five 

hundred microliters of autoclaved SOC media (Table 2.4) was added and the cells were 

incubated at 37 °C and 350 rpm for one hour. The cells were centrifuged for 1 min at 

2000 rpm and 350 μL of the supernatant was removed. The remaining suspension was 

gently resuspended and inoculated on agar plates containing 1% w/v agar in LB media 

and 100 µg/mL of ampicillin. Plates were incubated overnight at 37 °C.  

Table 2.3 Bacterial Strains 

 Strain Genotype Supplier 

DH5α F
–
 endA1 glnV44 thi-1 recA1 

relA1gyrA96 deoR nupG purB20 

φ80dlacZ M15 (lacZYA-argF) 

U169, hsdR17 (rK
–
mK

+
), λ

–
 

Invitrogen (Thermo 

Fisher Scientific Inc.), 

USA 

BL21 (DE3) F- ompT hsdSB (rB-mB-) gal dcm 

rne131 (DE3) 

Invitrogen (Thermo 

Fisher Scientific Inc.), USA 

BL21 (DE3) 

Star 

F- ompT hsdSB (rB-mB-) gal dcm 

rne131 (DE3) pLysS (CamR) 

Invitrogen (Thermo 

Fisher Scientific Inc.), USA 
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2.4 Gene expression 

One colony of transformed E. coli strain BL21 (DE3) was inoculated to 100 mL LB 

medium containing 100 µg/mL of ampicillin. The preculture was incubated overnight at 

37 °C and 180 rpm and expression tests were performed, utilizing the TB, LB and 

autoinduction expression media (Table 2.4). Afterwards, the protein expression was 

initiated with 50 mL preculture in LB broth medium containing 100 µg/mL of ampicillin. 

The preculture was allowed to grow overnight at 37 °C, after approx. 14 hours, it was 

transferred to 1 L autoinduction medium. The cell culture was incubated at 37 °C until the 

optical density (OD600) of cells reached 0.6, after that the temperature was reduced to 

16 °C for overnight expression of NhGH11. The cell culture was transferred to a 

centrifugation bucket and centrifuged at 4000 × g and 4 °C for 30 min. The supernatant 

was discarded and the cell pellets were resuspended in the lysis buffer (Table 2.5). The 

resuspended cells were decanted into a falcon tube and stored at -20 °C. 

Table 2.4 Medium and Buffers 

Media pH Components Concentration 

SOC media ~7.2 Tryptone 

Yeast extract 

NaCl 

KCl 

MgCl2 

MgSO4 

2% (w/v) 

0.5% (w/v) 

10 mM 

2.5 mM 

10 mM 

10 mM 

LB broth 

(Lennox) 

~7.0 NaCl 

Tryptone 

Yeast extract 

5.0 g/L 

10 g/L 

5.0 g/L 

TB broth ~7.2 Tryptone 

Yeast extract 

K2HPO4 

KH2PO4 

12 g/L 

24 g/L 

12.5 g/L 

2.3 g/L 

Autoinduction 

media 

~7.2 Tryptone 

Yeast extract 

NaCl 

(NH4)2SO4 

10 g/L 

5 g/L 

5 g/L 

3.3 g/L 
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NH4Cl 

KH2PO4 

Na2HPO4 

Glycerol 

Glucose 

Lactose 

5.3 g/L 

6.8 g/L 

7.1 g/L 

5 mL/L 

0.5 g/L 

2 g/L 

2.5 Cell lysis and affinity chromatography 

The cell lysis was done by sonication for 30 s and 30 s intervals in between; the procedure 

was repeated eight times. Afterwards, the cells were centrifuged at 4 °C and 17000 x g for 

30 min to remove cell debris. Purification was done via affinity chromatography, utilizing 

the affinity of amylose resin with maltose binding protein (MBP). Purification was carried 

out by applying a standard affinity chromatography protocol
151

. Buffers applied for 

affinity purification are summarized in table 2.5. The steps of purification are shown in 

Fig. 2.2. 

Step 1: according to the manufacturer's instructions, the amylose matrix was stored in 20% 

ethanol. The storage solution was removed and the column was washed with 8-10 column 

volumes of water followed by applying washing buffer.  

Step 2: cell lysate was incubated with the amylose resin for 30 min at 8 °C. 

Step 3: the unbound protein was removed and the column was washed with 8-10 column 

volumes of washing buffer.  

Step 4: the bound protein was eluted with 10 mM maltose sugar included in the binding 

buffer. The absorbance at 280 nm was observed for each 2 mL fraction during the elution 

of NhGH11 from the column.  

Step 5: the column was washed with 8-10 column volumes of washing buffer followed by 

applying water and then stored in 20% ethanol at 8 °C. 
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Fig. 2.2 Schematic diagram of affinity chromatography. Maltose binding protein (MBP) binds to amylose 

resin (green color). The column was washed to remove the unbound proteins. NhGH11 was eluted by 

maltose sugar. TEV protease cleavage site was introduced between MBP and NhGH11 to remove the MBP 

tag after affinity purification. Figure adapted from Website of New England BioLabs, source: 

https://www.neb-online.de/proteinexpression/nebexpress-mbp-fusion-and-purification-system/ with 

modifications. 

Table 2.5 Buffers used for purification 

Name of buffer Composition Concentration 

Lysis/Binding/ 

Washing Buffer 

Tris-HCl, pH 7.4 

NaCl 

EDTA 

DTT 

20 mM 

200 mM 

0.5 mM 

0.5 mM 

Elution Buffer Tris-HCl, pH 7.4 

NaCl 

Maltose sugar 

20 mM 

200 mM 

10 mM 
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2.6 Protein quantification  

The protein concentration was estimated utilizing the absorption at 280 nm, the 

wavelength at which aromatic amino acids; mainly tryptophans have maximum 

absorption. In this context protein concentrations were measured by UV absorption at 

280 nm using the molar absorption coefficient 58330 M
-1

cm
-1

, calculated by ProtParam 

server (https://web.expasy.org/protparam) for 20800 Da molecular weight of NhGH11. 

According to Beer’s law, the concentration “c” [moles/L] is derived from the quotient of 

the absorption “A”, which is a wavelength-dependent extinction coefficient [M
-1

cm
-1

] and 

the product of the extinction coefficient ε and the path length b [cm]: 

𝑐 =
𝐴

𝜀 ∗ 𝑏
      (2.1) 

Two microliters of protein samples were used for the measurements, applying the 

NanoDrop spectrophotometer (Thermo Fisher Scientific, USA).  

2.7 Expression and purification of TEV protease  

Preculture (50 mL LB medium) was inoculated by glycerol stock of transformed E. coli 

strain BL21 (DE3) star pre-transformed with the vector containing TEV gene. The 

antibiotics, 100 µL chloramphenicol (stock conc. 30 mg/ml) and 100 µL ampicillin (stock 

conc. 100 mg/ml) were included. Preculture was incubated overnight at 37 °C and then 

transferred to 1 L LB medium containing antibiotics mentioned above. The optical density 

(OD600) was measured after regular intervals and protein expression was induced with 

1 mM final concentration of Isopropyl β- d-1-thiogalactopyranoside (IPTG) solution at the 

cell density of 0.5. Protein expression was done at 37 °C for 4 hours. Afterwards, the 

culture was transferred to centrifugation buckets and centrifuged for 30 min at 4 °C and 

4000 x g. The supernatant was discarded and the cell pellets were resuspended in the lysis 

buffer. The cell lysis was done by sonication for 30 s and 30 s intervals in between; the 

procedure was repeated eight times. Afterwards, the cells were centrifuged at 4 °C and 

17000 x g for 30 min to remove cell debris. The clear lysate was transferred to the Ni-

NTA column. Buffers used for the purification of TEV are summarized in table 2.6. The 

matrix was washed with seven column volume of washing buffer followed by elution. 

Elution fractions were collected from each elution buffer E1-E5. The column was washed 

with five column volume of E6 buffer. Elution fractions were pooled into the dialyzing 

membrane and dialyzed overnight against the dialysis buffer. A TEV protease was 

concentrated to 1 mg/mL.  
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The concentration was measured by UV absorption at 280 nm using the molar absorption 

coefficient 31970 M
-1

cm
-1

, for 28533 Da molecular weight of TEV protease. The TEV 

protease was stored at -20 °C for further use. The affinity-purified NhGH11 was incubated 

with 1 mg of TEV protease/10 mg of NhGH11 incubated overnight at 8 °C. After 

cleavage, the TEV protease was removed from the MBP+NhGH11 mixture by using a Ni-

NTA matrix and the flow-through obtained from the column was collected for further 

purification, applying size exclusion chromatography. 

Table 2.6 Buffers used for purification of TEV 

Name of buffer Composition Concentration 

Binding/Washing Buffer Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

25 mM 

Elution Buffers 

E1 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

50 mM 

E2 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

100 mM 

E3 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

150 mM 

E4 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

200 mM 
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E5 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

250 mM 

E6 Na2HPO4, pH 8.0 

NaCl 

Glycerol 

Imidazole 

20 mM 

200 mM 

10% 

1M 

Dialysis Buffer Na2HPO4, pH 8.0 

EDTA 

Glycerol 

20 mM 

0.5 mM 

30% 

2.8 Sample concentration  

Protein solutions were concentrated up to 5 mL with approx. concentration of 10 mg/mL 

by applying Vivaspin centrifugal concentrators with 3 kDa molecular weight cutoff (GE 

Healthcare Europe GmbH, Germany).  

2.9 Size exclusion chromatography (SEC) 

The ÄKTA purifier was used for size exclusion chromatography. The Hiload 16/60 

Superdex 75 SEC column (GE Life Sciences) was washed with two column volumes of 

dH2O, followed by equilibration with one column volume of SEC buffer (20 mM Tris, 

200 mM NaCl at pH 7.4). The protein sample was concentrated to a final volume of 5 mL 

to be injected into the column. The flow rate was set at 0.7 mL/min and the absorption was 

monitored at 280 nm. Elution fractions were analyzed by SDS-PAGE. 

2.10 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Buffers and solutions used for SDS-PAGE are summarized in table 2.7. The main 

component of SDS gel is acrylamide, which is polymerized by the addition of 

tetramethyl ethylenediamine (TEMED) and ammonium persulfate (APS). The gel 

consisted of two different layers; a narrow pore separating gel and a coarser stacking gel. 

Stacking gel captured the proteins between the glycine and chloride anions. The stacking 

gel consisted of acidic pH of 6.8 where the chloride anions flow faster than the glycine 

anions, causing the proteins to be focused between the anions. When the proteins enter 

the separating gel consisted at pH 8.8, the proteins are no longer focused between the 
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two anions and separated by molecular weight size
152

.  

Protein samples of NhGH11 were mixed with 2x SDS-sample buffer before denaturing 

them at 96 °C for 5 min. The samples were spin down briefly and 10 µL samples were 

loaded to the gel. The 1x electrode buffer was used to run gels in a vertical gel 

electrophoresis chamber, applying 120 W power and 25 mA current. After approx. one 

hour, the gels were stained in a coomassie staining solution with continuous shaking for 

30 min. Afterwards, the gels were destained until the protein bands can be clearly 

distinguished from the background. 

Table 2.7 Buffers and solutions used for SDS-PAGE 

Gel type Component Volume 

Stacking Gel (4%) ddH2O 

30% acrylamide/bisacrylamide 

(37.5:1) 

Stacking gel buffer 

10% (w/v) SDS 

TEMED 

10% (w/v) APS 

9.2 mL 

2.0 mL 

3.8 mL 

150 µL 

15 µL 

75 µL 

Separating Gel (12%) ddH2O 

30% acrylamide/bisacrylamide 

(37.5:1) 

Stacking gel buffer 

10% (w/v) SDS 

TEMED 

10% (w/v) APS 

10.2 mL 

12.0 mL 

7.5 mL 

300 µL 

15 µL 

150 µL 

Coomassie Staining 

Solution 

Isopropanol 

Acetic Acid 

Coomassie Brilliant Blue 

25% (v/v) 

10% (v/v) 

0.1% (w/v) 

Coomassie Destaining 

Solution 

Acetic Acid 20% (v/v) 
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2 x sample buffer SDS 

PAGE 

Tris-HCl, pH 6.8 

SDS 

Glycerol 

DTT 

Bromophenol blue 

20 mM 

4% (w/v) 

20% (v/v) 

50 mM 

0.04% (w/v) 

Separating Gel Buffer Tris-HCl, pH 8.8 

SDS 

1.5M 

4% (w/v) 

Stacking Gel Buffer Tris-HCl, pH 6.8 

SDS 

5 M 

4% (w/v) 

10x Electrode Buffer Glycine 

Tris-HCl 

SDS 

1.9M 

250 mM 

1% (w/v) 

2.11 Dynamic light scattering 

Dynamic light scattering (DLS) was applied to analyze the hydrodynamic radius (Rh) of 

NhGH11. Monochromatic light is exposed to the protein molecules in solution and the 

light is scattered in all directions. The positions of the scatter origins varied all the time 

because of the Brownian motion of particles and fluctuations of scattering intensities. 

These fluctuations provided information about the velocity of the particles and the 

diffusion coefficient. The hydrodynamic radius (RH) is derived according to the Stoke’s-

Einstein-equation
153

:  

RH =
𝑘𝑇

6𝜋𝜂𝐷
        (2.2) 

Where k is the Boltzmann’s constant [J/K], T is the temperature [K], η is the viscosity of 

the solution [Ns/m
2
] and D is the diffusion coefficient [m

2
/s]. 

DLS measurements were performed, applying the SpectroSize 300 (Xtal Concepts GmbH, 

Germany) using a 70 μL protein solution in a cuvette. Before measurements, protein 

samples were centrifuged at 12000 x g for at least 30 min.  

2.12 Circular dichroism (CD) spectroscopy 

CD spectra provide information about the secondary structure and folding states of 

proteins. The optical activities of proteins are different so circularly polarized light is 

absorbed differently depending on the composition. The α-helices and β-sheets showed 
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certain absorption minima and maxima at distinct wavelengths and hence the relative 

content of these secondary structure elements was estimated
154

.  

Circular dichroism (CD) spectroscopy was used to perform thermostability analysis by 

thermal denaturation of NhGH11 using a JASCO J-815 CD spectrometer (Jasco, UK). For 

CD investigations, a solution of NhGH11 was diluted to 0.12 mg/mL in 5 mM NaF 

solution. The spectra were recorded from 20-90 °C with an increment of 1 °C/min. The 

measurements were done in a quartz cuvette (1 mm path length) and the wavelengths 

applied were ranging from 190 up to 260 nm. The ellipticity was plotted against the 

wavelengths and temperatures, using the software J-815 Spectra manager (Jasco, UK). 

Ten CD spectra were recorded after 10 °C intervals. The corresponding buffer spectra 

were recorded for background subtraction. The identification of secondary structure 

elements was done following standard curves of reference proteins
155

. Ellipticity can be 

reported by using the equation given below:  

𝜃 =
180. 𝐼𝑛 10

4𝜋
 (𝐸𝑅 − 𝐸𝐿)        (2.3) 

Ellipticity is defined as the angle whose tangent is the ratio of the minor to the major axis 

of the ellipse. Change in ellipticity is ΔE = (ER - EL) while ER and EL are the absorbance 

of right and left-handed circular polarized light
156

. 

2.13 Crystallization  

Initial crystallization screening was performed by vapor diffusion-hanging drop using 

NhGH11 (10 mg/mL) and different concentrations of ammonium sulfate. Initial inter-

grown crystals with approx. dimensions between 50-100 μm were obtained at 20 °C after 

two days, by mixing equal volumes of precipitant solution (1 M ammonium sulfate, 

100 mM sodium citrate pH 5.5) and protein solution. To obtain uniform size crystals 

streak seeding technique was applied. 

Seed stock: To prepare seed stocks initial crystals obtained were selected from hanging 

drops and crushed under a stereomicroscope, using a crystal crusher tool (Hampton 

research). The reservoir solution (10 µL) was pipetted to the drop and the crystal crusher 

was washed in the drop. Remnants of seed stock were collected by washing the drop with 

reservoir solution (10 µL). Seed stock was transferred to the tube containing seed bead 

(Molecular Dimensions Ltd., USA), vortexed three times for 30 s with an interval of 30 s 

on ice and stored at -80 °C.  
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Streak seeding technique: hanging drop experiments were set up by mixing equal 

volumes of precipitant solution (1 M ammonium sulfate, 100 mM sodium citrate, pH 5.5) 

and 10 mg/mL of NhGH11. The seed stock was thawed on ice and streak seeding was 

applied with an artificial hair briefly dipped in the seed stock and the tip of the hair was 

moved in a straight line across the drop containing the protein and precipitant. Uniform-

sized crystals with dimensions between 100-150 µm were obtained after two days.  

