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Introduction

Prokaryotes constitute the first organisms on Earth; they have dominated the
biosphere, playing central roles in biological systems [1]. Estimates have
consistently suggested that the immense majority of prokaryotic microorganisms in
natural environments is difficult to cultivate [2]. “Uncultivable” indicates that
current bench methods are unable to grow such microorganisms in the laboratory.
This implies a lack of knowledge of their biological traits and mechanisms that
allow growth. Currently, there are ample opportunities — using direct molecular
techniques - to assess the molecular traits that reside in such cryptic organisms,
allowing us to gain access to previously hidden metabolic diversity. Thus, by
applying such novel methods, new natural products can be obtained and the
factors that contribute to both ecological balance and health revealed. The genetic
information (DNA) present in ecosystems is responsible for programming the
physical characteristics of the organisms living therein. Differences in DNA
sequences between organisms create diversity. Such diversity manifests itself as
biological diversity through the structure, organization, regulation and expression
of DNA. There are ample data that indicate that diversity is extremely high in the
Prokaryotes [3]. In contrast, the diversity in the Eukarya is much lower, although
still considerable and concentrated in the microbial members. The biochemical
properties carried in this genetic diversity are thought to support the stability
(resilience) of natural systems. To unlock the genetic diversity contained within
microbiomes, including both “cultivable” and “uncultivable” microorganisms, the
use of metagenomics is very useful [4]. This approach can reveal how the members
of microbial communities function and relate to their niches, enabling inferences
about processes and their rates in the systems studied.

Importance and potential of biological catalysts

In biotechnological processes, there is an increasing demand for biological
catalysts (enzymes) with novel properties, to be used in all aspects of the
biochemical reactions that are pursued (such as increased reaction rate, faster
kinetics, better specificity and being non-hazardous to nature) [5]. Biocatalyst are
widely used in the detergent, textile, cosmetics, leather, pharmaceutical,
biotechnology, chemical, food processing and brewing industries, to improve the
productivity and efficiency of industrial processes [6]. In addition, the
environmental burden of industrial processes needs to be reduced and - in this
process - enzymes are also important [7]. Recent research has explored the
potential of enzymes (known or unknown ones) to mediate new catalytic functions
that are difficult to achieve through chemical catalysis [5].  Moreover,
improvement of existing enzymes is receiving great interest [8]. In particular, 7
silico protein design tools are playing vital roles in efforts that aim to foster the
characterization of biocatalysts [9]. Thus, enzymes are considered that have
specific properties, e.g binding to target positions of substrates with better affinity



and specificity, allowing optimized catalytic activity. For example, the efficiency of
production of sugar monomers from lignocellulosic (plant biomass) material poses
quite a challenge in the light of the demand by Industry [10]. Thus, carbohydrate-
active enzymes (CAE; cellulases, lipases/esterases and xylanases) ate required.
There is a huge diversity of CAE, which have been grouped into more than 276
families, among which glycosidases (135), transferases (101), lyases (24) and
esterases (16) (CAZy: Catbohydrate-Active Enzyme, (http:// www.cazy.org/) [11].
Only a small part of this diversity has been unlocked so far. Thus, accessing the
enzyme diversity in natural or derived systems will allow to explore the wide
catalytic potential of enzymes as related to relevant reaction contexts.

From microbial ecology to biotechnology

Recent assessments estimate that about 10 bacterial cells inhabit Earth, with 2.6 x
10” cells in terrestrial and 1.2 x 10* in marine systems [12]. Only part of this huge
biomass is accessible by cultivation; studies in marine systems indicated extremely
low levels, i.e. 0.001-0.1%, of culturability and those in terrestrial systems about
1% culturability [13]. Given this general lack of culturability of extant
microorganisms, the use of metagenomics is indicated to make progress with
explorations for biotechnology. Moreover, such an approach will also foster
fundamental ecological studies on microbial behavior and survival. Thus, if
evidence for the growth of particular microorganisms in particular conditions in an
ecosystem can be found, this will enable the discovery of novel enzymes that are
required for growth and survival under those conditions [14]. For example, recent
studies have shown that the addition of chitin to soil enhances the bacterial
abundance along with increased chitinase activities, allowing the unlocking of
novel chitinases [15]. Thus, an interplay exists between our attempts to understand
the functioning of ecosystems and to foster biotechnology, in terms of the
discovery of novel enzymes or antibiotics. Historically, the discovery of
streptomycin and other antibiotics sprang from very basic studies of the taxonomy
and ecology of actinomycetes in soil, as conducted by soil microbial ecologists
[16]. Similarly, turbomycin, one of the first antibiotics discovered by a
metagenomics approach, was identified in a soil-derived library [17], in a clone that
had hemolytic activity. Thus, to optimize or maximize biotechnological
applications, it is essential that both basic biology assessments and utility screens
are pursued in metagenomics [6].

Metagenomics

Metagenomic gene discovery studies need fine tuning to allow the retrieval of
enzymes with potential useful applications [18]. Here, the approaches, in terms of
the organisms being accessed and mined, are complex [19]. First, suitable
microbiome DNA needs to be produced. Second, suitable genetic fragments need
to be cloned into suitable hosts and then genes should be expressed to allow the
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detection of useful functions (Figure 1). In effect, many metagenomics approaches
can be seen as being analogous to the classical genome library construction and
screening method, with the difference that the ‘genome’ cloned is not from a
single organism, but rather from the entire microbial community present in an
environmental sample. It is, thus, a reflection of the ‘community genome’.
‘Genome’ coverage - in this case - is an ephemeral notion, since different
community members will be present in different numbers in the sample, and their
genomes will be extracted with different efficiencies. Hence, genes of different
organisms will be present in very different, and often completely serendipitous or
idiosyncratic prevalences in the DNA used to construct metagenomic libraries
[20].

Different strategies can be taken in metagenomics, according to the
primary goal. Small (plasmid-based) or large (fosmid-, cosmid- and/or bacterial
artificial chromosome (BAC)-based) insert libraries can be constructed for
archiving and sequence homology screening purposes (Figure 1). Some genes in
such libraries may be expressed in the cloning host and may thus be found in
activity screens, however there will be a bias towards genes from organisms related
to the host [21]. The reason may be that there is greater biochemical compatibility
among closely-related that across distantly related organisms. Moreover, selection
of the cloning vector is often guided by the need for insertion of the adequate size
of DNA inserts. Here, as inserts between 20 to 40 Kb were required, fosmids were
chosen, as these vectors work efficiently and accommodate these insert sizes [22].

Metagenomics: method, importance and challenges

Two basic approaches have been used for the recovery of novel biocatalysts from
different environmental sources by metagenomics. In both cases, shotgun libraries
are produced in suitable vectors. Then, the difference between the two approaches
are determined by the library screening method applied: function- and sequence -
based screening of metagenomic libraries (Figure 1).

Sequence-based metagenomics - In sequence-based metagenomics screening,
libraries are screening by sequencing, and comparisons of sequences with
databases will give information about the presumed types of genes that are
present. Coupled with sequencing and exploration of DNA from the sample
source, this method will allow us to infer potential function, next to assemble
operons, genomes and genes (Figure 1) [23]. Moreover, this application
encompasses the design of DNA probes and/or primers that are detived from
already-known genes or protein families. In this way, only novel variants of
identified functional group of proteins can be screened [24]. In contrast, function-
based metagenomics is based on the screening for a specific function or activity as
the basis for clone selection (Figure 1) [23]. Function-based screening plays a key
role in identifying new products for biotechnological applications. Bottlenecks are



the often-low expression of genes in metagenomic libraries, the screening for
specific genes without a clear phenotype and (substrate) induced genes. However,
function-based screening has been successfully used to recognize novel enzymes
(For example: agarases [25], amylases [20], esterase and lipases [25], glycosyl
hydrolase [27])and other products [28]. It is the only approach that enables to
identify genes that effectively encode novel functions [4,18].
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Figure 1. Flow chart of our work
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Plant biomass

Plant secondary cell walls are formed by specific plant cell type. In those cells with
structural support, secondary cell walls are dynamic in different aspects, e.g. water
transport [29]. The secondary cell wall is composed of the main polymers cellulose,
hemicellulose, lignin and proteins (Figure 2). Building the complex cell wall
structure encompasses a harmonized execution of different biosynthetic pathways
(Figure 2). These include the biosynthesis and inter-conversion of precursor
sugars, the polymerization of precursors into large polymers, the transport of
precursors or polymers to the cell wall and the final assembly of component
polymers into the cell wall structure (Figure 2). The secondary structure that is
formed is often rigid and highly stable and does not easily decay. Upon decay,
however, the major polymers used for energy production are, next to proteins,
cellulose and hemicellulose. The latter are considered to be the most energy-rich
polysaccharides. Evolution has brought these biopolymers together in very
prominent architectures, foremost to boundless biodiversity from the molecular to
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the macroscopic level. They are hierarchically organized (Figure 2); cellulose is
embedded in a complex matrix composed of hemicellulose and lignin.