2.13.1 Diffraction data collection  

Crystals obtained by streak seeding conditions were applied for diffraction data collection. 

Firstly, cryoprotectant solutions were tested applying a range of glycerol concentrations 

from 15-30%. Precipitant solution with 25% (v/v) glycerol was found suitable for data 

collection. Therefore, before the data collection, the crystal was treated with a 

cryoprotectant solution consisting of the reservoir solution supplemented with 25% 

glycerol. Afterwards, a crystal was mounted in a cryo nylon loop (Mounted CryoLoop, 

Hampton Research, US). The first dataset was collected using the in-house x-ray source 

mar345 fast image plate detector (MARRESEARCH, Germany). Few images were 

collected and indexed to determine the phi range for completeness. The parameters for 

data collection consisted of an oscillation range of 1° (180 images in total), exposure time 

of 60 s and 200 mm detector to crystal distance. A full dataset was collected to 2.00 Å 

resolution.  

The beamline P13 (EMBL, Hamburg) at PETRA III, DESY, was used to collect the high 

resolution data. A crystal was flash frozen in liquid nitrogen and measurements were 

conducted under cryogenic conditions at -173 °C using a liquid nitrogen stream after 

applying cryoprotectant solution. The data collection strategy included a detector to crystal 

distance of 138.67 mm, an exposure time of 0.0377440 s/frame, a wavelength of 0.97 Å 

and an oscillation range of 0.1°. In total 1800 images were collected and a complete 

dataset was collected to atomic resolution (1.00 Å). The dataset was processed applying 

the XDS package
157

. The phase problem was solved by applying molecular replacement 

using the homologous structure of F. oxysporum (PDB code: 5JRM), having 82% 

sequence homology to NhGH11. 

 

 

https://www.rcsb.org/search?q=rcsb_entity_source_organism.ncbi_scientific_name:Fusarium%20oxysporum


2. Experimental part 

41 

2.13.2 Tape-drive experiments  

Preparation of microcrystals: crystals obtained by the vapor diffusion-hanging drop 

method with precipitant containing 1 M ammonium sulfate, 100 mM sodium citrate pH 

5.5, was selected to prepare a seed stock (seed stock preparation is described in section 

2.13). Protein solution 15 mg/mL, precipitant solution and seed stock were mixed with 

ratio 1:1:0.5. The mixture was vortexed for 30 s applying ten minutes intervals. After 

30 min the microcrystals were centrifuged at 200 rpm and the supernatant was replaced 

with a precipitant solution. Applying the same protocol, microcrystals were obtained under 

two precipitant conditions.  

Precipitant 1: 1M (NH4)2SO4, 100 mM sodium citrate pH 5.5. 

Precipitant 2: 200 mM (NH4)2SO4, 100 mM sodium citrate pH 5.5 and 20% PEG 6000. 

Microcrystals obtained under both precipitant conditions were tested for diffraction data 

collection.  

Experimental setup: The tape-drive experiments were set up as described before
120

. The 

experiments were performed at beamline P11, PETRA III DESY, by Dominik Oberthür 

and his team. A brief description of the experimental setup includes, a rotating beam 

chopper was placed in the path of the X-ray beam to generate repeated pulses of 4.73 ms 

duration and 25 Hz rate. A Pilatus 6M detector was applied to collect each single 

diffraction pattern. A fused silica capillary with internal two openings for crystal 

suspension and substrate solution was used to deposit a thin stream of crystals on a 

polyimide tape. The tape speed was set to 1 mm/s allowing a 70-80% hit rate during the 

experiments. Data collection was done using mixing times of 1, 2, 3, 4, 5 and 7 s, applying 

microcrystals and a substrate (70 mM xylopentose prepared in precipitant solution) 

suspension with a mixing ratio of 1:1. The collected data were indexed and integrated by 

Dominik Oberthür using the program CrystFEL version 0.6.1. The integrated reflection 

file with mtz format was further applied for refinement by applying the program PHENIX 

1.8.4_1496. 

2.13.3 Soaking experiments 

The crystals obtained from two precipitant conditions mentioned in table 2.8 were 

separately soaked with substrates: xylobiose (X2), xylotriose (X3) and inhibitors: 

cinnamic acid, coumaric acid, ferulic acid and caffeic acid. The summary of soaking 

experiments is shown in Fig. 2.3, and table 2.8. Crystals from two precipitant conditions 
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were used for soaking; precipitant 1: 1M (NH4)2SO4, 100 mM sodium citrate pH 5.5 and 

precipitant 2: 200 mM (NH4)2SO4, 100 mM sodium citrate pH 5.5, 20% PEG 6000. 

Soaking of crystals in substrates: stock solutions (150 mM) of substrates were prepared 

in precipitant 1 and 2 separately, but the low molecular weight PEG 400 was used instead 

of PEG 6000 for precipitant 2 to reduce the viscosity of solutions.  

Three types of crystals were used for soaking of crystals in substrates: 

Crystals of type 1: NhGH11 crystals grown in precipitant condition 1. 

Crystals of type 2: NhGH11 crystals grown in precipitant condition 2. 

Crystals of type 3: NhGH11 active site mutant crystals grown in precipitant condition 1. 

NhGH11 active site mutant crystals grown in precipitant condition 1 were used for 

soaking with substrates, however, NhGH11 active site mutant crystals could not grow in 

precipitant condition 2. Crystallization, data collection, and structure of NhGH11 active 

site mutant structure are shown in the supplementary information, S. 4.4 and table 4.1 

respectively.  

All three types of crystals were transferred to new drops, each containing the substrate and 

the cryoprotectant (25% glycerol) prepared separately for each precipitant (Fig. 2.3, 

Method 1). Soaking was performed in a gradient of substrate concentration starting from 

10 mM to 75 mM, all soaked crystals were used for data collection. In table 2.6 the highest 

soaking concentration is mentioned along with the soaking time. Crystals were flash-

frozen in liquid nitrogen after soaking for 30s, 40s, 50s, 60s, 2 min, 3 min, 4 min and 

5 min.  

Soaking of crystals in Inhibitors: stock solutions (100 mM) of inhibitors were prepared 

in 50% (v/v) methanol and preheated sodium acetate buffer, pH 6.0. Further dilutions were 

done in the precipitant 1 and 2. Two types of crystals used for soaking substrates: 

Crystals of type 1: NhGH11 crystals grown in precipitant 1 

Crystals of type 2: NhGH11 crystals grown in precipitant 2 

Crystals were transferred to new drops, each containing one inhibitor. Drops were closed 

for overnight soaking (Fig. 2.3, method 2). Cryoprotectant was prepared in the same 

precipitant condition 1 or 2 containing 25% glycerol. The concentrations of inhibitors 

applied for soaking experiments were also applied in cryoprotectant solutions that were 

applied before flash freezing in liquid nitrogen.  
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Fig. 2.3 Schematic diagram of soaking. Method 1: soaking of NhGH11 crystals with substrates. Method 2: 

soaking of NhGH11 crystals with inhibitors. 

Table 2.8 Summary of soaking experiments 

Crystals used for soaking Soaking 

Time 

Substrates/ Inhibitor Concen-

tration 

Crystals of type 1 and 3 30 s 

40 s 

60 s 

2 min 

3 min 

4 min 

5 min 

150 mM stock solution of 

X3 dissolved in 1M 

(NH4)2SO4, 100 mM 

sodium citrate pH 5.5 

75 mM 

Crystals of type 2 30 s 

40 s 

60 s 

2 min 

3 min 

4 min 

5 min  

150 mM stock solution of 

X3 dissolved in PEG 400 

(20%), 

100 mM sodium citrate pH 

5.5 

75 mM 

Crystals of type 1 and 3 30 s 

40 s 

60 s 

2 min 

3 min 

4 min 

5 min 

150 mM stock solution of 

X2 dissolved in 1M 

(NH4)2SO4, 100 mM 

sodium citrate pH 5.5 

75 mM 
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Crystals of type 2 30 s 

40 s 

60 s 

2 min 

3 min 

4 min 

5 min 

150 mM stock solution of 

X2 dissolved in PEG 400 

(20%), 

100 mM sodium citrate pH 

5.5 

75 mM 

Crystals of type 1 and 2 Overnight Coumaric acid 2 mM 

Ferulic acid 2 mM 

Cinnamic acid 2 mM 

Caffeic acid 2 mM 

Crystals of type 1 and 2 Overnight Coumaric acid 4 mM 

Ferulic acid 4 mM 

Cinnamic acid 4 mM 

Caffeic acid 4 mM 

Crystals of type 1 and 2 Overnight 

 

 

Coumaric acid 7 mM 

Ferulic acid 7 mM 

Cinnamic acid 7 mM 

Caffeic acid 7 mM 

2.14 Molecular docking  

Superimposition of NhGH11 with homologous structure was done using the PDB model 

4HK8 xylanase to predict the active site residues. The Flexidock program from the 

Sybyl-X program package (Tripos, USA) was used to dock xylohexose to the predicted 

active site of NhGH11. For the preparation of docking files, the refined model of NhGH11 

was used, while the ligand complex coordinate file was prepared using the PDB model 

4HK8. Hydrogen atoms were added to the ligand and charges were calculated both for the 

protein and the ligand. The ligand was properly positioned to the active site cavity of 

NhGH11. The free energy of docked model was minimized by the software. The active 

site of the docked complex was compared with the xylohexose bound PDB model 4HK8. 

2.15 Biochemical characterization 

Buffers and substrate solutions used in biochemical assays are summarized in table 2.9. 

2.15.1 Effect of temperature and pH on enzyme activity 

For optimum temperature: the reaction mixtures (NhGH11+substrate) were incubated at 
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different temperatures (30-80 °C) in 50 mM sodium citrate buffer at pH 5.5.  

For optimum pH: the reaction mixtures (NhGH11+substrate) were incubated with a range 

of 100 mM MacIlvain buffers (pH 2-12).  

For temperature-dependent stability: NhGH11 was incubated in 50 mM sodium citrate pH 

6.0 at temperatures 40 °C, 45 °C and 50 °C for 8 hours. The samples were collected after 

each hour for activity assay. 

Biochemical reactions for optimum temperature, optimum pH and temperature-dependent 

stability were completed by following the procedure given below: 

DNS assay: Ten microliters of purified NhGH11 (0.16 mg/mL) was incubated with 40 μL 

of xylan beechwood (1%) and 50 μL of the buffer, for 15 min at the specified reaction 

temperature. The DNS solution 100 μL was mixed and the reaction mixture was boiled at 

90 °C for 10 min and then cooled on ice. The absorbance of each sample was measured at 

540 nm
158

.  

The standard xylose curve was prepared using the gradient of xylose sugar following the 

DNS assay. All reactions mentioned below were performed utilizing sodium citrate buffer 

pH 6.0 and reaction temperature 45 °C.  

2.15.2 Effect of metal ions and chemical reagents 

Stock solutions of 100 mM concentration of the salts (NaCl, KCl, CoCl2, CaCl2, MgCl2, 

ZnSO4, MnCl2, FeSO4 and CuCl2) were prepared and further diluted with 50 mM sodium 

acetate buffer pH 6.0 to obtain 10 mM final concentrations. Stock solutions of chemical 

reagents (tween-80, triton-100, β-mercaptoethanol, EDTA, SDS) were prepared to a final 

concentration of 2% (w/v) except for sodium azide which was 0.2%. NhGH11 was 

incubated with salts and chemical reagents and the reactions were completed by following 

the procedure of DNS assay
158

 described in section 2.15.1. The residual activity was 

calculated and data were represented as the mean of triplicates with the standard deviation. 

2.15.3 Substrate kinetics  

The catalytic activity of NhGH11 was tested towards xylan beechwood (Sigma, USA), 

xylan polysaccharide from Palmaria palmata (Elicityl, France), wheat arabinoxylan 

(Megazyme, Australia), azo-xyloglucan from tamarind (Megazyme, Australia) and 

mannan polysaccharide (Sigma, USA). The hydrolysis reactions with the fixed enzyme 

concentration (0.16 mg/mL) and substrates range from 0.05 up to 8.0 mg/mL, the reactions 
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were completed by following the procedure of DNS assay
158

 described in section 2.15.1. 

The Michaelis Menten constant (Km) and maximum velocity were calculated by using the 

software Origin Pro 2018, USA.  

2.15.4 Identification of products 

MALDI-TOF-MS was used to measure the molecular masses of fragmented ions 

originating from the hydrolysis of xylopentose (X5). NhGH11 was incubated with X5 at 

optimum temperature and pH conditions previously determined for NhGH11, however in 

a low ionic strength sodium citrate buffer (5 mM). After enzymatic hydrolysis, the 

solution was centrifuged at 16000 ⨯ g for 30 min to remove any precipitated material. 

MALDI-TOF-MS measurements were performed using an Ultrafle Xtreme mass 

spectrometer (Bruker Daltonik, Bremen, Germany) equipped with a 2 kHz smart beam-II 

Laser and by using Dihydroxyacetophenone matrix. Data were automatically acquired 

using Flex control 3.0 and Maldi Biotyper Automation Control 2.0. Software (Bruker 

Daltonics GmbH, Bremen, Germany). The method of identification included the m/z from 

100 to 800 Da. For each spectrum maximum of 100 peaks were considered and compared 

with the expected molecular weights of xylooligosaccharide with sodium ions.  

2.16 Inhibition assays 

2.16.1 Residual activity 

Stock solutions (100 mM) of inhibitors: cinnamic acid, coumaric acid, ferulic acid and 

caffeic acid were prepared in 50% (v/v) methanol and preheated sodium acetate buffer, 

pH 6.0. Further dilutions to final concentrations (300 μM to 4.5 mM) were also done in the 

same buffer. NhGH11 was incubated with inhibitors and the reactions were completed by 

following the procedure of DNS assay
158

 described in section 2.15.1. A control test was 

performed in the absence of inhibitors. The residual activity was calculated and data were 

represented as the mean of triplicates with the standard deviation.  
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Table 2.9 Buffers and substrate solutions for biochemical assays 

Buffers/solutions Composition Concentration 

Sodium citrate buffer Na3C6H5O7 · 2H2O, pH 6.0 50 mM 

Sodium acetate buffer C2H3NaO2, pH 6.0  

MacIlvain Buffers Na2HPO4. 2 H2O and C6H8O7, pH 2-12 100 mM 

Xylose C5H10O5 10 mM 

DNS reagent 1% (w/v) DNS, 0.2% (v/v) phenol, 1% 

(w/v) NaOH, 0.002% glucose and 

0.05% (w/v) Na2SO3 

1% 

Xylan beechwood β-1,4 linked xylan with 8.7% of 4-O-

methyl glucuronic acid and 5.7% other 

sugars, Sigma, USA 

1% 

Xylan polysaccharide (β-1,3- and β-1,4-linked D-xylose 

polymer, Elicityl, France 

1% 

Wheat arabinoxylan β-1,4-linked xylan with overall 36% of 

arabinose, 51% xylose, 6.5% glucose 

and 4.4% of mannose sugars, 

Megazyme, Australia 

1% 

Azo-xyloglucan β-1,4 linked glucose with branches of 

galactose, xylose, arabinose and other 

sugars, Megazyme, Australia 

1% 

Mannan 

polysaccharide 

β-1,4-linked mannose with 2% 

galactose and other sugars, Sigma, USA 

1% 

Xylopentose β-1,4-linked 5 xylose sugar subunits 3 mg/mL 

Coumaric acid C9H8O3 in 50% methanol 100 mM 

Caffeic acid C9H8O4 in 50% methanol 100 mM 

Cinnamic acid C9H8O2 in 50% methanol 100 mM 

Ferulic acid C10H10O4 in 50% methanol 100 mM 
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2.16.2 Thermofluor assays 

Phenolic compounds 50 mM stock solutions were prepared in 50% methanol, further 

dilutions to concentrations (150 μM to 1.20 mM) were done with 10 mM preheated 

sodium acetate buffer pH of 6.0. NhGH11 (0.16 mg/mL) was incubated with final 

concentrations of inhibitors in a 96 well PCR plate. A freshly prepared stock solution 

(62x) of an SYPRO Orange fluorescent dye was added to each well having a final volume 

of 21 μL. For negative control, the dye was mixed with the buffer containing inhibitors. 