Polysachharides

L 3 {__[]/r[} SO0

aaaaaaaaaaa

Pentose  Hexose 3 03

Figure 2: Structure of lignocellulose

Classification of lignocellulosic biomass - The presence of polysaccharides as
well as the proportion of the different sugars of the hemicelluloses differs between
different plants (Table 1). In contrast, ce//ulose is considered as an abundant
homo-polysaccharide of the plant cell wall across the board. It is composed of
chains with high numbers of D-glucose linked together by B-1, 4-glucosidic bonds
(Figure 3). The linear structure of the cellulose chain (formed with hydrogen
bonds) leads to crystalline fibrils. In these, the hydrogen bonds of the cellulose
make the structure flexible, insoluble in most solvents and quite resistant to
microbial degradation [30,31]. The surface of cellulose is hydrophobic, which
results in the formation of a repelled layer of water that may hinder diffusion of
enzymes and degradation products near the cellulose surface [32].

Hemicelluloses are complex heterogeneous polysaccharides composed of D-
glucose, D-galactose, D-mannose, D-xylose, L-arabinose, D-glucuronic acid and 4-
O-methyl-D-glucuronic acid (Figure 3). Hemicelluloses have a degree of
polymerization below 200, and side chains can be acetylated [33]. They are
classified according to the main sugar of the backbone of the polymer, e.g. xylan
(B-1,4-linked xylose) or mannan (B-1,4-linked mannose) [34,35]. Plants belonging
to the grass family (Poaceae), e.g. rice, wheat, oat and switch grass, have
hemicelluloses that are composed of mainly glucurono arabinoxylans [36]. Due to
differences in hemicellulose composition, agricultural waste products like wheat
straw and corn stover, as well as hardwood materials, are rich in the pentose sugar
xylose, whereas softwoods are rich in the hexose sugar mannose (Table 1)
[34,35,37-40].

Lignin is a complex network formed by polymerized phenyl propane units. It
constitutes the most abundant non-polysaccharide fraction in lignocellulose. The



three monomers in lignin are p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol that are joined through alkyl-aryl, alkyl-alkyl and aryl-aryl ether bonds.
Lignin embeds the cellulose, thereby offering protection against microbial and
chemical degradation. Furthermore, it is able to form covalent bonds with some
hemicelluloses, e.g. benzyl ester bonds with the carboxyl group of 4-O-methyl-D-
glucuronic acid in xylan. More stable ether bonds, also known as lignin
carbohydrate complexes (LCC), can be formed between lignin and arabinose or
galactose side groups in xylans and mannans [41]. In general, herbaceous plants,
such as grasses, have the lowest content of lignin, whereas softwoods have the
highest lignin content (Table 1).
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Figure3: Structural components of hemicellulose

Pretreatment of lignocellulosic materials

The saccharification of (hemi)cellulose from lignocellulose is hindered by different
factors of physico-chemical or structural nature. A mechanical or physical (pre)
treatment may aid in the opening up of the structures, so as to obtain the
polysaccharide fibers (Figure 1). Several pretreatment techniques are currently
playing roles in this process, including ammonia fiber explosion, steam explosion
(SE), chemical and biological treatments. Steam explosion appears as a method of
choice (Garrote et al, (1999), as it uses no chemicals, yields high amounts of
hemicelluloses with low degraded byproducts, does not cause equipment
corrosion, is user-friendly (no acids) and allows the disruption of the solid residues
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from bundles to individual fibers. However, it may produce inhibitory compounds
such as furfural and hydroxyl methyl furfural (HMF). In effect, steam-explosion
was an effective process for increasing methane yield from wheat straw (upto
30%), as compared to untreated wheat straw [43]. Although (energy) expensive,
SE has great potential for the industrial scale [44]. This process has to meet several
requirements: (1) increase the production of sugars or the enzyme convertibility,
(2) reduce the loss of sugars and avoid the degradation of carbohydrate, (3) avoid
the formation of inhibitors for further processes, and (4) be scalable to industrial
level. However, in practice it is very difficult to consider all issues. Clearly, loss of
sugars and cost effectivity are points of concern in scaling up. In fact, the
combination of steam explosion and enzyme hydrolysis has been recommended as
a standard technology that best meet current industrial demands [45]. During
steam explosion, the lignocellulosic material pore size can be increased, however,
the method does not affect the microfibrils [46]. Thus, enzymes can have easy
access to the microfibrils to increase hydrolyses process.

Screening microbiomes for glycosyl hydrolases

The enzymes that break glycosidic bonds between sugar residues or a sugar and a
non-sugar moiety within carbohydrates or oligosaccharide are known as glycoside
hydrolases. The glycoside hydrolase family enzymes are scattered throughout the
prokaryotic, eukaryotic and archaeal domains [47]; they have remarkable functional
diversity. Till now, 135 glycoside hydrolase (GH) families were identified. The
classification of GH enzymes based only on substrate specificities is inappropriate,
since the same protein fold often harbors several types of specificities. Therefore,
one key study proposed a better classification pattern based on the consequence of
protein folding, as dictated by the amino acid sequence [47]. The 135 different GH
families provide insight into the comparative structural features within a family,
their evolutionary relationships with other family members and their mechanisms
of action. Through functional metagenomics, several carbohydrate-active enzymes
(glycosyl hydrolase family) have been identified using p-nitrophenyl tagged
substrates. For example, p-nittophenyl-B-D-glucopyranoside and p-nitrophenyl-a-
L-arabinopyranoside were used to screen for (hemi)cellulose hydrolytic enzymes in
E. /i clones harboring metagenomic fosmid libraries derived from
(hemi)cellulose-depleting microbiomes of a fresh cast of earthworms. This study
revealed two glycosyl hydrolases that had no resemblance (63% and 75% of
identity with hypothetical proteins) to any identified glycosyl hydrolase family
enzymes; two novel families (G03-3 and GO04-9) of [-galactosidases/a-
arabinopyranosidases were thus defined [48]. The purified G03-3 and G04-9
enzymes wetre tested against pNP-B-D-galactoside (pNPGal) and pNPAra.
Remarkably, these two enzymes showed approximately 90- and 2-fold higher
catalytic efficiencies with B-galactoside than with a-arabinopyranoside. In-silico
structural alignment and 3D modelling were performed, and these methods



predicted (based on the crystal structure) similarity to the UDP-glucose epimerase
of Thermus thermophilus. Thus the analyses suggested that the two enzymes belong
to two new families of functional GHs with B-galactosidase (EC 3.2.1.23) and o-
arabino pyranosidase activities

Table 1: Presence of polysaccharides in lignocellulosic materials

Samples Cellulose (%)| Hmicellulose (%) | Lignin (%) | Ref
Grasses
Wheat straw 38,2 24 23,4 [58]
Rice straw 342 24,5 11,9 [58]
Corn stover 35,6 22,1 12,3 [59]
Hardwood
Birch 38,2 19,7 22,8 [59]
Willow 43 29,3 24,2 [60]
Softwood
Spruce 43,4 18 28,1 [61]
Pine 46,4 229 29,5 [58]

Importance of enzymes for hydrolysis of lignocellulose

Efficient hydrolysis of lignocellulose requires a number of efficient enzymes that
work on the cellulose, hemicellulose and lignin moieties of the substrate.
Concerning the required enzymes for cellulose, cellulolytic enzymes are divided
into three major classes; 7) cellobiohydrolases (CBH) (EC 3.2.1.91), which break
the cellulose chain into cellobiose units from the ends; #) endo-1,4-B-D-glucanases
(EG) (EC 3.2.1.4), which hydrolyse internal B-1,4-glucosidic bonds; ) 1,4-B-D-
glucosidases (EC 3.2.1.21), which hydrolyse cellobiose to glucose and also cleave
glucose units from cello oligosaccharides. All these enzymes work synergistically to
hydrolyse cellulose by creating new accessible sites for each other, removing
obstacles and relieving product inhibition [49]. The degradation of hemicellulose
requires several tasks from the hemicellulases (Figure 3). The main structural part
in hemicellulose is xylan, which is composed of d-xylopyranosyl units linked by -
1,4-glycosidic bonds. The hemicellulase system includes as enzymes, among
others, endo-1,4-B-D-xylanases (EC 3.2.1.8), which hydrolyse internal bonds in the
xylan chain; 1,4-B-D-xylosidases (EC 3.2.1.37), which attack xylo oligosaccharides
from the non-reducing end and liberate (EC 3.2.1.22), a-D-arabinofuranosidases
(EC 3.2.1.55), a-glucuronidases (EC 3.2.1.139), acetyl xylan esterases (EC 3.1.1.72)
and feruloyl and p-cumaric acid esterases (EC 3.1.1.73) [50,51]. Although several
of these glycosyl hydrolase family enzymes have been characterized and
crystallized to better understand the structural functions, there is a paucity of
knowledge about the full diversity across these (Table 2). While enzymes from
organisms in natural systems exert habitually selective catalytic activities, these are
often not appropriate for the burdens of industrial processes in which greater
xylose; endo-1,4-B-D-mannanases (EC 3.2.1.78), which cleave internal bonds in

© ‘ General Introduction



manno

e
o O
% b5y 9seqeILp WOIJ JUISE - FOqUINT TVOISSTWO)) SWAZUH ) ‘FOUTWIIP 10N (N
.m ..m (gad) ueq viep u101] {(A7yD) SOWAZUD dANIY-21BIPAYOQIE)) 4
c m ¥ aN 6 aN 8L0T  CLTTEOH  s9sa3sd prw dpvwnd-d pue [fonidy
g«
Lw = 61 aN 4 I¢ 116 eLT1eod 595839159 UB[AX K198
. ..w - - - - L9% 6£1°1T€0H sosTpruOININ{3-»
@ 3
N g ¥ aN 61 LE TOYS ISy 01e T Ss1TeDd SesppisourIjouiqeIe-(1-0
—
S e e < -
8 ¥l aN ¥C [44 OTT L6 LS 9¢ 1€ L v CTlcedd SISEPISOIOT[EE-(]-0
<
nEp WN - - - - SCl SsTlTeod $IsEPISOUURW-(I-¢-4° 1
~ «Mo LT aN LT €¢ PELCIT $¥ 926 ‘S 8L 1T E€DH SOsTUTULRW-(I-¢-§ [ -OpUD
!
m T 1 anN [4 6l 0T1 ‘911 ‘¥S TS IS ‘er 6€0€ ‘S €1 LET1TeDd SOSEPISOIAX-(-g-+°1
w
Z me 9¢ aN 18 e H0CY 1 Ty AT OF 8'1Ceod SOSLUR[AX-(]-g-*]-0pUd
4 < < < < < < < < €~ i R/ -
o H 9¢ 91 CLTT 01 6 8'S°¢
m %. SISE N[O TWIIE]
m_ m 8¢ ) S8 €9 9110 6°s ‘€T 1CTCTEDd sasep1SoN(3-(I-¢-41
A &
|
& g el
_ <8 L1 1S B8L (e on cen fpr o T s fg ) co € AXAIOE! (OH) seseueoni3-(q-g-p [-opuo
M,m YL 168y S¥ ¥¥ 9CCl 01 6 8 L 9°S
w
- 3 8¢ aN L8 0¢ 6°9°S  16'1T¢0d (HD) sasejorphyorqoryad
m Ma sase[n[[a)
c 9 SOU9D Jo ©IBYOIY elOAyENNY BIISIOEYg
s g Aprey HO I_qunN DH yonouny SWAZUH
m 1) FaqumN SIINUD g d JO FoqunN
c 5
g§7°¢

—

1 3dey) 7 o



enzymes; 0-D-galactosidases stability and productivity are required [52]. Recent
developments and industrial applications of a variety of biocatalysts including
hydrolases, reductases, transaminase, oxidases and others, have been reviewed in
detail [53]. To boost degradative processes, enzyme mixtures are of increasing
importance in bio-refinery industries. Ideally, the function of each enzyme in such
a mix should be known, next to its interactivity with other enzymes [54]. In
particular, enzyme characteristics such as stability, degradation, tolerance to
inhibitors, allosteric hindrance and mainly competition and/or collaboration
between enzymes, needs to be understood. Moreover, the effects of factors like
temperature and pH need attention, as these are important in enzyme reactions
and may affect the nature of protein structure, such as folding and
posttranslational modification (PTMs) [55]. Some commercial enzyme cocktails are
already in use in lignocellulose degradation processes for the production of
biofuels. At present, Celluclast, Cellic® CTec2 and Cellic® CTec3 are available as
rather efficient tailor-made cellulolytic enzyme cocktails [56,57]. However,
Celluclast mostly exhibits cellulase activity, and low hemicellulolytic activity. Thus
hemicellulolytic enzymes added to Celluclast may promote the enzyme hydrolysis
activity to obtain more reducing sugars lignocellulosic feedstocks.

Overall aim of this thesis

An improved understanding of how natural microbiome address the problem of
degrading recalcitrant plant biomass will provide information that will ultimately
permit expansion of bio-refining processes. Thus fuels, plastics and value-added
chemicals can be more efficiently produced from biomass. I here propose to
exploit the power of metagenomics to access the wealth of microbial genetic
diversity in natural microbiomes. A thorough analysis of these will enable effective
enzyme cocktails to be produced and modulated for enhanced lignocellulose
biodegradation.

Hypotheses and research questions

1. Microbial consortia developed from soil on the proper lignocellulose substrate
will harbor genes for novel carbohydrate-active enzymes. Functional
metagenomics will enable to analyze the presence of glycosyl hydrolase family
genes.such as (hemi)cellulases.

2. Specific novel glycosyl hydrolase family genes on fosmids can be successfully
expressed, enabling the discovery of novel catalytic protein space.

3. From consortial metagenomes, predicted GH genes can be codon-optimized
and expressed. Such targeted synthetic metagenomics is useful for the selection
and characterization of GHs with novel properties.

4. The commercial enzyme mix Celluclast can be strongly improved in efficiency
by the addition of novel enzymes produced by targeted metagenomics.

= ‘ General Introduction
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Research questions

» What are the key carbohydrate-active genes that play roles in lignocellulosic
microbial consortia? Can functional metagenomics be used to find novel
glycoside hydrolase family enzymes?

» What ate the characteristics of novel identified enzymes tevealed by
metagenomics?

» What are the key enzymes that enhance the catalytic activity of commercial
enzyme cocktails? Does plant biomass pre-treatment influence the enzyme
catalytic activity? To what extent it can be useful to the bio-refinery industries?

Outline of the thesis

Chapter 1 introduces the topic of this thesis. It describes the importance of
microbiomes and the molecular functions they carry in plant biomass degradation.
Moreover, it touches on key methods that allow to discover the novel biocatalysts
beneficial to the biotechnological applications.

Chapter 2 gives an overview of function-based metagenomics library screening
for the identification of (hemi) cellulolytic enzymes from lignocellulolytic microbial
consortia. In this chapter, I, together with co-authors, show the impact of using
multi-substrate methodology (based on six chromogenic substrates) to enhance the
metagenomics hit rate. Here, we pinpoint clones where three putative
thermoalkaliphilic enzymes were covered (a xylanase, a galactosidase, and a
glucosidase).

Chapter 3 develops the data of chapter 2, with respect to the molecular
characterizations of the selected genes. Here, eight glycosyl hydrolase (GHase)
family candidategenes were selected using molecular cloning, gene expression and
purification studies in Escherichia coli. Four of the enzymes showed significant
activities on pNP-B-D-galactopyranoside, pNP-B-D-xylopyranoside, pNP-a-L-
arabinopyranosideand/or pNP-a-D-glucopyranoside. Two of the enzymes showed
thermo-tolerance and were found to encode a ‘new family’ of a-glucosidase
activity.

Chapter 4 enhances the strategy of targeted and synthetic metagenomics, enabling
the production of glycosyl hydrolases for lignocellulose degradation. Here, we
address the practical difficulties and limitations in codon optimization, gene
expression and protein purification. Specifically, we characterized a novel dual-
function hemicellulolytic enzyme with high furan aldehyde tolerance and optimal
catalytic activity at slightly alkaline pH. The features of this enzyme will be useful
in the efficient degradation of pretreated plant biomass.