The PCR plate was sealed with optical clear stick tape (Sigma Aldrich, Steinheim, 

Germany), the plate was centrifuged (4°C, 30 s, 2500 x g) and analyzed on a real-time 

PCR machine using a temperature gradient of 1 °C/min from 20 to 95 °C. The melting 

curves obtained from each well were analyzed by applying the software Graph prism 

5.00.288, (California, USA). The temperature was plotted against the fluorescence to 

obtain a sigmoidal curve. Fluorescence was calculated by using the equation given 

below
159

: 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚  

1 + 𝑒
(𝑇𝑚− 

𝑥
𝑠𝑙𝑜𝑝

)
          (2.4) 

Y: fluorescence emission (in arbitrary units), X: temperature in °C, Bottom: baseline of 

fluorescence at low temperatures (in arbitrary units), Top: maximal fluorescence, Slope: 

steepness of the curve, Tm: melting temperature of NhGH11 with phenolic inhibitors 

in °C. 

2.16.3 Tryptophan fluorescence spectrophotometry 

Phenolic compounds 50 mM stock solutions were prepared in 50% methanol, further 

dilutions to concentrations (0.3 to 1000 μM) were done with 10 mM preheated sodium 

acetate buffer pH 6.0. Control measurements were performed for NhGH11 (0.16 mg/mL) 

without the addition of phenolic compounds in the same standard conditions.  

Sodium acetate buffer 10 mM, pH 6.0 was used as a reference for control measurements. 

The total volume of 150 μL of protein and inhibitor mixture was prepared in a 96 well 

plate. The excitation was done at 280 nm and the emission spectra were measured between 

310 to 420 nm. Blank solutions were prepared in the buffer containing the phenolic 

compound. All measurements were performed in triplicates. The software Graph prism 

5.00.288, (California, USA) was applied to analyze non-linear regression one-sided ligand 

binding equation
160

 given below:  
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𝑌 =
𝐵𝑚𝑎𝑥 × 𝑋

𝐾𝑑 + 𝑋
             (2.5) 

Y: relative fluorescence plotted on the axis, X: ligand concentration plotted on the axis, 

Bmax: the maximum achievable value of Y extrapolated to very high concentrations of X, 

Kd: dissociation constant 
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3. Results and discussion 

3.1 Surface entropy reduction prediction (SERp) 

The amino acid sequence of Nectria haematococca xylanase from glycosyl hydrolase 

family 11 (NhGH11) was analyzed by the SERp server. The conformational entropy was 

computed using default parameters of SERp server to predict the surface exposed high 

entropy residues present in the secondary structure of NhGH11. The predicted surface 

exposed high entropy residues were divided into three clusters (cluster 1: K4, cluster 2: 

K107, K108, and cluster 3: K168) as shown in Fig. 3.1. These high entropy surface 

exposed lysines of NhGH11 were subsequently mutated to alanine residues to support 

crystallization experiments.  

 

Fig. 3.1 Summary of high entropy scores by SERp server: red peaks correspond to surface entropy 

(arbitrary units), blue peaks indicate residues predicted to be in loops. Below the peaks, the high entropy 

residues not recommended for mutations are shown in pink while the proposed mutations (K4, K107, K108, 

and K168) are highlighted in green, all mutable residues are shown in red, and low entropy target residues 

are shown in yellow. Also, the predicted secondary structure elements are shown at the bottom in blue color.  

In nature, proteins have evolved with a surface-entropy shield created by high entropy 

residues to hinder the phenomena of crystal formation inside the cells. Therefore, the high 

entropy residues on the surface of proteins also hinder the in vitro crystallization process 

due to the high entropy barrier
161,162

. Consequently, the SERp server was developed to 

provide a higher propensity of crystal formation via mutation of high entropy residues i.e., 

surface exposed lysines, glutamates and glutamines
163

. Predictions of SERp server 

enhanced the crystallization of several proteins by overcoming the high entropy barrier 

that needs to reach the labile zone of the phase diagram. Approximately, 40 mutants were 

tested for mutation of high entropy residues and alanine residues showed particularly the 

best replacement with the lowest entropy values
164,165

.  
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3.2 Protein expression and purification 

The recombinant protein expression of NhGH11 was optimized by using the E. coli strain 

BL21 (DE3) and autoinduction medium. Maltose binding protein (MBP) was used as an 

affinity tag for purification that improved the soluble protein fraction and the native 

folding of NhGH11. The tobacco etch virus (TEV) protease cleavage site was introduced 

between the MBP tag and NhGH11 as shown in Fig. 3.2. The affinity-purified NhGH11 

was incubated with 1 mg of TEV protease/10 mg of fusion protein at 8 ºC overnight. The 

TEV protease acted on a specific recognition sequence (ENLWFQG) and successfully 

cleaved the MBP tag from NhGH11. Afterwards, the TEV protease was removed from the 

MPB+NhGH11 mixture by Ni-NTA affinity resin and further purification of NhGH11 was 

done by size exclusion chromatography. 

 

Fig. 3.2 Cleavage of MBP-NhGH11 with TEV protease. The TEV protease was expressed and purified 

with His-tag and was further used to hydrolyze the bond between Q|G at TEV cleavage site. Therefore, the 

MBP tag is separated from NhGH11. Source: https://www.protean.bio, with modifications.  

Size-exclusion chromatogram, SDS gel and dynamic light scattering (DLS) results are 

shown in Fig. 3.3. The highly pure protein sample was monodispersed with radius 

RH = 2.3±0.03 nm, which corresponds to approx. 22 kDa molecular weight, observed by 

DLS. The highly pure and monodispersed protein sample was further used for 

crystallization experiments. The above mentioned approach was adapted for NhGH11 to 
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overcome the expression and solubility problems observed for glycosyl hydrolases from 

family GH10 and AA9, briefly described by the flow sheet diagram in the supplementary 

information, S. 4.1.  

 

Fig. 3.3 Purification and physical characterization of NhGH11. (A) Size-exclusion chromatogram 

indicating peaks, P1: MBP-NhGH11, P2: MBP after cleavage, P3: NhGH11 pure after size exclusion 

chromatography. (B) SDS PAGE indicating lane 1: molecular marker, lane 2: MBP-NhGH11, approx. 

60kDa, lane 3: MBP after cleavage, approx. 40 kDa, lane 4: NhGH11 after cleavage from MBP, approx. 

22kDa. (C) Dynamic Light Scattering (DLS) of NhGH11 (10 mg/ml), showing a monodisperse protein 

solution, radius RH = 2.3±0.03 nm, which corresponds to approx. 22 kDa molecular weight.  
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3.3 Crystallization experiments 

Crystallization conditions of NhGH11 were successfully optimized by applying the vapor 

diffusion hanging drop method. Equal volumes of NhGH11 (10 mg/mL) and precipitant 

solution (1 M ammonium sulfate, 100 mM sodium citrate, pH 5.5) were mixed. The streak 

seeding technique was applied to introduce micro seeds into a hanging drop. Uniform-

sized crystals were obtained with approx. length of 100 µm as shown in Fig. 3.4 A and a 

phase diagram of crystallization for the vapor diffusion method is shown in Fig. 3.4 B.  

 

Fig. 3.4 Crystallization of NhGH11. (A) Crystals of NhGH11 were obtained by applying the vapor 

diffusion hanging drop (B) Phase diagram of crystallization by vapor diffusion. Nuclei formation starts in a 

labile zone while crystal growth takes place in the metastable zone
166

. 

The diffusion of water from the crystallization batch increases the protein and precipitate 

concentration in the drop and as soon as the labile zone is reached, the energy barrier for 

crystal formation can be overcome to form microscopic protein clusters called nuclei. At 

this stage, the protein concentration subsequently decreased that creates the metastable 

zone and crystals start growing
166,167

. However, microseeding protocols are being used to 

accelerate the crystallization process and improve the crystal quality. Using micro seeding, 

the energy barrier for crystal formation has no longer to be overcome and the drop reaches 

the metastable zone of the phase diagram, in which larger and better quality crystals can 

grow
168

. 
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3.3.1 Data collection at Synchrotron  

High-resolution diffraction data (1.0 Å resolution) was collected at EMBL beamline P13 

PETRA III, DESY (Hamburg, Germany). Data collection and refinement statistics are 

shown in table 3.1. The NhGH11 crystal belongs to the monoclinic space group C2 with 

unit cell dimensions of a = 79.45 Å, b = 38.50 Å, c = 53.59 Å and α = γ = 90.00°, β = 

91.43°. Matthews coefficient of NhGH11 crystal was calculated to be 1.9 Å
3
/Da that 

corresponds to 37% solvent contents with one NhGH11 molecule in the asymmetric unit. 

Table 3.1 Data-collection and refinement statistics 

Data collection  

X-ray source P13 beamline PETRA III, DESY 

Detector Pilatus 

Space group  C 2 (No. 5) 

Cell dimensions  

a, b, c (Å) 79.45, 38.50, 53.59 

α, β, γ (º)  90.00, 91.43, 90.00 

Wavelength (Å) 0.97 

Resolution range (Å) 34.6 -1.0 (1.03-1.0) 

Total number of reflections 258391 (33253) 

Redundancy 3.1 (2.6) 

Wilson B-factor (Å
2
) 6.5 

Rmeas 0.053 (0.49) 

Rmerge 0.045 (0.47) 

CC1/2 0.999 (0.857) 

I/σI 15.57 (2.33) 

Completeness (%) 93.12 (78.74) 

Refinement   

Reflections used 82543 (6956) 

Reflection used for R
free

 1970 (174) 

R
work

 0.14 (0.24) 

R
free

 0.15 (0.25) 

No. atoms 1863 

Protein 1580 

Water 278 

Average B-factor (Å
2
) 10.78 

For macromolecule 8.66 

For water 22.61 

R.m.s deviations   

Bond lengths (Å) 0.008 

Bond angles (º) 1.37 
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Ramachandran   

Favored (%) 97.85 

Allowed (%) 2.15 

Outliers (%) 0.00 

PDB code 6Y0H 

*Data in highest resolution shells are shown in parenthesis. 

3.3.2 Refinement of single crystal data 

The high-resolution structure of NhGH11 was refined by applying the program PHENIX 

1.8.4_1496. Initially, default parameters were used for 20 cycles of refinement. Correct 

amino acids were introduced according to electron density. Further, refinement with 

isotopic B-values was performed for the full data set and Rwork/Rfree converged to 

0.17/0.18. During the following model building in total 262 solvent water molecules were 

introduced with occupancies > 90%. The model building was done by applying the 

program COOT
169

.  

Electron density was not observed for the N- terminal residues 1 to 4, indicating that these 

residues were disordered. The high-resolution cutoff of the highest resolution shell (1.03-

1.00Å) was determined following the criteria I/σI ≈ 2.3 and CC1/2 > 30%. All atoms except 

hydrogens were refined anisotropically. Further, 14 additional cycles of anisotropic 

refinement were performed using all data and including the hydrogen atoms.  

The refinement statistics including the reliability factor (R-factor) improved from 

Rwork/Rfree = 0.17/0.18 to 0.14/0.15 and 102 additional solvent molecules and alternate 

conformation of 24 residues were introduced. All solvent molecules were introduced with 

appropriate occupancies and hydrogen bond distances.  

Refinement of the NhGH11 structure at atomic resolution allowed the interpretation of 

static disorders, solvent structure, modeling of atomistic anisotropic vibrations and 

hydrogen atoms. The average B-factors for all atoms are shown in Fig. 3.5 A. Residues 

with high B-factors were found on the surface of the NhGH11 structure. The thermal 

parameters are shown by the ellipsoid view of NhGH11 which indicates that the N- 

terminus region has a relatively large ellipsoid size as shown in Fig. 3.5 B. These thermal 

parameters indicate the vibration of atoms in the crystal structure and commonly called 

atomic displacement parameters (ADPs) or anisotropic temperature factor for high 

resolution structure. The size of ellipsoids indicates the magnitudes and directions of 

thermal vibrations of side chains in the atomic resolution structures
170

.  
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High-resolution structures can elaborate structural distortions, especially observed in the 

bending of aromatic side chains for lysozyme structure measured at 0.65 Å resolution
171

. 

However, distorted planarity was also observed for several side chains e.g. twisted 

guanidinium group or double conformations
172

. Comparison of high-resolution 

crystallographic structures of available similar proteins revealed that such features 

observed to be conserved within families of proteins, suggesting that these features cannot 

merely artifacts but true properties of high-resolution crystallographic structures. For 

example, Laulumaa & Kursula compared less than 1.0 Å resolution structures for PDB 

entries 1ZUU (0.97 Å), 1TG0 (0.97 Å), 4HVW (0.98 Å), 2G6F (0.92 Å), and 2O9S 

(0.83 Å) and observed that outlier in aromatic planarity was conserved in all structures, 

especially close to the binding site and the clearest bending was observed for tyrosine and 

phenylalanine residues. A crystal structure of myelin protein at sub-atomic resolution was 

also observed with similar geometrical outliers. The details of unconventional 

conformations at high resolution were found beyond the standard structure validation 

algorithms and can provide novel insights into the protein function
173

. 

 

Fig. 3.5 Average B-factors and thermal ellipsoids. (A) Graph indicating peaks for average B-factors for all 

atoms. (B) The anisotropic thermal ellipsoids representation of NhGH11 in rainbow colors. 

The average deviations of chemical bonds and angles between the main chain and side 

chain atoms were determined for the high-resolution structure of NhGH11. Most of the 

bond distances and angle restraints were relaxed during refinement cycles. Due to the 

advantage of high resolution, the deviations from ideal geometries including cis peptide 

bonds between N56/P57 and N85/P86 were manually inspected.  
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Some alternative conformations showed deviations from ideal geometries as shown in Fig. 

3.6. These conformations were fitted well in the electron density of high-resolution data. 

Similar unconventional conformations were observed in the atomic resolution (0.72Å) 

structure of human myelin protein PDB code: 6S2M. 

 The quality of the NhGH11 structure was analyzed after anisotropic refinement by 

applying the program PDB REDO
174

 and the PDB validation server (https://validate-rcsb-

1.wwpdb.org/). During refinement, the average errors for chemical bonds and angles were 

monitored and the structure was deposited in the protein data bank (www.rcsb.org) with 

PDB code 6Y0H. 

 

Fig. 3.6 Unconventional conformations. (A) Cis peptide bond between N56/P57. (B) Cis peptide bond 

between N85/P86. The 2Fo-Fc electron density map is shown at the 1.0 σ level. (C, D) Bond length restrains 

shown in terms of deviation from ideal values. The bond length between N85/P86 and N72/G73 deviates by 

6.0 σ and 4.4 σ from ideal values. For the quantification of dihedral angle restraints, the bending angle 

distortion is calculated as the deviation from the expected planarity angle 180º. (E, F) Bond angle restraints 

due to double chain conformations. (G, H, I) The deviation from dihedral angles between P71/N72, 

A78/V79 and S116/V117 are shown in terms of deviation from ideal geometry. Dihedral angle restraints are 

calculated as distortion differences from expected planarity (180º).  
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3.3.3 Crystallographic structure of NhGH11  

The crystallographic structure of NhGH11 was solved at high resolution (1.0 Å) which 

allowed to explore the relationship of this new xylanase with biochemical analysis. 

NhGH11 provides the first structure of xylanase from N. haematococca. The three-

dimensional structure of NhGH11 contains the typical β-jelly roll fold of the GH11 family 

and consists of 193 amino acids. The structure contains two β-sheets with 14 β-strands 

(Fig. 3.7 A and B). Sheet ‘A’ consists of five strands and forms a convex-shaped outer 

layer of β-jelly roll structure; while the inner layer is formed by sheet ‘B’ which is 

concave-shaped and contains nine strands. All β-strands are arranged in an antiparallel 

manner except β8 and β11 that are parallel to each other. The structure contains one α-

helix that is typically found in all GH11 xylanases. Ten amino acid residues are forming a 

α-helix, which is located between strands β12 and β13. Another 310-helix is present 

between strands β2 and β3. The three-dimensional structure resembles the right hand with 

the fingers representing two antiparallel β-sheets and a thumb loop located between 

strands β10 and β11. Approximately, 62% of the total residues are involved in the 

formation of secondary structure elements. The inner antiparallel sheet is highly twisted to 

create a well-structured cylindrical cavity where xylan substrates can bind.  