Chapter 5 describes the power of enzymatic hydrolysis in plant biomass
degradation. However, practical limitations are huge while using single enzymes. In
order to enhance the efficiency of hydrolysis in plant biomass pretreatment, we
developed a steam explosion procedure that helps to expose the microfibrils to
enzymes. Remarkably, four novel (hemi)cellulases were identified that efficiently
enhance the activity of commercially available cellulase enzyme cocktails.

Chapter 6 highlights the overall findings of this thesis, with a focus on the
methodologies and novelties. Furthermore, the prospects for lignocellulolytic
enzymes, enzyme cocktails, pretreatments and metagenomic library screening are
examined. In addition, avenues to future work are discussed to improve the
biotechnological applications.
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A multi-substrate approach for functional
metagenomics-based screening for
(hemi)cellulases in two wheat straw-degrading
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Abstract

Functional metagenomics is a promising strategy for the exploration of the
biocatalytic potential of microbiomes in order to uncover novel enzymes for
industrial processes (e.g. biorefining or bleaching pulp). Most current
methodologies used to screen for enzymes involved in plant biomass degradation
are based on the use of single substrates. Moreover, highly diverse environments
are used as metagenomic sources. However, such methods suffer from low hit
rates of positive clones and hence the discovery of novel enzymatic activities from
metagenomes has been hampered.

Here, we constructed fosmid libraries from two wheat straw-degrading
microbial consortia, denoted RWS (bred on untreated wheat straw) and TWS
(bred on heat-treated wheat straw). Approximately 22,000 clones from each library
were screened for (hemi)cellulose-degrading enzymes using a multi-chromogenic
substrate approach. The screens yielded 71 positive clones for both libraries, giving
hit rates of 1:440 and 1:1,047 for RWS and TWS, respectively. Seven clones (NT2-
2, T5-5, NT18-17, T4-1, 10BT, NT18-21 and T17-2) were selected for sequence
analyses. Their inserts revealed the presence of 18 genes encoding enzymes
belonging to twelve different glycosyl hydrolase families (GH2, GH3, GH13,
GH17, GH20, GH27, GH32, GH39, GH53, GH58, GH65 and GH109). These
encompassed several carbohydrate-active gene clusters traceable mainly to Kiebsiella
related species. Detailed further functional analyses showed that clone NT2-2
(containing a beta-galactosidase of ~116 kDa) had highest enzymatic activity at
55°C and pH 9.0. Additionally, clone T5-5 (containing a beta-xylosidase of ~86
kDa) showed > 90% of enzymatic activity at 55°C and pH 10.0.

This study employed a high-throughput method for rapid screening of
fosmid metagenomic libraries for (hemi)cellulose-degrading enzymes. The
approach, consisting of screens on multi-substrates coupled to further analyses,
revealed high hit rates, compared with recent other studies. Two clones, 10BT and
T4-1, required the presence of multiple substrates for detectable activity, indicating
a new avenue in library activity screening. Finally, clones N'T2-2, T5-5 and N'T'18-
17 were found to encode putative novel thermo-alkaline enzymes, which could
represent a starting point for further biotechnological applications.



Introduction

Lignocellulose constitutes an abundant organic material that is recalcitrant to
degradation. Across different plant species, it contains cellulose (~35-50%) and
hemicellulose (~25-35%) moieties that are complexed with lignin [1]. The cellulose
moiety is a glucose polymer, whereas the hemicellulose part is composed of
various pentose and hexose sugars (e.g. xylose, arabinose, mannose and galactose)
linked by beta/alpha-glycosidic bonds [2-4]. All of these sugars have great value
for the production of bioethanol, biodiesel and/or plastics [5, 6], and so there have
been many efforts to release them from the plant matrix. However, current
physicochemical methodologies for the degradation of plant biomass and
subsequent production of sugars are imperfect [7] and so there is a great interest in
the development of alternative and efficient processes, based on enzymes and/or
lignocellulolytic microbes [8, 9].

The conversion of plant biomass to sugars requires the concerted action of
different proteins, such as carbohydrate-binding modules (CBMs), polysaccharide
monooxygenases, pectin lyases, hemicellulases, endoglucanases and beta-
glucosidases [10-12]. Among the hemicellulases, xylosidases that can work
efficiently at high temperatures in alkaline conditions are highly valued with
respect to their usefulness in the pulp bleaching process [13, 14]. Actually,
hemicellulases, which have previously been regarded as “accessory enzymes” of
cellulases, may themselves exert vital roles in plant biomass hydrolysis [15, 16].
Given the complexity of the enzymes required for efficient lignocellulose
breakdown, multi-species microbial consortia offer interesting perspectives [17-
20]. To unlock the biocatalytic potential present in lignocellulolytic microbial
consortia, metagenomics-based approaches have been proposed [21-23]. Two
different strategies can be used: /) the unleashing of high-throughput DNA
sequencing on degradative consortia, and/or 7) the selection of enzymes via
functional/genetic screening of metagenomic libraries produced from these
consortia [9].

Functional metagenomic screening includes the detection of “positive
clones” on the basis of phenotype (e.g. enzymatic activity), heterologous
complementation and modulated detection by reporter genes [24]. As such, the
approach does not depend on the availability of prior sequence information to
detect enzymes and it therefore offers great potential to discover genetic novelty.
Using this approach, searches for (hemi)cellulases have already been made in
microbiomes from decaying wood, compost, rumen and soil [25-28]. However,
only few studies have explored the enzymatic potential of microbial enrichments
[29-30]. It is important to notice that functional screenings come with a possible
caveat, which relates to the fact that the expression conditions in the heterologous
host used need to match the requirements of the insert. Due to this and other
caveats (e.g. improper codon usage and/or promoter recognition, inclusion body
formation, toxicity of the gene product or inability of the host to induce the gene
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expression), the frequency with which positive clones are uncovered may be very
low [31]. In attempts to overcome such low hit rates, some studies have applied
“biased” (e.g. substrate-enriched environment) samples, coupled to the use of
highly = sensitive chromogenic substrates (e.g. 5-bromo-3-indolyl-beta-D-
xylopyranoside) [32]. Other studies have used plasmid vectors with dual-orientation
promoters to obtain more positives clones [33]. The commonly-used substrates for
screening for (hemi)cellulose-degrading enzymes include azo-dyed and azurine
cross-linked polysaccharides (e.g. AZCL-HE-cellulose, AZCL-xylan or AZCL-
beta-glucan), para-nitrophenyl glycosides (e.g. pNP-beta-D-cellobioside, pNP-
alpha-galactopyranoside or pNP-alpha-L-arabinofuranoside),
carboxymethylcellulose and rimazol brilliant blue dyed-xylan. However, multiple
chromogenic substrates as proxies for functional screening of (hemi)cellulases
have been underexplored, although, recently, these types of approaches were
catalogued as highly interesting [34].

In this study, phylogenetically stable wheat straw-degrading microbial
consortia [19-35] served as the sources for two fosmid-based metagenomics
libraries. These libraries were subjected to expanded functional screens by a multi-
substrate approach using six chromogenic compounds (indolyl-monosaccharides).
Sequencing of the inserts of seven selected positive clones indicated the presence
of a suite of novel genes encoding proteins of distinct glycosyl hydrolase (GH)
families, which were flanked mostly by CBMs and ABC transporters. Thus, we
present an effective strategy for exploration of fosmid libraries for
(hemi)cellulases, revealing hit rates higher than those reported in previous studies.
Subsequent functional analyses unveiled genes encoding putative novel thermo-
alkaline-tolerant enzymes, which opens the way for future biotechnological
applications (e.g. biorefining or bleaching pulp).

Materials and methods

Metagenomic DNA extraction from lignocellulolytic microbial consortia
The lignocellulolytic microbial consortia examined here were primed with a forest
soil derived microbial source. Briefly, the microbial cells were introduced into
triplicate flasks containing 25 ml of mineral salt medium (MSM) with 1% of 7)
“raw”” wheat straw (RWS) and 7#) heat-treated (240 °C, 1 h) wheat straw (TWS),
after which flasks were incubated at 25 °C with shaking at 100 rpm. A sequential-
batch approach was followed up to the 10" transfer [19-35]. Then, DNA was
extracted from the 10" transfer microbial consortia, by using the UltraClean®
Microbial DNA Isolation Kit (MoBio Laboratories Inc., USA). Three replicate
crude DNA extracts were pooled for each fosmid library and concentrated up to
250 ng/pl using a Speedvac concentrator. (Eppendorf, Hamburg, Germany).