The overall structure of NhGH11 presented the characteristics of the family 11 xylanases 

that allow a detailed comparison with PDB (https://www.rcsb.org/) structures of the GH11 

family. NhGH11 contains β1 strand that is absent in many PDB structures like the 

xylanases from A. kawachii (PDB code: 1BK1), A. niger (PDB code: 1UKR), B. circulans 

(PDB code: 1XNB), B. subtilis (PDB code: 1AXK) H. jecorina (PDB code: 1XYN) and S. 

acidophilum (PDB code: 3M4F). Furthermore, the xylanases from N. patriciarum (PDB 

code: 2C1F) and D. thermophilum (PDB code: 1F5J) have an additional 310-helix between 

β-strands 5 and 6. It is reported that the 310-helix stabilized the C-terminus of xylanase of 

D. thermophilum 
175

 via additional hydrogen bonds. Whereas, the 310-helix in the NhGH11 

structure is located between β-strands 2 and 3 where it cannot provide similar interactions 

with the C-terminus.   

The unique, but flexible positions of disulfide bonds were also found in the GH11 

xylanases, for example, the xylanases from A. kawachii (PDB code: 1BK1), A. niger (PDB 

code: 1UKR) and P. funiculosum (PDB code: 1UKR) have disulfide bonds between β10 

and the cord region while the xylanases from P. varioti (PDB code: 1PVX) and 

T. lanuginosus (PDB code: 1YNA) have disulfide bonds between β9 and an α-helix.  
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While the sequence of NhGH11 does not contain cysteine residues and disulfide bonds are 

also absent.  

 

Fig. 3.7 Overall structure of NhGH11. (A) Cartoon plot of NhGH11 with active site residues, shown in 

sticks. A zoom of the active site region is shown (right) with catalytic residues surrounded by solvent 

molecules in the active site cavity. (B) Sequence and secondary structure with 14 strands (purple), helices 

(pink) and other motifs (in red β‐hairpins, A and B sheets). Catalytic residues are indicated by black circles. 

The figure was prepared by applying the PDBsum server (http://www.ebi.ac.uk/pdbsum).  
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3.3.4 Surface exposed aromatic amino acids 

The surface of NhGH11 was observed to be rich in aromatic amino acids. The surface 

exposed aromatic amino acids i.e., Y15, Y16, Y17, W21, W54, Y64, Y68, F158 and 

W161 can play an important role in the substrate selectivity of NhGH11. To understand 

the role of these aromatic amino acids, the three-dimensional structure of NhGH11 was 

compared with B. subtilis xylanase (PDB code: 1BCX). NhGH11 showed 55% sequence 

similarity to 1BCX with a root mean square deviation (RMSD) of 0.85 Å for the Cα 

atoms. The surface of 1BCX displayed aromatic amino acids i.e., F48, Y94, Y113 and 

W185, which were not spatially conserved with NhGH11 residues (Fig. 3.8). The role of 

surface exposed residues of 1BCX in substrate selectivity has been studied, and it has been 

reported that the mutations of F48, Y94, Y113 and W185 decreased the substrate 

selectivity and the most drastic effect was observed for W185
176

. The comparison of both 

structures showed that the site-directed mutagenesis of surface exposed residues in 

combination with activity assays can provide a complete understanding of surface exposed 

residues and their functional role in substrate selectivity. 

Fig. 3.8 Surface exposed aromatic amino acids of NhGH11. Superimposition of NhGH11 and 1BCX 

along with the presentation of aromatic amino acids on the surface. The aromatic residues are shown in red 

color (1BCX) and gray color (NhGH11). Residue numbers show the positions of residues in the respective 

sequence.  
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3.3.5 Catalytic cavity of NhGH11 

The substrate-binding cavity of NhGH11 contains catalytic residues E89 and E180 that are 

located with a side chain distance of ~ 10.5 Å. The cavity is ~ 11 Å deep, ~ 4.5 Å wide 

and ~ 26 Å long. The active site residues are surrounded by several aromatic amino acids 

i.e. W21, Y76, Y80, Y91, Y174 and Y182 (Fig. 3.9). The overall structure of NhGH11 

and active site are homologous to the xylanase from T. reesei (PDB code: 4HK8) with an 

RMSD value of 0.51 Å for Cα atoms. The roles of NhGH11 active site residues were 

proposed after superimposing the structure on 4HK8 that is complexed with xylohexose. 

NhGH11 can process a similar substrate and the comparative analysis confirmed that the 

extended active site cleft of NhGH11 can also accommodate a linear xylan backbone of 

six xylose sugars. 

 

Fig. 3.9 Active site cleft of NhGH11. Cartoon representation with electron density for residues lining the 

active site cleft and forming hydrogen bonds with solvent molecules. Catalytic residues are indicated with 

black arrows. 

Inside the active site of NhGH11, the carboxyl group of E89 (OE1) forms a hydrogen 

bond to nitrogen (NE2) of Q139, hydrogen (HG3) of F137 and a water molecule (W49), 

while the second oxygen of the carboxyl group (OE2) is forming hydrogen to Y80 (Fig 

3.10 A). The second catalytic residue, E180 is forming hydrogen bonds with two water 

molecules via oxygen atoms OE1 and OE2 of the carboxyl group. E180 is strongly bent 
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towards the main chain because the oxygen atom OE1 was forming a hydrogen bond with 

the main chain nitrogen of S75. The details of hydrogen bonding and alternative 

conformations of amino acid side chains are visible in the high-resolution structure of 

NhGH11. The positions of hydrogen atoms provided information about the complex 

hydrogen bond network in the active site. Several very clear positions of hydrogen atoms 

can be observed in high resolution structure, two of them are indicated by black arrows in 

Fig. 3.10 A. Also, the solvent molecules with alternative conformations are indicated in 

Fig. 3.10 B. 

 

Fig. 3.10 Insights into hydrogen bonding in the active site cleft. (A) Catalytic residues E89 and E180 are 

shown with vicinal residues. Hydrogen atoms are visible for Y76 and Y91, indicated with arrows. (B) 

Solvent structure with alternative conformations, “a” conformations of W65, W133 and W111 with 

corresponding refined occupancies of 57%, 66% and 55% while “b” conformations showed 43%, 34% and 

45% occupancies respectively. 2Fo-Fc electron density maps are shown at 1.0 σ level. All hydrogen bonds 

have distances of ~3.0 Å. 
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3.3.6 Analysis of clefts and binding sites for sugars 

Analysis of surface clefts was carried out by the PDBsum server. The results showed that 

NhGH11 has some potential binding clefts on the surface (Fig. 3.11). The role of these 

surface binding clefts is not fully understood but xylanase from P. simplicissimum (PDB 

code: 1B3V) provided evidence of xylose binding on the surface. Several other enzymes 

involved in carbohydrate metabolism have sugar binding clefts
177

.  

 

Fig. 3.11 Representation of binding clefts on the surface of NhGH11. Potential binding clefts are shown 

with solid surfaces. Different colors are highlighting the volume of clefts and the largest cleft regions are 

shown in red color. The clefts of NhGH11 were analyzed by the PDBsum server
178

.  

Bioinformatic analysis of substrate binding sites of NhGH11: COACH server 

(https://zhanglab.ccmb.med.umich.edu/COACH/) was applied for prediction of ligand 

binding sites that provided the complementary binding site by using comparative 

methods
179

. These predictions provide the combined results from protein interaction 

servers named COFACTOR, FINDSITE and ConCavity to generate final ligand binding 

site predictions as shown in table 3.2. 

Table 3.2 Prediction of consensus binding site residues of GH11 xylanase 

PDB code C-

score 

Ligands Consensus binding residues 

COACH results 

1H4G 0.77 1, 2-Deoxy-2-Fluoro-4-o-

β-D-xylopyranosyl-β-D-

xylopyranose 

15, 17, 46, 48, 76, 78, 85, 87, 121, 

125, 126, 133, 135 

3WP6 0.58 β-D-Xylobiopyranose 15, 17, 46, 48, 76, 78, 125, 126, 127 

4HKW 0.18 β-D-Xylopyranose 44, 72, 87, 121, 135, 137, 176, 178 

1REF 0.11 2, 3-Epoxypropyl-β-D-

Xyloside 

76, 78, 85, 87, 126, 170, 176 

http://compbio.cs.princeton.edu/concavity/
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2VGD 0.06 β-D-Xylopyranose 70, 72, 95, 178 

TM-SITE results 

1C5I 0.39 β-D-xylopyranose-(1-4)-1, 

5-anhydro-2-deoxy-2-

fluoro-D-xylitol 

17, 44, 46, 76, 78, 85, 87, 121, 125, 

133, 135, 176 

2VGD 0.17 β-D-xylopyranose-(1-4)-

β-D-xylopyranose-(1-4)-

β-D-xylopyranose 

17, 126, 127 

COFACTOR Results 

1RED 0.74 4, 5-Epoxypentyl- β -D-

xyloside 

17, 46, 76, 85, 87, 126, 170 

4HK8 0.71 Xylohexose 17, 44, 46, 76, 78, 85, 87, 121, 125, 

135, 176 
*C-score is indicating the confidence score of the prediction results. C-score ranges from 0-1; a higher score indicates the high 

reliability of prediction. 

Docking: xylohexose was docked to the active site cavity of NhGH11 by applying the 

Flexidock program, which belongs to the Sybyl-X program package (Tripos, USA). 

Docking results were compared with xylohexose bound structure of xylanases PDB code: 

4HK8. Six subsites were identified in the NhGH11 structure, the residues W21, S19, Y76, 

Y80, E89, Y91, P101, E180, R125, Q139, Y174 and Y182 were found in active site cleft 

that can interact with the substrate (Fig. 3.12).  

The possible interactions at the binding site are explained by a combination of 

superimposition (PDB code: 4HK8) and docking calculations:  

Subsite -3: the binding of the xylose subunit at subsite -3 was stabilized by W18 by a 

water-mediated hydrogen bond in the structure 4HK8. It is speculated that W21 can also 

provide the same interactions in NhGH11.  

Subsite -2: aromatic amino acids occupied this subsite to provide the stacking interactions 

with the xylose subunits of the substrate
28

. In PDB structure 4HK8, the hydroxyl groups of 

Y171 and Y76 are providing direct hydrogen bonding and S16 was providing water-

mediated hydrogen bonding to the hydroxyl group of xylose sugar. In NhGH11, the 

subsite -2 displayed the same residues as for 4HK8 that can provide the same interactions 

via hydroxyl groups of Y174, Y80, and S19. 

Subsite -1: this site displays the nucleophilic catalytic residue E86 and R122, which 

provided direct hydrogen bonds to the xylose subunit in the 4HK8 structure. The same 

interaction can be observed by E89 and R125 in the active site of NhGH11. 
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Subsite +1: catalytic acid/base residue E177 provides direct hydrogen bonding to an 

oxygen atom of the glycosidic bond between xylose subunits at -1 and +1 for 4HK8. 

These interactions cannot be observed for NhGH11 due to the bent side chain of E180 

previously shown in Fig. 3.10 A.  

Subsite +2: a residue R122 provides a water-mediated hydrogen bond and N71 provides a 

direct bond to a xylose subunit for 4HK8. In the NhGH11 structure, R125 and N74 can 

provide the same interactions. 

Subsite +3: a residue N71 provides a direct hydrogen bond to the substrate while Y179 

provides a water-mediated hydrogen bond. In the NhGH11 structure, N74 and Y182 can 

provide similar interactions.  

 

Fig. 3.12 Docking of xylohexose to the substrate-binding cleft of NhGH11. (A) The substrate-binding 

cleft is indicated in different colors. The xylohexose was docked to the substrate-binding cleft. Possible 

interacting residues in the cleft are shown in different colors. (B) The active site cleft of NhGH11, showing a 

binding site with six subsites. 

3.4 Sequence homology  

A detailed comparison of GH11 sequences was carried out for 82 sequences, from which 

46 of the selected sequences belong to fungi and 36 to bacteria. Sequences of the GH11 

family were selected from the carbohydrate-active enzyme database 

(http://www.cazy.org/). The FASTA sequences were obtained from the universal protein 

resource (UniProt: https://www.uniprot.org/) and alignment was performed by server 

Clustal omega (https://www.ebi.ac.uk/Tools/msa/clustalo). The comparison of secondary 
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structure and conserved regions of NhGH11 was performed by server Espript 3 

(http://espript.ibcp.fr/ESPript/ESPript/) as shown in the supplementary information, S. 4.2. 

The highest sequence homology was observed for the β-strands β5, β8, β10 and β11 also 

the C-terminal region (strands 12 to 14) was highly conserved.  

An evolutionary tree was constructed for the same 82 sequences by applying the program 

Geneious prime (https://www.geneious.com/) shown in the supplementary information, 

S. 4.3. The results showed that NhGH11 shared common ancestors with fungal GH11 

xylanases and more closely related to a common ancestor with endo-β-1,4-xylanase from  

Magnaporthe grisea (UniProt ID: Q92244).  

To identify the most conserved regions, the 3D structure of NhGH11 was compared to the 

GH11 PDB structures i.e., 5JRM, 4HK0, 1ENX, 1H1A, 1PVX, 1YNA, 1M4W, 3ZSE, 

1TE1, 3WP3, 2VUJ, 1F5J, 1UKR, 1BK1 and 3M4F, from F. oxysporum, T. reesei, T. 

reesei, C. thermophilum, B. spectabilis, T. lanuginosus, T. flexuosa, T. fusca, P. 

funiculosum, T. Funiculosus, E. coli, D. thermophilum, A. niger, A. luchuensis and K. 

pastoris, respectively. Aligned PDB structures showed 82%, 71%, 71%, 66%, 62%, 62%, 

60%, 59%, 59%, 56%, 52%, 51%, 48%, 48% and 47% sequence similarities respectively. 

Secondary structure regions indicated with gray stars showed the residues with alternative 

side-chain conformations in the high-resolution structure of NhGH11 (Fig. 3.13 A). The 

three-dimensional structure of NhGH11 superimposed with the homologous structure is 

shown with the backbones in red color indicating the regions with sequence identity for all 

structures (Fig. 3.13 B).  

Superimposition results of endo β-1,4 xylanase PDB structures showed a root mean square 

deviations (RMSD) for all residues less than 1.5 Å for the Cα atoms that correlate well 

with the observed sequence similarities, highlighted and shown for spatially conserved 

regions. Approx. 60% of the secondary structure elements correspond to β-strands and 

~5% to a α-helix. The thumb-like loop between β10 and β11 strands showed highly 

conserved amino acids P129, S130, and I131 that were found to be important for enzyme 

activity and releasing of the products after catalysis, therefore, deletion of these residues 

drastically changed the active enzyme conformation to an inactive form
28

. Aromatic 

residues W42, W55, Y69, Y76, Y80, W82, Y90, Y91, F96, Y118, F137, W141, F158, 

W161, Y175 and Y182 are highly conserved, while F21, W22 and Y66 are less conserved. 

These aromatic amino acids are important for substrate binding, e.g. B. circulans xylanase 

the mutagenesis of Y77 and Y88 to phenylalanine resulted in complete inactivation of 
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enzyme
180

. Similar effects were reported for mutation of Y73 and Y88 to alanine in B. 

subtilis xylanase
181

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.13 Sequence alignment and 3D comparison. (A) Residues in red color are identical and residues in 

pink color show similarity among aligned sequences. Catalytic residues E89 and E180 are indicated with 

filled circles (B) Surface representation with underlaid Cα tracing, red color indicates regions with sequence 

identity for all structures.  

 (A) 

 (B) 
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The strictly identical and spatially conserved active site residues from PDB structures of 

GH11 xylanases were superimposed with NhGH11 residues (Fig. 3.14) and the RMSD 

values of individual residues (Table 3.3) were calculated by applying a program UCSF 

Chimera
182

. Spatially conserved active site residues indicate the highly conserved substrate 

binding residues for GH11 family. 