Construction of metagenomic libraries in fosmids
Metagenomic libraries were constructed using the CopyControlTM HTP Fosmid



Library Production Kit (Epicentre Biotechnologies, Madison, USA). Briefly, the
metagenomic DNA was partially sheared by pipetting, to yield DNA fragments
between 30 to 50 kb, after which it was 5’phosphorylated/blunt-ended. The DNA
was then analyzed in 1% low-melting-point agarose using a CHIEF-DR III pulsed
field gel electrophoresis system (BioRad, Hercules, USA) at 14°C with the
following parameters: gradient 6 V/cm, included angle 1207, initial switch time 0.5
sec, final switch time 8.5 sec, linear ramping factor, 18 h. DNA fragments of
approximately 30-40 Kb were excised from the gel and recovered using
Zymoclean™ TLarge Fragment DNA Recovery Kit (Zymo Research, Irvine, USA).
The DNA was then ligated into vector pCC2FOS, packaged in phage particles and
competent E. co/i EPI300-T1" cells were transformed with it. The E. e/ cells were
diluted 1:10° and plated onto 1% LB agar supplemented with 12.5 pg/ml
chloramphenicol (LBA+Cm). Plates were incubated overnight at 37°C, to produce
500 to 600 colonies per plate. The colonies of each plate were pooled in 1 ml of
LB broth with 20% of glycerol and stored as fosmid pools at -80°C for further
analysis.

Screening for fosmid clones expressing (hemi)cellulolityc enzymes
Screening was done in three steps. First, fosmid pools stored at -80°C were
recovered in 100 pl LB broth at 37°C for 1 h (shaking at 250 rpm) and serially
diluted up to 1:10°. Then, each suspension (100 pl) was plated on LBA+Cm
supplemented with a mix of each of the six chromogenic substrates (at 40 pg/ml)
(Table 1). After incubation (48 h, 37°C), dark blue colonies (due to hydrolysis of
the chromogenic substrate) were selected, purified to obtain single colonies and
retested. Secondly, selected clones were plated onto LBA+Cm supplemented with
each of the specific hemicellulose-mimicking substrates, i.e. X-Fuc, X-Gal, X-Man
and X-Xyl, in single, double, triple and quadruple combinations. Thirdly, clones
that were positive in the first screening (on six substrates) and negative in the
second screening (four substrates in different combinations) were further tested on
X-Cel and X-Glu (single and double combinations) (Figure 1).

Extraction of DNA from selected fosmid clones

Selected positive clones were cultured in 4 ml of LB supplemented with 12.5 ul/ml
chloramphenicol (LB+Cm) and incubated at 250 rpm for 8 h at 37 °C. After
incubation, 25 ul was used to inoculate 25 ml of fresh LB+Cm. To increase the
fosmid copy numbers, 50 ul of autoinduction solution (500X) (Epicentre
Biotechnologies, Madison, USA) were added and flasks incubated (37 °C, shaking
at 250 rpm). At ODy, of about 2-2.5, fosmid DNA was extracted from these
cultures using the Gene Jet Plasmid Midi Preparation Kit (Thermo Scientific,
Waltham, USA). DNA size and integrity were verified by running aliquots of the
DNA on 1% agarose gels and DNA concentration was measured by
spectrophotometry (Nanodrop 2000; Thermo Scientific). The resulting fosmid
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DNA was digested with EwR1 and the restriction patterns was analyzed on 0.8%
agarose gel. Band sizes were estimated by comparison to a standard DNA marker
(GeneRuler™ 1 Kb ladder, Thermo Scientific). The size of the insert of each
fosmid was estimated by calculating the sum of the sizes of the individual EwK1
generated bands minus 8,181 bp (fosmid backbone).

Sequencing and gene annotation of fosmid inserts

The selected positive fosmid clones were sequenced using the Illumina HiSeq
platform (2 X 100bp). Sequences from the E. cw/i EPI300 genome as well as vector
backbone sequences were removed. The resulting set of raw sequence data was
quality-checked and further processed, with normalization and Velvet-based de novo
assembly to generate contigs (Beckman Coulter Genomics, Danvers, USA).
Contigs were selected from the data if the average coverage exceeded 200-fold,
and final contigs were considered to be representative of the whole insert. ORF's
were assigned to each of the contigs using the Rapid Annotation Subsystems
Technology (RAST) server [46]. Subsequently, the ORFs were annotated in the
CAZymes Analysis Toolkit (CAT) platform [47], using default parameters. Finally,
all genes predicted in each fosmid insert were re-annotated and verified (in-house)
using BLASTX searches against the NCBI database. The results from this analysis
were loaded into MEGAN v5 software [48], after which they were classified
taxonomically using the suggested parameters for the LCA algorithm (maximum
number of matches per read 10; minimal support 5; minimal score 35; max
expected 0.01; minimal complexity 0.3; and top percent 10). The nucleotide
sequences of the contigs retrieved from the clones N'T2-2, T5-5, NT18-17, T4-1,
10BT, NT18-21 and T17-2 were deposited in the GenBank database under the
accession numbers KU505133-KU505147.

Functional = analyses—beta-galactosidase, beta-xylanase and alpha-
glucosidase activity assays

Positives clones were grown (37°C, shaking at 250 rpm) in 5 ml LB+Cm
containing 10 ul of auto-induction solution (500X). At OD,,, of 0.5, cells were
harvested by centrifugation (10 min, 10,000 g). Proteins were extracted by adding 2
ml of lysis buffer (20 mM Tris-HCL pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1%
Triton, 5 mM CHAPS and a tablet of protease inhibitor -Roche- to 50 ml) to the
pellet. Subsequently, the mixtures were sonicated on ice (6 sec on, 15 sec off, 30
cycles with amplitude of 10-15 microns). Protein concentration was determined by
the Bradford method using bovine serum albumin as standard. The total protein
fractions were recovered and tested for activity using pNPGal, pNPXyl and
pNPGlu. The reaction mixture consisted of 0.3 ml of 10 mM pNPGal, pNPXyl or
pNPGlu (diluted in 50mM of Tris-HCL pH 7.0) and 0.3 mL of each clone protein
fraction. The mixtures were incubated at 40°C for 30 min to 2 h (depending on the
quantity of proteins and activity) and the reactions were stopped on ice. Two



negative controls were used for all assays: /) reaction mixture without substrate and
77) reaction mixture using the total protein fraction from the fosmid-less host E. co/i
EPI300. Enzymatic activities were determined from the measured absorbance
units using a standard calibration curve. The amount of para-nitrophenyl (pNP)
liberated was measured by absorbance at 410 nm. One unit (U) of enzyme activity
was defined as the activity required for the formation of 1 pM of pNP per min
under the above conditions (in this case mg of total protein). Optimum
temperature was determined in the range of 4-80 °C using pNPGal, pNPXyl and
pNPGlu (at pH 7.0 and 9.0). The pH optimum was determined in a pH range
from 3.0 to 10.0 (at 40°C and 55°C) under standard conditions using the following
buffers: 50 mM sodium citrate (pH 3.0 to 6.0), 50 mM Tris—HCI (pH 7.0-9.0) and
50 mM glycine-NaOH (pH 10.0).

Protein electrophoresis and zymographic analyses

Zymograms were used to detect beta-galactosidase and beta-xylosidase activities
on native polyacrylamide gels (4% stacking, 10% resolving gels) using 40 pg of
total protein per sample. After running the gels at 4°C, they were washed with
water and then incubated with 5 mM of each substrate (MUFGal and MUFXyl)
diluted in 0.1 M of Tris-HCI (pH 8.0) at 25°C for 1 h. Following this, bands were
visualized under UV light.

Results

Construction and functional screening of two fosmid metagenomic libraries
Two metagenomic libraries were produced in fosmids, one from pooled raw wheat
sttaw (RWS) consortial DNA (~70,000 clones) and another one from torrified
wheat straw (TWS; ~70,000 clones). Each library contained clones with inserts of
~35 kb average sizes, yielding approximately 2.4 Gb of total cloned genomic DNA
per library. In order to screen for (hemi)cellulose-degrading enzymes, about 22,000
clones per library were subjected to activity screens on LB agar supplemented with
mixtures of six chromogenic substrates (Table 1; Figure 1). These screens yielded a
total of 71 positive hits, being 50 from RWS and 21 from TWS. This
corresponded to, respectively, 1 hit per 440 screened clones (RWS), and 1 hit per
1,047 screened clones (TWS).

The 71 positive fosmid clones were restreaked to purity and then retested
for activity to confirm the initial screening result. They were then subjected to
additional plate screens with the hemicellulose-mimicking substrates X-Fuc, X-
Gal, X-Xyl and X-Man, including single-, double- and mixed-substrate plates. The
71 positive clones showed activity in the latter assay (mixed-substrate plate),
confirming the initial data. Clones that showed consistent activities on the
mixtures of six substrates but no activity on the aforementioned hemicellulose-
mimicking substrates were then tested for their abilities to degrade cellulose or
starch using X-Cel and X-Glu (single and double) (Figure 1). After removal of
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clones with questionable activity (e.g. faint-blue colonies with white background),
the remaining 52 clones showed consistent activities on at least one of the
substrates tested. Specifically, 20 clones showed activity on X-Gal (18 from RWS -
hit rate 1:1,157; 2 from TWS - hit rate 1:11,000), 9 on X-Xyl (all from TWS — hit
rate 1:2,444) and 15 on X-Glu (all from RWS — hit rate 1:1,466) (as singletons).
Remarkably, eight were positive only on the mixture of six substrates.

Table 1. Chromogenic substrates used in this study

Type of Substrate Concentrati
Activity on * enzymes indolyl-monosaccharide) Abbreviation on into the Supplier
detected (indoly plate
alpha- 5-bromo-4-chloro-3-indolyl-o-L- X-Fuc
fucosidases fucopyranoside
bctg» 5-bromo-4-chloro-indolyl-B-D- X-Gal
Hemicellulose galactosidases galactopyranoside
beta- 5-bromo-4-chloro-3-indolyl-B-D- XXyl Biosynth
xylosidases xylopyranoside Each 40 AG,
alpha- 5-bromo-4-chloro-3-indolyl a-D- X-Man pg/ml Switzerla
mannosidases mannopyranoside nd
beta- 5-bromo-4-chloro-3-indolyl-B-D- X-Cel
Cellulose and glucanases cellobioside
Starch alpha- 5-bromo-4-chloro-3-indolyl-a-D- X-Glu
glucosidases glucopyranoside
W W
—L)m &J
Metagenomic libraries @
Medium for initial screening g'/ Pools of 700 clones per plate Retested iniil srcening

Agar LB + Chloramphenicol +

X-Fuc + X-Gal + X-Xyl + X-Man + X-Glu + X-Cel and colony purification

Re-screening of 71 positive clones

X-Fuc  X-Gal X-Xyl X-Man Negative clones in
- all the combinations were re-
Single sereening in X-Glu and X-Cel

Selection of seven
Double .
X-Glu  X-Cel clones to sequencing
Triple — |
Mixture

Figure 1. Schematic representation of the methodology used to screen for (hemi) cellulases in
fosmid-based metagenomic libraries. 1) Biased communities (e.g. soil-derived microbial consortia
bred on wheat straw) are at the basis of enhanced hit rates. 2) Screening of fosmid pools (700 per
pool) allow high-throughput analyses. 3) Screening on substrate mixtures accelerate the analyses. 4)
Re-screening of positive clones in single, double and further mixed combinations of substrates
enable the detection of specific activities.

For each fosmid clone type in our library, as determined by activity, 2-4
clones were selected for genetic analysis. This selection was also guided by the



clones, i.e. RWS and TWS. Restriction with EcwR1 revealed, for all tested fosmids,
the presence of insert sizes of approximately 28 to 35 kb. It also allowed the
detection of duplicates for dereplication of the fosmid set. The, thus selected, final
set of (seven) fosmids consisted of two clones that were positive for X-Gal (T17-2
and NT2-2), one for X-Xyl (T5-5), two for X-Glu (NT18-17 and NT18-21), and
two with activity on multiple mixed substrates (10BT and T4-1) (Table 2).

Analysis of fosmid insert sequences and detection of carbohydrate-active
enzymes

The seven selected clones (NT2-2, T5-5, NT18-17, T4-1, 10BT, NT18-21 and
T17-2), were subjected to full insert sequencing. Final assembly of the inserts
revealed a total of 15 contigs, of sizes between 3.0 and 35 kb. Thus, some inserts
had more than one contig, indicating the existence of regions with too low
coverage. Per clone, the contigs were considered to be of sufficient representation
to allow further analyses (Figure 2). All contigs were then screened for the
presence of open reading frames (ORFs) on the basis of the presence of start and
stop codons (automatic annotation from the RAST server, followed by manual
validation). In addition, the identified genes were, gene-by-gene, subjected to
BLAST-based analyses, comparing against the NCBI and carbohydrate-active
enzyme (CAZy) databases. Overall, we detected 18 promising ORFs encoding
proteins from 12 different GH families amongst a total of 211 ORFs. The G+C
contents of the inserts ranged from 54.6% to 63.5%. The complete annotation of
each of the seven fosmid inserts is presented in the supplementary files. A brief
description of each insert is listed below (Table 2 and Table 3).

Table 2. Selected fosmids to insert sequencing and annotation of genes detected in each metagenomics fragment

Number of genes based on RAST platform and CAZy datab
- - -

F "Isg“d Positive on ( tftﬁ“l‘;;‘gfh) G/C GHs | CBMs | AAs | GTs | CEs | ABC | H/U | Others | Total
NT22 X-Gal 2(3121Kb) | 60.1 | 2 2 1 2 0 3 2 1 26
55 XXyl 5(L63Kb) | 519 | 4 2 0 0 0 3 8 13 30
NT18-17 X-Glu 2(337Kb) | 635 | 4 0 1 1 1 0 | 4 14 35
T4-1 Mixed* 2(3484Kb) | 572 | 2 3 1 0 0 3 5 17 31
10T Mixed* 2(3187Kb) | 546 | 2 0 2 1 0 1 12 2 53
NT1821 X-Glu 1(2989Kb) | 550 | 0 1 0 0 0 3 2 21 27
T17-2 X-Gal 1(2357Kb) | 548 | 4 1 0 2 0 0 3 9 19

Asterisk: positives on the mixture of six chromogenic substrates.
Glycosyl hydrolases (GHs); Carbohydrate binding modules (CBMs); Auxiliary activities (AAs); Glycosyl transferases (GT); predicted ABC
transporters (ABC); Hypothetical and unknown genes (H/U).

Fosmid NT2-2- Two contigs represented the total 31.2 kb insert, encompassing
26 predicted ORFs. The sizes of the identified ORFs ranged from 123 to 3,309 bp.
Gene annotation revealed the presence of two predicted genes encoding proteins
of GH families GH2 and GH53. The GH2-encoding gene was annotated as a
beta-galactosidase (~116 kDa) and could be correlated with the activity on X-gal.
Flanking this gene, genes predicted to encode two CBMs (CBM48 and CBM20),
two glycosyl transferases (GTs) (GT2 and GT90) and an operon containing three
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methionine ABC transporter genes were found (Additional file 1).

3 4 5 6 7
NT2-2 EX::II::XJ(:J(]:'\‘/‘,‘, D ‘,:JIZD D) —— |::> |:{>-<|):| N e— m—
'(000 6000 ‘7000 ' 11000 ' 14000 17000 0 3000 6000 9000 12000
10 11
s ,<:<:| PO DAREDNE =i icTbe r>4—<- e e
o 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 000 4000 6000 0 1000 2000 3000 O 1 mm n(m
15 16 19 20
NT1817 <:<:<:<::><:4-<::>:> e b e 4 oW Gamedc> mR e o
wﬂu (()Uﬂ ouun 11000 14000 \7(:00 200‘00 ‘: Z“IUU 4“‘:0 6"‘:" X"‘:” \"‘:”“ |20IO“
25 26
T | DS Do bl ) ODEEEDIED D6 =
0l 20‘00 40(:0 60(;0 ‘800‘0 ' 10000 ' |2000 |4000 16000 18000 20000 22000 24000 2(000 " Zxd')l) 30&00 ' 320100 ﬂ Zﬂ()() 4000
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Jopr RO DO HICIRIO DN i< E =D el
O Z()U(l 4(N)(l MHHY xn(m \()(H)l) 1 Z()UU 14(){10 \6()[)0 1 K()()l) 20(){)() 22(N)1) 2400() 26000 () zuun AOOU
NT1p21 L o m mmp mmpap () e ¢ 2 =) ) DB = —
U‘ 7(!(\0 4000 6000 XODO 10000 12000 14000 16000 1 X()U(l 20000 22000 24000 26000 ZXOUO 30000
a7 |9 5 m— o s
0 2000 4000 6000 KOOU IOOUD 12000 14000 IGOUO 1 KOUD 20000 22000 24000

mm Glycosyl hydrolases (GHs) == Predicted ABC transporters

mm Auxiliary activities (AAs) = Operon for maltose/maltodextrin transport

== Glycosyl transferases (GTs) mm Operon of Yjb genes (polysaccharides synthesis)
= Carbohydrate binding modules (CBMs)

== Carbohydrate esterase (CEs)

Figure 2. Graphical representation of the genes detected and annotated in seven fosmid inserts
selected by the multi-substrate screening approach.