 

Fig. 3.14 Surface representation and comparison of spatially conserved active site residues. NhGH11 

was superimposed with homologous structures (PDB codes: 5JRM, 2JIC, 4HK8, 1H1A, 1YNA and 1PVX) 

from F. oxysporum, T. longibrachiatum, H. jecorina, C. thermophilum, T. lanuginosus and B. spectabilis 

respectively. NhGH11 residues are shown in red while the other six homologous residues are indicated in 

grey color. Residue numbers are assigned referring to NhGH11. 
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Table 3.3 The root mean square deviation of individual residues (Å) in the active site 

cleft  

*The highest differences between residues of NhGH11 and other structures are indicated in bold. 

3.5 Elucidation of thermostability parameters 

The thermostability was analyzed in terms of thermal unfolding of the secondary structure 

of NhGH11 using circular dichroism (CD) spectroscopy. The results indicated that the 

secondary structure of the NhGH11 was stable in an aqueous solution up to 45 °C. Above 

45 °C, the α-helical contents started decreasing, but β-sheets remained partially stable up 

to 90 °C (Fig. 3.15). The results of thermal unfolding experiments showed that NhGH11 is 

highly stable up to 45 °C (Fig. 3.15, red curve).  

Extensive studies have been performed to identify structural features of xylanases related 

to thermostability
183

. Structural parameters supporting the thermostability of xylanases 

included the number of disulfide bonds, hydrogen bonds and aromatic side chains forming 

stacking pairs and buried water molecules
184

. The thermostability parameters of NhGH11 

were compared with GH11 xylanases from D. thermophilum
185

, C. thermophilum
41

, T. 

lanuginosus
31

, P. varioti
33

 and T. reesei
40

. Interactions and sequence factors contributing 

to the mesophilic character of NhGH11 in comparison to thermophilic xylanases are 

summarized in table 3.4.  

 5JRM 4HK8 2JIC 1H1A 1YNA 1PVX 

S19 0.43 0.46 0.55 0.79 0.68 0.55 

W21 0.51 0.96 0.87 1.50 0.63 0.34 

Y76 0.65 0.68 0.43 0.68 0.36 0.60 

Y80 0.41 0.61 0.54 0.54 0.47 0.52 

E89 0.80 1.23 0.55 1.23 0.64 0.51 

Y91 0.36 0.60 0.47 0.51 0.26 0.25 

P101 0.18 1.15 0.68 2.20 0.41 0.42 

R125 1.95 2.82 1.52 2.80 1.06 1.00 

Q139 1.43 1.64 1.00 1.78 1.15 0.88 

Y174 0.22 0.40 0.54 0.27 0.58 0.65 

E180 0.43 0.60 0.72 0.69 0.28 0.32 

Y182 1.00 1.17 0.97 1.09 0.73 0.84 
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All thermophilic xylanases showed a higher number of side-chain to side-chain hydrogen 

bonds as compared to NhGH11 and thermophilic xylanases from C. thermophilum, T. 

lanuginosus and P. varioti bainier showed more ion pairs compared to NhGH11. The 

comparison of twelve xylanases concerning their thermostability parameters indicated 

some minor modifications such as higher Arg/Lys and Thr/Ser ratio, or lower number of 

Asn and Gln residues that could enhance the thermostability
40

. 

 

 

Fig. 3.15 Thermostability in terms of thermal unfolding of secondary structure. Spectra by Circular 

Dichroism (CD) are shown as a function of temperature from +20 to +90 °C, each measurement of thermal 

unfolding was performed by 10 ºC intervals. 

Most of the thermophilic xylanases shown in table 3.4 have a higher number of Arg/Lys 

and Thr/Ser ratio as compared to NhGH11. Thermophilic xylanases from P. varioti 

bainier, T. lanuginosus and C. thermophilum had a lower number of Asn and Gln residues 

as compared to NhGH11.  

Another structural feature supporting thermostability of D. thermophilum xylanase is a 

310-helix located in the middle of the structure and also stabilizing the C-terminus, which 

is not present in NhGH11. This 310-helix provided 34 hydrogen bonds
175

, compared to 14 

hydrogen bonds formed by the corresponding region of NhGH11structure. 
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 A calculation of solvent accessibility showed that NhGH11 contained seven buried water 

molecules (Fig. 3.16 A). Aromatic side-chain forming π-π and C-H-π interactions included 

the residue side chains of F20-Y30-F38, W42-F49, Y91-W141, W82-F137 and Y182-

Y183 can also contribute to the overall thermostability of NhGH11 (Fig. 3.16 B). 

Aromatic amino acid pairs are supposed to contribute 1-2 kcal mol
-1

 in terms of 

thermostability
186,187

. 

Table 3.4 Thermostability factors of NhGH11 in comparison to thermophilic 

xylanases  

Xylanase NhGH-

11 

D. 

thermo-

philum 

C. 

thermo- 

philum 

T. 

lanugi-

nosus 

P. 

varioti  

T. reesei  

PDB code 6Y0H 1F5J 1H1A 1YNA 1PVX 1XYN 

Number of residues 189 199 191 194 194 178 

Optimum temperature 

(ºC) 

45 75 60 65 65 50 

Ion pairs  10 10 18 18 13 9 

Hydrogen bonds (main-

chain-main-chain) 

163 163 163 163 157 152 

Hydrogen bonds (main-

chain-side-chain) 

77 71 70 67 69 55 

Hydrogen bonds (side-

chain-side-chain) 

61 89 71 81 77 68 

Aromatic interactions 11 15 12 20 19 13 

Hydrophobic interactions  140 160 144 127 115 135 

No of Pi-Pi interactions 6 7 6 6 6 6 

Arg/Lys ratio 2.6 2.5 3.3 2.6 3.0 3.0 

Thr/Ser ratio 0.87 1.40 1.41 1.38 0.95 0.78 

Asn+Gln 26 28 24 20 21 29 

Cys residues 0 3 0 2 2 0 

Aromatic residues 32 29 30 30 30 22 

Buried waters 7 7 6 6 7 8 

*The highest differences between thermophilic GH11 enzymes and mesophilic NhGH11 are indicated in bold. 
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Fig. 3.16 Thermostability parameters (A) Cartoon representation showing buried water molecules (W1-

W7) with electron density within the cartoon surface representation. 2Fo-Fc electron density maps for water 

molecules and surrounding residues are shown at 1.0 σ level. (B) Selected intramolecular aromatic-aromatic 

(π-π) interactions and C-H-π interactions. These interactions are considered if the distance between the 

interacting proton and centroid of the phenyl group is less than 3.5 Å. 

The temperature-dependent stability of NhGH11 was analyzed at different temperatures 

(40 °C, 45 ºC and 50 ºC) for 8 hours as shown in Fig. 3.17. Activity at optimum conditions 

was considered 100%. After 4 hours, NhGH11 showed 80% activity at 40 ºC and 45 ºC 

while the activity decreased to approx. 50% after 8 hours. At 50 ºC, the enzyme lost 

approx. 45% of its activity after 4 hours that further decreased to 32% at eight hours.  

 (A) 

 (B) 



3. Results and discussion 

73 

 

Fig.  3.17 The temperature-dependent stability and activity. The residual activity was evaluated at 40 ºC, 

45 ºC and 50 ºC for 8 hours. The data points represent the mean values of three replicates and error bars to 

indicate the corresponding standard deviation. 

The optimum temperatures for most of the xylanases are in a range between 35 ºC to 85 ºC 

and the temperature preference categorized the xylanases as mesophilic or thermophilic 

enzymes
28

. The xylanase from T. lanuginosus (optimum temperature 65 ºC) showed 64% 

residual activity after 8 h incubation at 60 ºC and xylanase from T. fusca (optimum 

temperature 75 ºC) showed 96% residual activity after 18 h of incubation at 75 ºC
28

. The 

thermostability of GH11 xylanases evolved from the following structural differences of 

GH11 xylanases.  

Disulfide bonds: strengthen the overall framework and enhance the stability of xylanases. 

The introduction of disulfide bonds in T. ressei xylanase enhanced the thermostability to 

2.5 folds as compared to wild type
188

.  

Ion pairs and aromatic pairs: a higher number of ion pairs and aromatic-aromatic 

interactions favor the formation of hydrogen bond interactions and provide a more stable 

structure by the formation of intramolecular interactions
40

.  

Oligomerization: oligomerization of xylanases also enhance the thermostability, the effect 

was observed for the thermostability of T. xylanilyticus xylanase
189

. Besides, the presence 

of aromatic residues on the surface of xylanase creates hydrophobic patches that can also 
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trigger the dimerization of monomers and enhance the overall thermostability
40

. 

Overall thermostability originates from a combination of different factors and thus none of 

the individual features can be considered as absolute alone. Thermostability factors can be 

considered as the individual property of a specific enzyme. The structure based 

improvements of the thermostability of xylanases are ongoing, due to high temperature 

requirement of industrial processes
190

. However, the thermostability mutagenesis studies 

are complex and till now not well understood. In this context, the first mutagenesis study 

was carried out for a B. pumilus xylanase and a double mutant G38S/R48K was created 

which showed a shift of half-life from 4 to12 min at 57 ºC
191

. Another investigation was 

done with Streptomyces sp. S38 e.g. the mutations of hydrophobic residues located within 

β-sheets enhanced the optimum temperature from 57 to 66 ºC
192

. Also, the incorporation 

of the N-terminus of thermostable xylanase into mesophilic xylanase improved the 

thermostability. For example, mesophilic xylanase displayed an optimum temperature of 

55 ºC and a half-life of few minutes at 70 ºC, but integrating the N-terminus of 

thermophilic xylanase improved the optimum temperature and enhanced the half-life time 

up to 120 minutes
193

. The optimum temperature of a mesophilic S. olivaceovirdis xylanase 

was also improved by 15 ºC when the N-terminus of thermophilic xylanase was 

incorporated
194

.  

Besides mutagenesis studies, the disulfide bonds also improved the thermostability e.g. the 

introduction of two disulfide bonds between the N- and C-terminus and between strand B9 

and α-helix lead to enhanced thermostability
195

. In another study creation of a disulfide 

bond between the N-terminus and the adjacent strand resulted in the enhancement of the 

temperature optimum from 57 ºC to 70 ºC and also half-life time was increased
196

. GH11 

xylanases contain one highly conserved α-helix that seems sensitive to thermal unfolding 

by applying temperatures higher than optimum values. Therefore, the thermostability of 

GH11 xylanases can be improved by making this α-helix region more stable
175

. 

 

 

 

 

 



3. Results and discussion 

75 

3.6 Tape drive experiments 

The crystallographic studies via the tape drive mix-and-diffuse serial crystallography were 

performed at P11 synchrotron beamline PETRA III, on DESY campus which allowed the 

data collection of NhGH11 in presence of xylopentose at mixing times of few seconds. 

The tape drive experiments were performed by microcrystals suspension of NhGH11 with 

crystals dimensions between 10 to 20 μm.  

Crystals were obtained from two different precipitant conditions:  

Precipitant 1: 1M (NH4)2SO4, 100 mM sodium citrate pH 5.5. 

Precipitant 2: 200 mM (NH4)2SO4, 100 mM sodium citrate pH 5.5 20% PEG 6000.  

 Crystals from both conditions were applied for data collection. Microcrystals grown under 

the precipitant 1 condition (Fig. 3.18 A) showed 50:50 probabilities for two space groups 

P2 and C2, therefore, further data processing was not possible. On the other hand, 

microcrystals are grown in precipitant 2 (Fig. 3.18 B) presented good quality data with the 

maximum probability for space group C2. The tape drive experiments were set up by the 

collaboration partner Dominik Oberthür. Before data collection, the polyimide tape was 

fixed between two rollers under tension and a needle for sample delivery was fixed so that 

X-rays pass through a hole in the center of the device, the experimental setup is shown in 

Fig. 3.18 C. The needle for sample delivery had special mixer conformation for mixing of 

microcrystals and substrate as shown in Fig. 3.18 D. Xylopentose (70 mM) was dissolved 

in a precipitant 2 to be applied for mixing times of 1, 2, 3, 5 and 7 seconds.  

Dominik Oberthür integrated and merged reflection files of data sets by applying a 

program CrystFEL version 0.6.1
197

.  

The refinement of the initial electron density maps obtained at different mixing was 

performed by using the NhGH11 model obtained by single crystal diffraction. 

Unfortunately, the inspection of the electron density maps at different σ levels did not 

provide any evidence of substrate binding. The crystal packing of NhGH11 was probably 

too tight resulting in the surface molecules hindered the penetration of the substrate into 

the crystals. The details of crystal packing are provided in section 3.7. However, the 

superimposition of the high-resolution structure from cryogenic conditions to the room 

temperature structure of NhGH11 (Fig. 3.18 E) showed a non-significant RMSD (0.11Å) 

for Cα atoms. Also, the comparison of data collection table 3.1 and table 3.5 showed that 

both data sets have the same space groups C2 while the obtained resolution of the data at 

room temperature is lower than the data collected under cryogenic conditions.  
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Fig. 3.18 The tape drive experiments. (A) and (B) 

Microcrystals obtained under precipitant conditions 1 

and 2, respectively (C) The experimental setup of tape 

drive experiments shown by a photograph that was 

captured at P11 beamline (D) Mixing design used for 

mixing NhGH11 with xylopentose
120

, different parts of 

mixer are labeled 1-4 e.g. 1: polyimide tape, 2: 

microcrystals, 3: substrate solution and 4: suspension 

of microcrystals and substrate (E) Superimposition of 

NhGH11 structure obtained by single-crystal 

diffraction (blue) using cryogenic conditions and 

structure obtained by data collection at room 

temperature (cyan). 

 

(E) 
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Table 3.5 Room temperature data collection  

X-ray source P11 beamline PETRA III, DESY 

Detector Pilatus 

Space group  C 2 (No. 5) 

Cell dimensions  

a, b, c (Å) 80.55, 38.85, 53.57 

α, β, γ (º)  90.00, 91.44, 90.00 

Wavelength (Å) 0.97 

Resolution range (Å) 16.87 -1.51 (1.56 -1.51) 

Total number of reflections 25487 (1882) 

Completeness (%) 93.09 (67.07) 

Refinement   

Reflections used 24429 (1230) 

Reflection used for R
free

 1918 (105) 

R
work

 0.1963 (0.4) 

R
free

 0.2241 (0.4) 

No. atoms 1665 

Protein 1580 

Ligand/ion Not observed 

Water 85 

Average B-factor (Å
2
) 22.05 

For macromolecule 21.52 

For water 32.02 

R.m.s deviations   

Bond lengths (Å) 0.015 

Bond angles (º) 1.71 

Ramachandran   

Favored (%) 95.7 

Allowed (%) 4.3 

Outliers (%) 0.00  

*Data in highest resolution shells are shown in parenthesis. 
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Precipitant 1: 1M (NH4)2SO4  

Precipitant 2: 200 mM (NH4)2 , 15-20% PEG 6000 

pH range 1: 4.5-6.5 (100 mM sodium citrate buffer)  

pH range 2: 7.0-8.5 (20 mM Tris HCl buffer) 

Concentration of substrate: 10 mM to 75 mM 

Concentration of inhibitors: 2 mM to 100 mM 

Change of temperature (+ 4.0 and + 20.0 °C) 

3.7 Co-crystallization and soaking experiments 

Crystallization experiments of NhGH11 with three saccharidic substrates: xylobiose (X2), 

xylotriose (X3) xylopentose (X5), and phenolic inhibitors: coumaric acid, ferulic acid, 

caffeic acid and cinnamic acid were performed. The co-crystallization experiments were 

performed under two different precipitant conditions by changing pH, concentrations of 

substrates/inhibitors and temperature (Fig. 3.19).  

 

 

 

 

 

 

 

 

 

Fig. 3.19 Summary of physical and chemical variables for co-crystallization experiments of NhGH11. 

The presence of substrates proved to be unfavorable for the crystallization process of 

NhGH11 since fewer crystals or no uniform shapes were obtained in the crystallization 

drops. Some successful conditions with precipitant 2 were obtained, in which NhGH11 

crystals could grow in presence of saccharidic substrates (Fig. 3.20 A-E). However, these 

crystals did not show X-ray diffraction.  

NhGH11 crystals can grow at maximum inhibitor concentrations of 7 mM, higher than 

7mM inhibitor concentrations the crystals could not grow because of highly precipitated 

protein in the crystallization drops. Crystals grown with 7 mM inhibitors concentration are 

shown in Fig. 3.20 F-I, the diffraction data were collected to approx. 2.7 Å resolution, 

however, electron density was not observed for inhibitors. 