Fosmid T5-5- Thirty predicted ORFs, with sizes ranging from 138 to 2,379 bp,
were present in the 31.6 kb insert (composed of five contigs). A gene predicted to
encode a 789-amino acid protein (~86 kDa) was annotated as a gene for beta-
xylosidase. This protein could be involved in the detected enzymatic activity on X-
Xyl. Flanking this gene, three ABC transporters, a xyloside transporter (Xy#T —
annotated as GH17 by CAZy) and a CBM50 gene (annotated as a lipoprotein by
RAST) were found. In addition, predicted genes for carbohydrate-active enzymes
of families CBM20, GH13 and GH32 were detected (Additional file 2)

Fosmid NT18-17- Thirty-five ORFs were identified in the 33.7 kb insert (two
contigs). The insert showed a high G+C content, i.e. 63.5%. Four GH-encoding
genes were detected, which fell in the GH27, GH20, GH58 and GH109 families.
Of these, two predicted proteins might be linked to the activity on X-Glu (GH58-
hypothetical protein or GH27-aquaporin). In addition, ten predicted ABC
transporter genes were detected (Additional file 3).

Fosmid T4-1- This contiguous insert (31.4 kb) consisted of 31 ORFs, of sizes
between 189 and 3,003 bp. Two genes with predicted GH activity were found.
These might be involved in the enzymatic activities detected on mixed substrates,
t.e. a GH3 family gene (encoding a beta-xylosidase) and a GH17 family one
(annotated as a xyloside transporter; Xy#T). In addition, three genes predicted to
encode CBMs were found in this insert (two CBM50 and one CBM20). The
remainder encompassed either hypothetical and/or uncharacterized genes (five
ORPFs) or genes encoding different functions (seventeen ORFs) (Additional file 4).



Fosmid 10BT- Fourty-three ORFs were identified in the 31.8 kb insert of fosmid
10BT (two contigs). Consistent with the annotation, genes predicted to encode
two GHs (i.e. GH39 and GH53), two auxiliary activities (AAs; AA5 and AA3), one
GT (GT4) and one ABC transporter were identified. Of these, the newly
discovered GH39 (beta-xylosidase) and GH53 (endo-beta-1,4-galactanase) genes
could be related to the activities measured with the mixture of substrates.
Interestingly, these genes were annotated -by RAST- as transcriptional regulator
(AraC family) and an inner membrane protein, Y//N, respectively (Additional file
5).

Fosmid NT18-21- Fosmid NT18-21 contained a 29.8 kb insert within a single
contig. Although this insert contained a total of 27 predicted ORFs, CAZy
annotation predicted only one gene with carbohydrate activity, i.e. one encoding
CBM50 (identified by RAST as a “shikimate 5-dehydrogenase I gamma”).
Furthermore, two operons were detected that might relate to the activity, one of
them encompassing predicted genes for maltose/maltodextrin transporters and the
second one presumed polysaccharide synthesis genes (Y7bH-Y76G-YjbF-Y/bE). The
latter operon was flanked by a gene for glucose-6-phosphate isomerase and one
for an aspartokinase, which are both involved in sugar metabolism (Additional file

6).

Fosmid T17-2- Nineteen ORFs were identified within the 23.5 kb insert of
fosmid T17-2 (one contig), which had a G+C content of 54.8%. The ORFs had a
size range between 117 and 3,084 bp. One ORF encoding a 1,027-amino acid
protein was identified as a gene for beta-galactosidase (GH2 family), suggesting it
was responsible for the activity of the fosmid on X-gal. In addition, we identified
genes for the transcriptional repressor of the lac operon and “PTS system sucrose-
specific IIB component” that were identified by CAZy as a GH53 and a GH32
family proteins, respectively. Two genes encoding GTs (GT4 and GT8), and one
gene for CBM51 were also identified (Additional file 7).

Tracking the microbial sources of the fosmid inserts

To identify the potential microbial source of each metagenomic insert, the
predicted amino acid sequences per gene per contig were BLAST-compared to the
NCBI database. In addition, such BLAST results were analyzed by the Lowest
Common Ancestor (LCA) algorithm in MEGAN v5 (Additional files). Thus 14
predicted protein sequences from the N'T2-2 insert were affiliated to proteins of
members of the Enterobacteriaceae, notably Klebsiella oxytoca and Enterobacter sp.
However, another 11 predicted proteins from this insert were affiliated, based on
the 50 “best” BLAST hits, to those from Psexdomonas putida. In the fosmid T5-5
insert, 27 predicted proteins were mainly related to Kilebsiella oxytoca —derived
proteins. The insert of fosmid N'T18-17 showed a complexity of genes that were
affiliated to different genera (e.g. Pelagibacterium, Rhizobinm and Mesorhizobinm).

N ‘Funcuonal metagenomic library
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These genera all belong to the Rhizobiales, suggesting an organism from this
group as the most likely source. In both fosmids T4-1 and N'T18-21, virtually all
predicted proteins (approximately 96%) were affiliated with proteins from
members of the Enterobacteriaceae. Closer (manual) screening of the data
indicated that insert T4-1 might come from a Klebsiella oxytoca -like organism,
whereas insert NT18-21 might originate from an organism affiliated with either
Citrobacter/ Klebsiella) Salmonella. A similar observation was made for the fosmid
T17-2 insert. In the case of fosmid 10BT, eleven ORFs yielded predicted proteins
that resembled those of Pseudomonas putida —like organisms (coverage and identity
of > 90%), whereas the remainder of the predicted proteins were more related to
those from enteric species (e.g. mostly Klebsiella oxytoca —like). This was similar to
what was shown for the NT2-2 insert.

Functional analyses: beta-galactosidase, beta-xylanase and alpha-
glucosidase activities

Based on the initially-detected activities of the fosmid clones, we selected three
commercially available substrates, i.e. para-nitrophenyl-beta-D-galactopyranoside
(pNPGal), para-nitrophenyl-beta-D  -xylanopyranoside (pNPXyl) and para-
nitrophenyl-alpha-D-glucopyranoside (pNPGlu), in order to quantify the activities
(using total protein extracts) at different temperatures and pH values. Clones N'T2-
2 and T17-2 were positive on pNPGal, confirming the initial screening data, while
clones T5-5, T4-1 and 10BT were positive on pNPXyl. In addition, clone N'T18-
17 showed activity on pNPGlu (Figure 3a). Clones NT2-2 and T5-5 showed
elevated levels of enzymatic activity and were therefore chosen for further assays
(Figure 3b,d). Total protein extracts produced from the fosmid-less host (E. co/i
EPI 300) did not show any activity on the selected pNP substrates, confirming
that the activities came from the metagenomic inserts. For clone N'T2-2, activity
on pNPGal was maximal at 55°C and pH 9.0 (between 3,516 U/mg * 219.02 and
3,377 U/mg + 47.19), with 34% and 44% of activity remaining at 80°C and pH
10.0, respectively. Activity was not detected below pH 6.0 (Figure 4a,b). The
activity of clone T5-5 on pNPXyl was maximal at 55°C, with values of around 93,
21 and 12% of this maximum at 37, 70 and 22°C, respectively. The highest
xylanolytic activity for clone T5-5 was obtained at 55°C and pH 8.0 (3.96 U/mg *
0.04), with ~91% of activity remaining at pH 10.0. The enzyme produced by T5-5
was likely alkaliphilic. Similar to clone N'T2-2, T’5-5 activity was not detected at pH
values below 6.0 (Figure 4c,d). Finally, clone NT18-17 showed maximum activity
at pH 7.0 and 55°C (1.87 U/mg * 0.06), and about 0.94 U/mg at 40°C and pH
10.0. This suggested this enzyme was quite tolerant at alkaline conditions (Figure

4e.f1).