Once unsuccessful results were obtained for tape drive and co-crystallization experiments, 

the soaking experiments were performed by applying saccharidic substrates (X2, X3) and 

phenolic inhibitors, the procedure described in section 2.13.3. Data collection and 

processing were performed by applying the standard procedures. Unfortunately, electron 

density was not observed for substrates or inhibitors. 
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Fig. 3.20 Co-Crystallization with inhibitors and substrates. (A) Crystals were obtained in the presence of 

75 mM xylobiose, 15% PEG 6000, 20mM Tris-HCl, pH 8.5. (B) Co-crystals obtained in the presence of 20 

mM xylopentose, 15% PEG 6000, Sodium citrate 100 mM, pH 5.5 (C) Crystals obtained in the presence of 

75 mM xylotriose with 15% PEG 6000, 20 mM Tris-HCl, pH 8.5. (D) Crystals obtained in the presence of 

20 mM xylopentose with 20% PEG 6000, Sodium citrate 100 mM, pH 5.5. (E) Crystals were obtained in the 

presence of 20 mM xylopentose in presence of 20% PEG 6000, 20mM Tris-HCl pH 8.5. (F-I) Crystals were 

obtained in the presence of 7mM cinnamic acid, coumaric acid, ferulic acid and caffeic acid respectively 

with precipitant containing 1M (NH4)2SO4, 100 mM sodium citrate pH 5.5. The scale bar corresponds to 

200 μm. 

The possible explanation of unsuccessful ligand binding experiments for NhGH11 can be 

the tight crystal packing as compared to ligand-bound xylanase from T. reesei (4HK8). 

The Matthews coefficient of the orthorhombic crystal form of 4HK8 is calculated to be 

2.3 Å
3
/Da that is higher than the monoclinic crystal form of NhGH11, which is 1.9 Å

3
/Da. 

Also, 4HK8 crystal contains higher solvent content (∼47%) than NhGH11 crystal 

(∼37%). Crystal packing showed that 4HK8 has broad intermolecular solvent channels 

compared to a tightly packed crystal of NhGH11. Crystal packing diagrams are shown in 

Fig. 3.21. In 4HK8 crystal, the active sites of molecules are facing towards broad solvent 

channels, while in the case of NhGH11 crystal the molecules are tightly packed in crystal 

allowing only a narrow active site cavity accessible to solvent as shown by a black arrow 
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in Fig. 3.21. In this arrangement of NhGH11 molecules, the substrate penetration could be 

hindered by the blockage of the active site channels of outside layers of molecules. 

 

Fig. 3.21 Comparison of crystal packing. (A) Packing diagram for the monoclinic space group (No. 5) 

from NhGH11 crystal. (B) Packing diagram for the orthorhombic space group (No.18) from T. reesei 

xylanase crystal (PDB code 4HK8). Black arrows are indicating the position of the active site.  
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3.8 Biochemical and functional characterization of NhGH11 

3.8.1 Optimum temperature 

The curve of NhGH11 optimum temperature represents the effect of temperature, ranging 

from 30-80 ºC, on the xylanase activity. NhGH11 showed activities scaled to 92.9±1.8%, 

100.7±3.8% and 84.8±2.7% at 40 ºC, 45 ºC and 50 ºC, respectively (Fig. 3.22). Relative 

activities were calculated by considering the activity to be 100% at optimum conditions. 

Optimum temperature and thermostability results showed that NhGH11 is very stable at 

45 ºC. These results are in good agreement with CD spectroscopy results which provide 

the evidence of 45 ºC as the best working temperature and a mesophilic character of 

NhGH11.  

 

Fig. 3.22 Effect of temperature on enzyme activity of NhGH11. The optimum temperature for enzymatic 

activity was determined by measuring the activity at different temperatures. The data points represent the 

mean values of three replicates and error bars to indicate the corresponding standard deviation.  

GH11 xylanases have a wide range of optimum temperatures
28

. However, a calculated 

difference of energies between mesophilic and thermophilic enzymes was lower than 

40.0 kJ mol
−1

 that can correspond to very few stabilizing interactions of 3D structure i.e., 

four hydrogen bonds considering 10 kJ mol
−1

 energy for each hydrogen bond. 

Consequently, the minor changes could provide major stabilizing interactions to 

enzymes
198

. Optimum temperature decides a fine limit between stability, catalytic activity 

and inactivation of enzyme
199

. When an active enzyme is subjected to progressive 
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temperature, in the first reversible step the non-covalent stabilizing interactions including 

hydrogen bonds and Van der Waals interactions break. At this stage, the enzyme becomes 

inactive due to the destabilization of non-covalent interactions and this inactivation is due 

to the partial unfolding of the enzyme. The effect of temperature on enzyme structure and 

function could be demonstrated by model
200

 shown below; 

𝐄𝐚𝐜𝐭𝐢𝐯𝐞 
𝐧𝐚𝐭𝐢𝐯𝐞 ⇌ 𝐄𝐢𝐧𝐚𝐜𝐭𝐢𝐯𝐞 

𝐮𝐧𝐟𝐨𝐥𝐝 → 𝐄𝐢𝐧𝐚𝐜𝐭𝐢𝐯𝐞 
𝐚𝐠𝐠𝐫𝐞𝐠𝐚𝐭𝐞𝐝

 

Further increase in temperature resulted in the exposure of protein core containing the 

hydrophobic residues to solvent-exposed that further lead to irreversible denaturation due 

to aggregation
200

.  

3.8.2 Optimum pH 

The effect of pH on the activity of NhGH11 was investigated to identify the optimum 

conditions for enzyme catalysis. NhGH11 showed 76.4±1.0%, 100.0±3.5% and 

66.6±1.3% relative activities at pH 5.0, 6.0 and 7.0 respectively. Relative activities were 

calculated by considering the activity to be 100% at pH 6.0 and 45 ºC as shown in 

Fig. 3.23.  

The pH-dependent enzyme activity is primarily a set of pKa values due to ionic side 

chains of amino acids near to catalytic amino acid. GH11 xylanases have highly variable 

optimum pH values ranged from 2.0 to 9.0
28

. Xylanase from A. kawachii is the most 

acidophilic enzyme with an optimum pH of 2.0 and even active at pH 1.0
201

. Xylanase 

from Bacillus has a pH optimum of 9.0 and showed 60% activity between pH range from 

5.0 to 9.5
202

. The xylanases having isoelectric points less than 5.0 were considered as 

acidic and the remaining as alkaline
28

. 

Two xylanases from H. jecorina have two different pH optimum that was correlated with 

the type of residue at position 33 in the active site cleft
203

. The residue 33 could be 

Aspartate or Asparagine for acidophilic and alkaline xylanases. Because of the vicinity to 

the acid/base catalytic residue, the residue at position 33 could influence the ionization 

state of acid/base residue by creating a strong hydrogen bond and makes it easier to 

liberate a proton during catalysis
204

. The optimum pH could shift from acidic to alkaline 

conditions if this aspartate is mutated to an asparagine by site-directed mutagenesis
205

. 

Inspection of the 3D structure of NhGH1 showed that two asparagine residues are vicinal 

to catalytic glutamate 180, as shown in Fig. 3.24.  Furthermore, the comparison of the 3D 

structure of NhGH11 and acidophilic A. kawachii xylanase (1BK1) showed that NhGH11 
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has asparagine while A. kawachii has aspartate vicinal to acid/base glutamate. Therefore, 

the structural evidence of alkaline pH of NhGH11 is correlated to the observed optimum 

pH. 

 

Fig. 3.23 Effect of pH on enzyme activity of NhGH11. The optimum pH for enzymatic catalysis was 

determined by using 100 mM McIlvaine buffers (pH 2-11). The data points represent the mean values of 

three replicates and error bars to indicate the corresponding standard deviation. 

 

Fig. 3.24 Structural basis for optimum pH. Vicinal asparagine residues to catalytic E180 forming 

hydrogen bonds. 2Fo-Fc electron density maps are shown at 1 σ level. 
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Besides these, a reason for the low optimum pH of acidophilic GH11 xylanases could be 

the presence of acidic residues on the surface of acidophilic xylanases. The numerous 

acidic residues on the surface of xylanases are called Ser/Thr surfaces. At low pH, the 

acidic amino acids of acidophilic xylanases became protonated and neutral so these can 

easily accommodate the substrates without electrostatic repulsions. However, alkaline 

xylanases had less acidic residues on the surfaces which could correlate with stability 

against extreme pH conditions
205

.  

Another important factor for optimum pH can be a higher number of ionic interactions for 

alkaline xylanases
40

. Therefore, the analysis of ionic interactions was performed by 

applying a protein interaction calculator
206

. Ionic interactions were analyzed for 

acidophilic xylanases (optimum pH: 2.0) from A. kawachii
201

, NhGH11 (pH: 6.0) and 

alkalophile xylanase (pH optimum: 8.5) from Bacillus
207

, the results of ionic interaction 

analysis showed that the acidophilic xylanase has only one ionic interaction, NhGH11 has 

three ionic interactions while highly alkalophilic xylanase has 17 ionic interactions.  

Based on the comparison of optimum pH of acidophilic and alkalophilic xylanases, the 

ionic interactions, the nature of residues around the catalytic residues and the surface 

residues can be responsible for the pH stability, however, more investigations in terms of 

pH dependence on xylanase mechanism need to be performed
208

. 

3.8.3 Effect of metal ions and chemical reagents 

The effect of selected metal ions and chemical reagents was investigated for the activity of 

NhGH11 (Fig. 3.25). Na
+
 and K

+
 ions did not affect the enzyme activity of NhGH11. 

However, the presence of Ca
2+

, Co
2+

, Mg
2+

, Zn
2+ 

and Mn
2+

 ions decreased the enzymatic 

activity scaled to the values e.g., 82.5±3.8%, 70.6±3.9%, 54.7±1.5%, 52.2±3.6% and 

50.2±2.0%. While in presence of Fe
2+

 and Cu
2+

 ions, enzyme activity was more severely 

reduced to 25.6±4.3% and 15.6±2.6% respectively. 

 Pereira and collaborators (2017), reported the effect of metal ions on the activities of 

cellulases, hemicellulases and ligninases as shown in Fig. 3.26. They observed that some 

metal ions activated while others inhibited the cellulases, hemicellulases and ligninases. 

Furthermore, the number of charges and the ionic radius of metal ions also influenced the 

activities of glycosylic hydrolases
209

. The larger ionic radius influences less while the 

smaller ionic radius attracts the charged amino acids and damages the overall 

conformation of enzymes. Metals of group 2B e.g., zinc, cadmium and mercury showed a 
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high affinity for amino acids containing SH, COOH and NH2 side chains
210

. 

The sensitivity of xylanases towards metal ions is not predictable among members of the 

GH11 family. For example, Mn
2+ 

and Zn
2+ 

enhanced the activity of A. terreus xylanase
211

 

while Mn
2+

 and some other divalent ions slightly reduced the activity of P. oxalicum 

xylanase. However, for P. oxalicum xylanase, the metal ions activated the enzyme at lower 

concentrations but strongly deactivated it at higher concentrations
212

. The multiple 

xylanases from P. oxalicum were not substantially inhibited by the same metal ions. For 

example, the same concentration of Co
2+

 enhanced the activity of xylanase-A but strongly 

inhibited the xylanase-B
213

. The xylanase from T. halotolerans showed that low 

concentration (1 mM) of Co
2+

 and Mn
2+

 activated the enzyme while Fe
3+

 and Pb
2+

 ions 

inhibited the activity at any concentration
214

. 

 

Fig. 3.25 Effect of metal ions on the activity of NhGH11. The data points represent the mean values of 

three replicates and error bars to indicate the corresponding standard deviation.  

The effect of selected chemical reagents on the activity of NhGH11 showed that sodium 

azide, tween-80 and triton X-100 reduce the activity to 91.0±2.6%, 80.1±5.0% and 

70.2±4.9% respectively (Fig. 3.27). NhGH11 showed a significant decrease in activity in 

the presence of EDTA and SDS. The decreased enzyme activity in the presence of EDTA, 

as a metal chelating agent, indicated that at low concentrations some divalent metal ions 

are supporting the activity of NhGH11. The effect of ionic detergents on 

arabinofuranosidase showed that at low concentrations (1-2 mM) some ionic detergents 
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including SDS enhanced the enzyme activity while at higher concentrations (>20 mM) 

strong inhibition was observed
215

. Later on, SDS was found to interfere with hydrophobic 

regions of enzymes that resulted in denaturation at higher concentrations
216

.  

 

Fig. 3.26 Activators and inhibitors of GH enzymes. Hemicellulase inhibitors (yellow) and activators 

(cyan) also affect the activities of cellulases and ligninases
210

.  

The effect of surfactants on the activity of P. oxalicum
212

 and NhGH11 showed that these 

enzymes are more sensitive towards SDS followed by EDTA and β-mercaptoethanol as 

compared to tween-80 and triton X-100. The effect of chemical reagents on the activity of 

multiple xylanases from P. oxalicum showed that multiple xylanases from the same fungi 

showed different effects for chemical reagents. For example, DTT, triton and tween-20 did 

not influence much the enzymatic activity for all xylanases from P. oxalicum. EDTA and 

β-mercaptoethanol strongly inhibited the enzymatic activity of xyn11A from P. oxalicum 

but the xyn10A, xyn10B and xyn11B were only slightly inhibited
213

.  
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Fig. 3.27 Effect of chemical reagents on the activity of NhGH11. The data points represent the mean 

values of three replicates and error bars to indicate the corresponding standard deviation. 

3.8.4 Substrate specificity and kinetic parameters  

Kinetic parameters were analyzed considering the pre-determined optimum conditions of 

NhGH11 by applying different substrates. The catalytic activity of NhGH11 was tested 

towards xylan beechwood, xylan polysaccharide, wheat arabinoxylan, azo-xyloglucan and 

mannan polysaccharide. All tested substrates are structurally different e.g. xylan 

beechwood is β-1,4 linked xylan with 8.7% of 4-O-methyl glucuronic acid and 5.7% other 

sugars (Sigma, USA). Xylan polysaccharide is a cell wall polysaccharide from Palmaria 

palmate that is edible seaweed. It is β-1,3 and β-1,4-linked xylose polymer (Elicityl, 

France). Wheat arabinoxylan is a pentosan fraction from wheat flour. The main chain is β-

1,4 linked xylan with the branches of 33.5% arabinose, 62% xylose, 1.5% glucose, 2.0% 

mannose and 1.0% galactose. Azo-xyloglucan from tamarind contained β-1,4 linked 

glucose with branches of galactose, xylose, arabinose and other sugars. (Megazyme, 

Australia). While mannan polysaccharide contained β-1,4-linked mannose with 2% 

galactose and other sugars (Sigma, USA). The chemical structures are shown only for 

substrates on which NhGH11 showed catalytic activities (Fig. 3.28).  

Activity graphs were plotted based on Michaelis-Menten kinetics, used to calculate the Km 

and Vmax for each substrate (Fig. 3.29). NhGH11 catalyzed the hydrolysis of xylan 

beechwood, xylan polysaccharide and wheat arabinoxylan. The specificity constant, 

kcat/Km (mg
-1

 ml min
-1

), applying xylan beechwood as substrate was higher than for wheat 
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arabinoxylan and xylan polysaccharides, while the turnover number, kcat (min
-1

), for wheat 

arabinoxylan was higher than for xylan beechwood and xylan polysaccharides respectively 

(Table 3.6). NhGH11 was found to be active towards xylan substrates e.g., xylan 

beechwood, xylan polysaccharide and wheat arabinoxylan but not towards azo-xyloglucan 

and mannan.  

 

Fig. 3.28 Chemical structures of Xylan substrates. (A) Xylan beechwood with branches of 4-O-methyl 

glucuronoxylan, (B) xylan polysaccharide from Palmaria palmate (C) wheat arabinoxylan.  

Table 3.6 Comparison of kinetic values of NhGH11 with various substrates 

Xylan substrates K
m

  

 (mg/ml) 

V
max

 

(µM/min) 

k
cat

  

 (min
-1

) 

k
cat 

/ K
m

  

 (mg
-1 

ml min
-1

) 

Xylan beechwood 8.1±2.1 14.1±2.6 1730.6±318.1 214.9±68.2 

Xylan 

polysaccharide 

10.1±2.3 13.4±2.0 1648.2±249.2 163.7±44.7 

Wheat arabinoxylan 13.0±4.1 19.7±4.2 2410.8±517.5 200.9±81.1 
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Mostly, GH11 xylanases are known for the higher specific activity for xylans in 

comparison to GH10 xylanases, which can hydrolyze a broad range of different xylan and 

cellulose substrates
217

. GH11 xylanases showed specific endo-β-1,4-xylanase activities but 

GH10 showed promiscuous activities including endo-β-1,4-glucanase, endo-β-1,4-

xylanase and endo-β-1,3-xylanase activities
218

. Multiple xylanases from P. oxalicum were 

studied for comparative analysis of xylanase activities. All multiple xylanases from GH11 

showed activities towards xylans from oat spelt, birchwood and beechwood while GH10 

xylanase showed activity towards commercial celluloses because of promiscuous activities 

of GH10 xylanases
213

. Xylanases from the GH11 family have a higher affinity towards 

xylan beechwood. For example, NhGH11 and GH11 xylanase from A. niger showed the 

lowest Km for xylan beechwood, indicating a higher affinity
219

. Also, GH11 xylanases 

from Bispora showed the highest specific activity for xylan beechwood compared to 

xylans from oat spelt and birchwood
212

. While, xylanases from A. sydowii also showed 

activity for xylan substrates e.g., xylan birchwood and oat spelt but not towards other 

substrates like pectin and starch
220

. 

 

Fig. 3.29 Substrate specificity and kinetic parameters. The activity of NhGH11 was observed for 

substrates; (A) Xylan beechwood (B) Xylan polysaccharide from Palmaria palmate (C) Wheat 

arabinoxylan. (D) Spectrophotometric plate indicating the triplicate measurement of NhGH11 activity using 

xylan beechwood. 
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3.8.5 Identification of products  

The xylooligosaccharides (XOSs) are oligomers of xylose sugar that are linked through β-

1,4 xylosidic linkages forming xylobiose, xylotriose, xylotetrose and xylopentose with 2, 

3, 4 and 5 monomers respectively. The products of the catalytic breakdown of xylopentose 

by NhGH11 were analyzed by MALDI-TOF-MS (matrix-assisted laser desorption 

ionization-time of flight mass spectrometry).  

The molecular weights of XOSs were calculated by the addition of the molecular weight 

of sodium ions (Fig. 3.30). The spectra peaks between 100-800 Da were considered for the 

identification of products. Most prominent peaks correlated to xylobiose (304 Da), 

xylotriose (436 Da), xylotetrose (568 Da) and xylopentose (700 Da). The results showed 

that NhGH11 cleaved the longer xylan polymer into smaller XOSs like Xylose (X), 

Xylobiose (X2), Xylotriose (X3) and Xylotetrose (X4). The corresponding peak of Xylose 

was not identified in the spectra. The presence of X4 provided evidence of xylose. The 

proposed cleavage mechanism of xylopentose is shown in Fig. 3.31.   

GH families of xylanase have different substrate-binding sites and specificities resulted in 

different ratios of final products
221

. For example, GH8 xylanase from T. turnerae
222

 cannot 

cleave the XOS product less than X4, while GH11 xylanase from P. oxalicum
212

 can 

hydrolyze smaller XOS as well. Compared to other xylanases, NhGH11 can produce 

industrially important smaller XOSs. XOSs can be used as food ingredients and prebiotics 

for the maintenance of intestinal function
223

. Furthermore, XOS were categorized as 

nutraceuticals because of their potential application in the prevention of atherosclerosis, 

they also show anti-inflammatory, anti-hyperlipidemia and anti-cancer activities
224

.  

XOSs with glucuronate arabinose branches were reported to inhibit the growth of sarcoma 

and tumors
225

. Moreover, XOSs can also play an important role in inhibiting breast and 

colon cancers
226

. XOSs from almond shells were studied for their immunomodulation 

effects in rats also O-acetylated and de‐acetylated XOSs showed the mitogenic effect to 

enhance the proliferation of thymocytes
227

. XOSs were found to be very effective to 

inhibit the growth of S. enteritidis
228

.  
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XOSs showed a potent antioxidant activity and can be used to protect against lipid 

peroxidation
229

. XOSs with 2-10 units of xylose sugar cannot be digested like food 

whereas they showed different health benefits and physiological functions. Besides these 

biological functions, XOSs have also phytopharmaceutical applications
64,224

. Owing to the 

health benefits of XOSs, they can be used as food additives in chocolate, bread and 

biscuits with a safe range of concentration between 7-10 percent
64

. The permissible 

concentration for the human body is 0.12 g/kg of body weight
230

. Therefore, XOSs 

products of NhGH11 can be applied for similar applications. 

 

Fig. 3.31 The proposed mechanism of xylopentose hydrolysis. NhGH11 catalyzed the hydrolysis of 

longer xylan polymers into smaller xylooligosaccharides. The proposed mechanism includes the cleavage of 

xylopentose into xylotetrose and xylose, xylotetrose into xylotriose and xylose, xylotriose into xylobiose and 

xylose. 

3.9 Inhibition studies 

3.9.1 Residual activity 

The inhibitory action of lignin-derived phenolic compounds i.e. caffeic acid, cinnamic 

acid, coumaric acid and ferulic acid were comparatively investigated towards xylanase 

activity of NhGH11. The detrimental effect of lignin-derived phenolic compounds on the 

activity of NhGH11 is shown in Fig. 3.32. None of these phenolic compounds showed 

considerable inhibition at concentrations up to 1 mM. However, above 1.5 mM, a 

concentration-dependent decrease of residual activity was observed for all phenolic 
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compounds reaching 20-30% of residual activity at 4.5 mM.  

These phenolic compounds also inhibited the GH11 xylanase from T. xylanilyticus
231

. 

Additionally, the lignin-derived phenolic compounds were also found as growth inhibitors 

of fungi that secrete several GH enzymes for biofuel industries. As an example, the growth 

rate of A. japonicus was significantly inhibited in the presence of various concentrations of 

phenolic compounds as vanillin, cuaiacol and caffeic acid the growth. Also, the results of 

in vitro assays showed that these phenolic compounds inhibit the arabinases and xylanases 

from A. japonicas
232

. Xylanase from E. nidulans was observed to be less sensitive towards 

phenolic inhibitors i.e. vanillin, ferulic acid, coumaric acid and 4-hydroxybenzoic acid, 

however, cinnamic acid and tannic acid inhibited it strongly. Inhibition of xylanases by 

phenolic compounds draws attention towards the investigation of their effects on particular 

xylanases to be applied in the industrial process
233

. The identification of xylanase 

inhibitors and the mechanism of inhibition can provide useful information to moderate the 

enzymatic hydrolysis of lignocellulosic biomass for biofuel production
145

.  

 

 

Fig. 3.32 Residual activity of NhGH11 in presence of lignin-derived inhibitors. The residual activity was 

calculated in the presence of lignin-derived inhibitors as caffeic acid, cinnamic acid, coumaric acid and 

ferulic acid. The activity of the purified enzyme was taken as 100%. The data represent a mean value of 

three replicates and bars indicate the standard deviation of the three replicates.  
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3.9.2 Thermofluor assay  

The thermofluor assay is used to calculate the thermal unfolding of proteins in presence of 

ligands and monitors the effects of ligands on temperature-dependent protein unfolding
234

. 

In this assay, SYPRO orange dye was used which binds to hydrophobic regions during the 

thermal unfolding of proteins. The dye gives fluorescence after interacting with 

hydrophobic regions of proteins and as a result, the obtained sharp sigmoidal melting 

curve allows the calculation of the melting temperature (Tm) that corresponds to the 50% 

unfolded fraction of protein, as shown in Fig. 3.33.  

 

Fig. 3.33 Thermofluor assay. Temperature unfolds the protein and the exposed hydrophobic regions bind to

the dye, resulting in a fluorescence peak. Figure source: https://www.jenabioscience.com/crystallography 

cryo-em/screening/thermofluor-screens.  

Reinhard and collaborators (2013), reported that thermoflour can be used to monitor the 

stability and homogeneity of proteins
235

. Thereby, the stability of proteins can be observed 

by the positive value of melting temperatures (+ΔTm), which can be evidence of increased 

structural stability and less conformational flexibility. On the other hand, the negative 

value (-ΔTm) can indicate a disordered conformation or a misfolded protein structure
236

. 

 NhGH11 thermoflour curves are shown in Fig. 3.34.  

The melting temperature (Tm = 50.7 ºC) of NhGH11 without phenolic compounds, which 

was assumed as a control, was used to calculate the change in melting temperature (ΔTm) 
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in presence of the phenolic compounds. The most prominent destabilization was observed 

after adding 600 μM of phenolic compounds, mainly in the presence of cinnamic acid 

which promoted a faster initial protein unfolding at a temperature of approx. 34 ºC, while 

600 μM of caffeic, ferulic and coumaric acids showed initial unfolding at approx. 

41-42 ºC.   

 

Fig. 3.34 Effect of phenolic compounds on the stability of NhGH11. Measurements were done on a real-

time PCR machine using a temperature gradient of 1 °C/min. (A) coumaric acid (B) ferulic acid (C) caffeic 

acid (D) cinnamic acid.  

NhGH11 destabilization is a concentration-dependent effect (Fig 3.35) observed for all 

phenolic compounds and revealed the stronger effect in presence of cinnamic acid 

(ΔTm = -17.8 ºC), coumaric acid (ΔTm = -13.2 ºC), followed by ferulic and caffeic acid 

(both ΔTm = -9.6 ºC) and the two last showed less structural destabilization of NhGH11.  
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Fig. 3.35 Destabilization effect in presence of phenolic compounds. The histogram indicates the melting 

temperature of NhGH11 as control and change in melting temperature (ΔTm) with increasing concentrations 

of phenolic compounds from 150 up to 1.2 mM.  

Protein surfaces tend to bind organic molecules that can promiscuously cause inhibition by 

partial unfolding of the protein structure
237

. The predictions of binding pockets of the 

NhGH11 structure (Fig. 3.36 A) and calculations of possible interacting residues (Table 

3.7) were obtained by applying DoGSiteScorer, ProteinsPlus web service 

(https://proteins.plus)
238

.  

The possible interactions of phenolic compounds with NhGH11 can be explained by a 

comparison of hydrogen bond interaction made by coumaric acid in the crystal structure 

(PDB code: 4EYO) of ABC transporter from R. palustris (Fig. 3.36 B). The comparison 

with the protein-coumaric acid interactions for PBD structure 4EYO is indicating that the 

hydroxyl group of phenol can form hydrogen bonds with nitrogen atoms of glutamine and 

histidine. While the carboxyl group can form a hydrogen bond with positively charged 

residues and with hydroxyl groups of vicinal side chains. Additionally, the benzene ring of 

the phenolic compound can form aromatic-aromatic (π-π) interactions and C-H-π 

interactions with aromatic residues. Similar interaction can be observed for NhGH11 

binding pockets with charged residues and H-bond donors and acceptors (Table 3.7). 
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The residues in NhGH11 pockets can form hydrogen bonds with oxygen and hydrogen 

atoms of hydroxyl groups of phenolic compounds, thereby considering the number of 

hydrogen bonds, caffeic acid can form more hydrogen bonds, followed by ferulic, 

coumaric and cinnamic acid, depending on the number of hydroxyl groups. 

 

 Fig. 3.36 Predicted interactions of NhGH11 with phenolic compounds. (A) Predicted binding pockets 

for phenolic compounds are shown in different colors (B) An example of interactions formed by coumaric 

acid with protein site chains (PDB code: 4EYO). Ligand-protein interaction diagram is prepared by applying 

LigPlot plus
239

. 
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Table 3.7 Description of predicted binding sites of NhGH11 

Binding site Red Green Blue Yellow Purple 

Size and shape descriptors 

volume [Å³] 118.27 

 

135.23 107.52 284.67 138.11 

surface [Å²] 160.10 217.28 242.77 380.42 145.87 

depth [Å] 10.01 10.42 9.45 13.91 8.85 

Functional group descriptors 

No. of H- bond donors 5 5 5 10 5 

No. of H- bond acceptors 18 16 14 20 24 

No. of hydrophobic 

interactions 

9 7 14 11 5 

Amino acid composition 

Apolar amino acid ratio 0.18 0.17 0.25 0.43 0.28 

Polar amino acid ratio 0.82 0.75 0.33 0.48 0.61 

Positive amino acid ratio 0.00 0.00 0.25 0.05 0.11 

Negative amino acid ratio 0.00 0.08 0.17 0.05 0.00 

Additionally, the residues of the red binding pocket can form more hydrogen bonds due to 

its polar amino acid composition followed by green, purple, yellow and blue pockets. 

These interactions may explain the possible reason for the destability of NhGH11 in 

presence of phenolic compounds including; the formation of hydrogen bonds between 

protein-phenolic and consequently the disruption of the protein-protein hydrogen bonds in 

the binding locality. The mechanism of protein destabilization in presence of ligands is not 

well understood due to lack of proper methodology. However, McGovern and 

collaborators (2002) suggested, that the query of destabilization of proteins in presence of 

ligands can be addressed by a combination of biophysical studies, fluorescence 

spectroscopy and kinetic assays to correlate the mechanism of inhibition
240

. Therefore, 

tryptophan fluorescence spectrophotometry was applied to find the effect of phenolic 

compounds on tryptophan fluorescence spectra of NhGH11 and the calculation of binding 

constants. 
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3.9.3 Tryptophan fluorescence spectrophotometry 

The tryptophan fluorescence spectrophotometry was used to measure the intrinsic 

fluorescence of tryptophan residues and also the quenching of fluorescence in the presence 

of ligands
241

. Tryptophan fluorescence spectra of proteins can provide evidence of changes 

in the tryptophan environment by ligand binding
242

. Therefore, the effect of phenolic 

compounds on tryptophan fluorescence spectra of NhGH11 was investigated. The three-

dimensional structure of NhGH11 contains six tryptophan residues at positions 21, 42, 55, 

82, 141 and 162. Tryptophan residues at positions 21, 82 and 141 are partially solvent-

exposed in the active site cleft while residue 55 is solvent exposed near to surface. 

However, W162 and W42 are buried in the hydrophobic environment (Fig. 3.37 A).  

Buried and solvent-exposed tryptophan residues contribute unequally to the tryptophan 

emission spectra. For example, the spectra of apoazurin, ribonuclease, staphylococcal 

nuclease and glucagon are shown in Fig. 3.37 B
243

. In apoazurin and ribonuclease, the 

tryptophan residues are buried deeply and near to the surface, while in staphylococcal 

nuclease and glucagon, the tryptophan residues are exposed partially and fully to solvent. 

As the solvent accessibility of tryptophan is increasing, the emission spectra are shifted to 

a longer wavelength, shown by spectra 1 to 4 (Fig. 3.37 B).  

Similarly, if tryptophan residues move away from the surface into the apolar environment 

a shift of emission spectra takes place towards a shorter wavelength (blue-shift) and if they 

became more open towards solvent the shift of emission spectra takes place toward a 

longer wavelength (red-shift)
243,244

.  

Quenching of the tryptophan fluorescence intensity is observed with an increasing gradient 

of phenolic compounds, shown in Fig. 3.38. The decrease in the tryptophan fluorescence 

intensity of NhGH11 is correlated with the concentration of phenolic compounds, 

indicating that a concentration-dependent quenching of the protein fluorescence intensity 

occurred. The quenching of the fluorescence intensity of NhGH11 can be explained by the 

Stern-Volmer fluorescence quenching mechanism
245

.  

1. Photoexcitation: NhGH11 → NhGH11*  

The excitation of NhGH11 was performed at 280 nm wavelength, which is an absorption 

maximum of tryptophan residues. The tryptophan residues acted as fluorophores; they 

absorbed photons and attained the excited state
246

. 
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Fig. 3.37 Effect of tryptophan positions on emission spectra. (A) Cartoon representation of NhGH11 

showing surface exposed (green) and buried tryptophan residues (purple). (B) The tryptophan emission 

spectra are shown with the solvent accessibility of tryptophan residues. 1. Apoazurin structure with deeply 

buried tryptophan, 2. Ribonuclease structure with tryptophan buried near to the surface, 3. Staphylococcal 

nuclease structure with partially solvent-exposed tryptophan. 4. Glucagon structure with solvent-exposed 

tryptophan
243

.  
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2. Fluorescence: NhGH11* → NhGH11  

The fluorescence emission spectra of NhGH11 were observed between 320-420 nm. The 

excited electrons returned to the ground state by releasing the absorbed energy in the form 

of ultraviolet radiation which was observed as fluorescence emission spectra (control 

spectra in Fig 3.38). 

3. Quenching: NhGH11* + Ph → NhGH11 + Ph* 

Quenching of fluorescence occurred in the presence of phenolic compounds (Ph). The 

proposed explanation for quenching includes that the phenolic compounds acted as an 

electron acceptor and they quench the excited electrons from NhGH11. Therefore, 

quenching of fluorescence takes place from 10 to 1000 μM concentration of all phenolic 

compounds shown previously (Fig 3.38).  

According to the NhGH11 spectrum data, lignin-derived phenolic compounds shifted the 

λmax towards a higher wavelength, thus redshift took place, which correspond to the 

decrease of the emitted radiation in terms of frequency and photon energy
248

. The redshift 

promoted by the increasing concentrations of phenolic compounds took place after 

concentrations higher than 10 μM. Moreover, the decrease in fluorescence intensity was 

also observed in concentrations higher than 10 μM and may indicate the decrease of the 

excited state lifetime of the tryptophan residues.  

The redshift added 10 nm emission spectra for caffeic and ferulic acid, while for coumaric 

and cinnamic acid less increments of emission spectra (6 nm and 2 nm) were observed. 

Redshift indicated that the binding of phenolic compounds resulted in solvent accessibility 

of tryptophan residues
247

, therefore, in the presence of caffeic and ferulic acid, the 

tryptophan residues of NhGH11 became more solvent-exposed as compared to coumaric 

and cinnamic acid, in other words, the binding of phenolic compounds with the higher 

number of hydroxyls can induce structural changes around the fluorophores (tryptophan 

residues) present in the structure of NhGH11. 
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Fig. 3.38. Tryptophan fluorescence intensity of NhGH11. Recorded spectra of NhGH11 as control and 

NhGH11 with increasing concentrations of phenolic compounds from 3 up to 1000 μM. Four different 

compounds were applied: (A) caffeic acid, (B) ferulic acid, (C) coumaric acid and (D) cinnamic acid. 

Non-linear regression curves (Fig. 3.39 A) were analyzed to calculate the binding 

constants of phenolic compounds. Caffeic acid showed binding at lower concentration 

(80.79±6.6 μM), thus it has higher binding affinity followed by ferulic acid 

(100.2±7.4 μM), coumaric acid (124.5±11.8 μM) and cinnamic acid (183.7±8.9 μM) as 

shown in Fig. 3.39 B.  
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Fig. 3.39 Binding constants of phenolic compounds. (A) Non-linear regression curves for the calculations 

of binding constants of lignin-derived inhibitors. To determine the dissociation constants, the maximum of 

the emitted fluorescence was determined and plotted against the increasing concentration of phenolic 

compounds. (B) The binding tendency of phenolic compounds, caffeic acid showed higher binding followed 

by ferulic acid, coumaric acid and cinnamic acid. 

Results of NhGH11 corroborated with GH11 xylanase from T. xylanilyticus that displayed 

a higher binding affinity for caffeic acid followed by coumaric acid, ferulic acid and 

cinnamic acid. In the same study, the binding constants of the phenolic compounds were 

calculated and were found to be depending on the number of hydroxyl groups of 

inhibitors. Therefore, the binding efficiency of these inhibitors was increased by 

increasing the number of hydroxyl groups on phenolic compounds
231

. 

A combination of all three assays provided evidence that these phenolic compounds affect 

the activity and the three dimensional structure of NhGH11. The binding pockets for 

phenolic compounds were predicted to study insight into the molecular basis of NhGH11 

interactions with inhibitors, however, the uncertainty of binding pockets and the absence 
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of any crystallographic xylanase complex with these phenolic compounds obstructed the 

reliable docking studies. Whereas among the phenolic compounds analyzed, cinnamic acid 

showed a non-significant redshift and lower tendency of binding to NhGH11 (section 

3.9.3), which may correlate with less possible hydrogen bond interactions due to the 

absence of hydroxyl groups.  

Therefore, after biomass pretreatment, the nature and the concentrations of lignin-derived 

phenolic compounds present in the saccharide liquor must be characterized for better 

catalytic efficiency of enzymes used in biofuel industries.  
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3.10 Conclusion and outlook 

Enzymatic hydrolysis of lignocellulosic waste material is cost effective and an alternative 

process for biofuel production, supporting the replacement of fossil fuels. Therefore, the 

research activities were focused on investigating the three-dimensional structure of 

xylanase from Nectria haematococca (NhGH11) as well as characterizing its functionality. 

The investigations and obtained results can be summarized as:  

 Nectria haematococca xylanase (NhGH11) is the first enzyme studied from this 

fungus. The three-dimensional structure of NhGH11 shows the typical fold of 

family 11 xylanases with a single catalytic domain and conserved active site 

residues. The overall structure resembles a partially closed right hand, consisting of 

two major β-sheets and one α-helix. The crystal structure refined to 1.0 Å 

resolution, allows the investigation of hydrogen atom positions, alternative 

conformations of amino acid side chains and solvent molecules. The assignment of 

putative active site residues and their function in NhGH11 are proposed after 

superimposing and comparing the structure of the T. reesei (PDB code: 4HK8) 

enzyme-xylohexose complex, indicating the pair of glutamate 89 and glutamate 

180 to be responsible for the catalytic reaction. Further, NhGH11 can 

accommodate a linear xylan backbone with six subsites.  

 Structural and biochemical investigations provide an understanding of the 

molecular structure and activity parameters, such as optimum temperature, pH and 

thermostability. NhGH11 showed 100% activity at 45 ºC and has also good 

activities at 40 ºC, 45 ºC and 50 ºC, with approximate activities scaled to 92%, 

100% and 84%. The structural basis of thermostability was investigated and 

monitored applying CD spectroscopy, indicating that the α-helix remains stable in 

an aqueous solution up to 45 ºC and β-sheets remain partially stable up to 90 ºC. 

The structural comparison of thermostability parameters with hyperthermostable 

xylanases showed the mesophilic character of NhGH11. 

 NhGH11 is alkaline xylanase and the alkaline nature of NhGH11 is also observed 

during structural comparison with GH11 xylanases. The structure comparison 

showed that acidic xylanases have an aspartate residue, while alkaline xylanases 

and NhGH11 have asparagine residues vicinal to the catalytic glutamate at 

hydrogen bond distance. 

 NhGH11 shows β-1,4 xylanase activity towards xylan substrates i.e. xylan 



3. Results and discussion 

106 

beechwood, xylan polysaccharide and wheat arabinoxylan. However, the 

specificity constant is found to be higher for xylan beechwood as compared to 

wheat arabinoxylan and xylan polysaccharides. Furthermore, NhGH11 also 

cleaved xylopentose substrates into small oligosaccharides i.e. xylotetrose, 

xylotriose, xylobiose and xylose, analyzed by MALDI-TOF-MS (matrix-assisted 

laser desorption ionization-time of flight mass spectrometry). 

 The role of different metal ions and chemical reagents was studied for reactions 

catalyzed by NhGH11. As a result, the data showed that NhGH11 is relatively less 

sensitive towards most common metal ions and chemical reagents.  

 Lignin derived phenolic compounds decreased the enzymatic activity of NhGH11 

at concentrations higher than 1 mM. Calculation of melting temperature in 

presence of phenolic compounds showed a concentration-dependent destabilization 

of NhGH11 structure. However, cinnamic acid showed stronger effect followed by 

coumaric, ferulic and caffeic acid. The possible interactions of phenolic 

compounds with NhGH11 can be explained by a comparison of possible hydrogen 

bond interactions. The structure of NhGH11 has potential binding pockets that can 

form hydrogen bonds. Caffeic acid can form more hydrogen bonds followed by 

ferulic, coumaric and cinnamic acid depending on the number of hydroxyl groups. 

The calculated binding constants also provided evidence that caffeic acid has more 

binding capacity followed by ferulic, coumaric and cinnamic acid. 

The structural information of NhGH11 can be used to understand the molecular basis of 

enzymatic specificity and highlighting its functional features to be applied in industrial 

processes. Also, biochemical studies indicate the potential of NhGH11 for commercial 

applications. NhGH11 can be applied in industrial processes requiring β-1,4 xylanase 

activity at working temperature ranging from 40 to 50 ºC, and requiring a pH range from 

5.5-6.0. Also, obtained xylooligosaccharide products can be also used in food industries. 

In this context, NhGH11 can be used to supplement enzymatic cocktails used for biofuel 

production. However, future research activities can explore all glycosyl hydrolases from 

Nectria haematococca to be applied in formulations of enzymatic cocktails used in biofuel 

industries. 



4. Supplementary information 

107 
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S. 4.1 Flowsheet diagram. Three different families of biofuel enzymes were selected from N. haematococca. 

E. coli expression of GH10 and AA9 did not yield soluble protein, while GH11 xylanase (NhGH11) is 

successfully applied for structural and biochemical studies.  
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The E. coli expression of GH10 and AA9 from N. haematococca resulted in the formation 

of inclusion bodies. Experiments were performed for optimization by using different 

expression vectors, buffers, expression temperatures and E. coli strains, as shown in S. 4.1. 

However, soluble fractions of these enzymes could not be obtained for further biochemical 

and biophysical characterizations. These solubility problems are correlated to the findings 

of other N. haematococca enzymes where expression problems by E.coli also resulted in 

the extensive formation of inclusion bodies
249

. Although, E. coli is a preferable host for 

cost-effective recombinant expression of industrially important enzymes, due to 

inexpensive growth conditions, an easy transformation of an external gene and higher 

expression yields. However, many fungal enzymes cannot be expressed by E. coli or 

resulted in the formation of inclusion bodies
250

. The reasons for E. coli expression 

problems for eukaryotic proteins may be related to the repetition of rare codons or the 

absence of post-translational modifications such as glycosylation
251

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Supplementary information 

109 

S. 4.2 Alignment of GH11 sequences 
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S. 4.3 Phylogenetic tree indicating the evolutionary relationships among GH11 xylanases. FASTA 

sequences of Fungal GH11 xylanases from sequence 1-46 indicated with red color and Bacterial GH11 

xylanases from sequence 47-82 indicated with black color. NhGH11 is indicated with green color. The 

pattern of branching indicated the evolution of NhGH11 from common fungal ancestors. Branch points are 

indicated with blue dots and branches are labeled with a confidence score. The sequences with smaller 

confidence scores mean they evolve from a common ancestor.  
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S. 4.4. Active site mutant for soaking of substrates 

The active site residues E89 and E180 of NhGH11 were mutated to alanines and protein 

was expressed and purified using procedures described for NhGH11 (section 2.4-2.7). The 

activity assay of active site mutant was performed by DNS assay
158

 using the standard 

procedure described in section 2.15.1. The activity results showed that the active site 

mutant was 50% less active than NhGH11. Crystals of active site mutant could grow only 

in precipitant condition 1 (1 M ammonium sulfate, 100 mM sodium citrate pH 5.5), 

following the protocol described in section 2.13. Co-crystals of active site mutant with 

saccharidic substrates could not be obtained. 

 

S. 4.4. (A) The active site mutant was crystallized by vapor diffusion-hanging drop by mixing equal volumes 

of 10 mg/mL protein and a precipitant solution containing 1 M ammonium sulfate, 100 mM sodium citrate 

pH 5.5. The streak seeding technique was applied utilizing the same seed stock that was applied for NhGH11 

crystals. Mutant crystals were obtained at 20 °C after two days. (B) Superimposition of NhGH11 (green) and 

active site mutant (cyan). Mutated residues are shown with red color.  
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Table 4.1 Data-collection and refinement statistics for active site mutant 

Data collection   

X-ray source P11 beamline PETRA III, DESY 

Detector Pilatus 

Space group  C 2 (No. 5) 

Cell dimensions  

a, b, c (Å) 81.6, 38.4, 51.1 

α, β, γ (º)  90.0, 91.1, 90.0 

Wavelength (Å) 0.97 

Resolution range (Å) 40.8-1.3 (1.28-1.3) 

Total number of reflections 32537 

Redundancy 3.1 (2.6) 

Wilson B-factor (Å
2

) 8.59 

Rmeas 0.053 (0.49) 

Rmerge 0.045 (0.47) 

CC1/2 0.999 (0.857) 

I/σI 15.57 (2.33) 

Completeness (%) 85.12 (80.74) 

Refinement   

Reflections used 82543 (6956) 

Reflection used for R
free

 1970 (174) 

R
work

 0.20  

R
free

 0.24  

No. atoms 1863 

Protein 1580 

Water 278 

Ligands Not observed 

Average B-factor (Å
2

) 20.78 

R.m.s deviations   

Bond lengths (Å) 0.0074 

Bond angles (º) 1.1 

Ramachandran   

Favored (%) 95 

Allowed (%) 5 

Outliers (%) 0.00 
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Precautionary 
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H340, H350, 
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P308+313, P312, 

P321,P33 2+313, 

P337+313, P362, 

P403+233, P405, 

P501 
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P261, P264, P271, 

P280, P302+352, 
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dihydrogenphosphate 

Sodium fluorid 7681-49-4 GHS06 H301, H315, 

H319 

P302+352, 

P305+351+338, 

P308+310 

Sodium sulfate 7757-82-6 - - - 
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Nickel sulfat 10101-97-0 GHS07, 
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H302, H332, 

H315, H317, 

H334, H341, 
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P304+340, 

P308+313 

PEG 400 25322-68-3 - - - 

PEG 6000 25322-68-3 - - - 

Hydrochloric acid 7647-01-0 GHS05, 

GHS07 

H314, H335 P261, P280, P310, 

P305+351+338 
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GHS06 

H228, H302, 

H311, H315, 

H319, H335 
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P301+312+330, 

P305+351+338+3
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P370+P378 
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GHS05, 
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H225, H302, 

H314, H332 
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Tris 1185-53-1 GHS07 H315, H319, 

H335 

P261, 

P305+351+338 

Triton-X100   9002-93-1 GHS05 

GHS09 

GHS07 

H302,H315,H

318 

 

Tween-80 9005-65-6 - - - 

Xylan beechwood 9014-63-5 - - - 

Xylan polysaccharide XYL100 - - - 

Wheat arabinoxyalm 9040-27-1 - - - 
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Azo- xyloglucan 37294-28-3    

Xylose   58-86-6 - - - 

Xylobiose  6860-47-5 - - - 

Xylotriose 47592-59-6 - - - 

Xylopentose 49694-20-4 - - - 

Yeast extract 8013-01-2 - - - 
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Hazard statements form GHS (Globally Harmonized System) and labels of chemicals  

Symbol GHS Hazard Statements 

H225   Highly flammable liquid and vapor 

H226 Flammable liquid and vapor 

H228 Flammable solid 

H272 May intensify fire; oxidizer 

H301 Toxic if swallowed 

H302 Harmful if swallowed 

H311 Toxic in contact with skin 

H312 Harmful in contact with skin 

H314 Causes severe skin burns and eye damage 

H315 Causes skin irritation 

H317 May cause an allergic skin reaction 

H318 Causes serious eye damage 

H319 Causes serious eye irritation 
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H330 Fatal if inhaled 

H331 Toxic if inhaled 

H332 Harmful if inhaled 

H334 May cause allergy or asthma symptoms or breathing difficulties if 

inhaled 

H335 May cause respiratory irritation 

H336 May cause drowsiness or dizziness 

H340 May cause genetic defects 

H341 Suspected of causing genetic defects 

H350 May cause cancer 

H350i May cause cancer by inhalation 

H360 May damage fertility or the unborn child 

H360D May damage the unborn child 

H360Fd May damage fertility. Suspected of damaging the unborn child 

H360FD May damage fertility. May damage the unborn child 

H361 Suspected of damaging fertility or the unborn child 

H361d Suspected of damaging the unborn child 

H361f Suspected of damaging fertility 

H370 Cause damage to organs 

H372 Causes damage to organs through prolonged or repeated exposure 

H373 May cause damage to organs through prolonged or repeated 

exposure 

H410 Very toxic to aquatic life with long lasting effects 

H411 Toxic to aquatic life with long lasting effects 

H412 Harmful to aquatic life with long lasting effects. 
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