Zymograms
Native polyacrylamide gels showed that crude protein extracts from the seven
fosmid clones had band patterns different from those of the E. ¢/ EPI300 host.
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Moreover, none of the bands produced from the E. co// EPI300 host were positive
with MUFGal (MUF-beta-D-galactopyranoside) and MUFXyl (MUF-beta-D-
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Figure 3. Functional analyses (relative enzymatic activities, expressed in U/mg) based on total
proteins extracted from selected positive fosmid clones. A) Characterization of the fosmid clones
using three pNP-substrates (pNPGal, pNPXyl and pNPGlu). B and C) Effect of temperature and
pH values on the activity of the clones NT2-2 and T17-2 with pNPGal. D and E) Effect of
temperatures and pH values on the activity of the clones T5-5, T4-1 and 10BT with pNPXyl
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Figure 4. Relative enzymatic activities of the total proteins from the fosmids clones NT2-2, T5-5
and NT'18-17 using pNPGal, pNPXyl and pNPGlu, respectively, at different temperatures and pH
values. A and B) Effect of temperatures and pH values on the activity of the fosmid clone NT2-2.
C and D) Effect of temperatures and pH values on the activity of the fosmid clone T5-5. E and F)
Effect of temperatures and pH values on the activity of the fosmid clone NT18-17.

xylopyranoside) (used as substrates), confirming that any activities measured came
from the metagenomic inserts. Clones N2T-2 and T17-2 both showed a band of



>100 kDa with high activity on MUFGal (Figure 5). Given their estimated sizes,
these bands likely represented proteins encoded by genes 3 and 34 (Figure 2; both
beta-galactosidase encoding genes). Clone T4-1 showed a band of 75-100 kDa
size, with xylosidase activity, which is consistent with the initial finding of activity
on pNPXyl. This band likely corresponded to a protein encoded by gene 24 (Table
3), predicted to be a beta-xylosidase of ~86 kDa. Clones T5-5 and 10BT, positive
with pNPXyl, did not show any bands with activity on zymograms using MUFXyl.

N
) \%\'\ $
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——
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|

Native-PAGE

MUFGal MUFGal MUFXyl

Figure 5. Native polyacrylamide gel electrophoresis (NATIVE-PAGE) and zymogram analysis.
Left: Native polyacrylamide gel of the total proteins from the positive fosmid clones. Right:
Positives fosmids clones that showed bands (red square) with activity on the zymogram assay using
MUFGal (MUF-beta-D-galactopyranoside) and MUFXyl (MUF-beta-D-xylopyranoside) as
substrates.

Discussion

In this study, two wheat straw-degrading microbial consortia, RWS and TWS, were
successfully subjected to metagenomics library constructions using fosmids,
yielding 2.4 Gb of genomic information per library. Taking an estimated average
bacterial genome size in our microbial consortia of 4 Mb and considering these
were strongly dominated by bacteria, we thus cloned the equivalent of roughly 600
bacterial genomes. Previous data on the two consortia [35] revealed the presence
of ~100 (RWS) and ~50 (TWS) dominated bacterial types, in relative abundances
within one log unit, giving a coverage of around six-fold for RWS and twelve-fold
for TWS. Hence, a back-of-the-envelope calculation revealed us that we basically
covered the genes from most of the dominant bacterial members in the degrader
consortia.

To detect (hemi)cellulolytic enzymes by functional screenings, two
alternative strategies can be followed: 1) high-throughput detection in agar plates
(mostly secreted enzymes) using hydrolysis of a chromogenic substrate as the
criterion and 2) detection of enzyme activity in crude extracts after cell lysis. In
either methodology, additional factors should be taken into account. These are the
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vector copy number, the need for induction of gene expression, secretion of the
enzyme and recovery of the vector plasmid after expression [31, 36]. Here, we
tested our fosmids by functional screenings for (hemi)cellulases initially using a
mixture of (six) chromogenic compounds in agar plates. These substrates (indolyl-
monosaccharides) can be internalized by E. ¢/ and are thus readily available for
hydrolysis by intracellularly-expressed exo-glycosidases. This is not the case for
substrates such as oat spelt xylan or CMC, the hydrolysis of which relies on the
release of fosmid-expressed enzymes, which probably only occurs after cell death
and lysis [32]. The substrates were organic compounds, each consisting of a
monosaccharide linked to a substituted indole moiety. The substrates yield
insoluble blue compounds as a result of enzyme-catalyzed hydrolysis. For example,
X-Xyl, when cleaved by beta-xylosidase, yields xylose and 5-bromo-4-chloro-3-
hydroxyindole. The latter compound can spontaneously dimerize and is oxidized
into 5,5'-dibromo-4,4'-dichloro-indigo, an intensely blue product which is
insoluble. Taking into account the structure of these substrates, we hypothesized
that the approach allows the screening for debranching enzymes that act in the
external chains of sugars (in this case fucose, xylose, galactose, mannose and
glucose) and that are linked to the backbone of the (hemi)cellulose structures.
Indeed, our multi-substrate approach is also applicable in screens of metagenomic
libraries for other classes of enzymes, as long as chromogenic substrates are
available for that purpose. For example, to detect lipolytic activity, 5-(4-hydroxy-
3,5-dimethoxyphenylmethylene)-2-thioxothia-zolidin-4-one-3-ethanoic acid (SRA)-
propionate, SRA-butyrate, SRA-octanoate, SRA-decanoate, SRA-laurate and SRA-
myristate can be employed [37].

Given our high hit rates, i.e.1:440 in RWS and 1:1,047 in TWS, the multi-
substrate screening approach was superior to approaches reported in the recent
literature (Table 4). On the other hand, in both libraries the hit rates for the
individual enzymes were <1:2,500, except for X-Gal in RWS (1:11,000).
Comparing 15 different metagenomic libraries and 19 single substrates, we inferred
an average hit rate of (hemi)cellulolytic activities of ~ 1:7,300. However, some
approaches showed hit rates of < 1:2,000. Additionally, low hit found (in recent
studies) using chromogenic substrates (e.g. X-Xyl) or azurine cross-linked
polysaccharides. Interestingly, Zhao et al. (2010) [38], screening a BAC vector
library produced from a cow rumen microbiome, reported a hit rate of 1:853 using
xylan as the screening substrate. Nguyen e a/. (2012) [39], screening their buffalo
rumen metagenomic library, found hit rates of 1:108 and 1:2,500 using AZCL-HE-
cellulose and AZCL-xylan, respectively. The authors suggested that the relatively
rates were high hit rate on AZCL-HE-cellulose can be attributed to the use of
ENZhance cell permeabilizing reagent. These results emphasize the advantages of
combining large-insert libraries (maximizing the probability of identifying gene
clusters whose components perform complementary functions), enriched-function
systems (such as the cow rumen) and reagents that enhance the host cell
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permeabilities, allowing releases of enzymes Here, “biased” communities were
produced on wheat straw as the carbon source, which is thought to raise the
relative abundance of target genes in the consortium and thus in the fosmid
clones. However, Morti et al. (2014) [29], using a pUC19 library produced from
pulp enrichments, obtained a hit rate of only 1:63,000 with rimazol brilliant blue
dyed-Xylan. Beloqui e a/. (2010) [30] reported a hit rate of 1:2,090 in a library
prepared from filter paper -enrichments inoculated from earthworm gut extract,
using as the screening substrate pNP-beta-D-glucopyranoside. Another interesting
approach that potentially leads to highly efficient discovery of GH activities is the
construction of metagenomic libraries prepared from DNA selected following
stable isotope probing (DNA-SIP) using multiple labeled plant-derived carbon
substrates. For example, Verastegui ez a/. (2014) [40] showed a hit rate of 1:360
using DNA from “C-cellulose-enriched incubations on the basis of CMC as a
substrate (Table 4). Clearly, the rates of obtaining positive clones are related to the
cloning vector used, the metagenome source, the screening technique (substrates
and desired activity) and the host cells. On top of that, in many cases stochastic
(chance) factors play a role as well, which may relate to the relatively low sample
sizes [36].

In functional screening of metagenomic libraries, proper selection of the
substrate is highly recommended. Initial selection of substrate-active clones with
“general” substrates or mixtures of substrates followed by more specific ones may
represent a desirable “layered” approach. Recently, a new generation of multi-
colored chromogenic polysaccharide substrates has been developed [41]. These
substrates can be used to screen for GH activities (in this case, focusing on endo-
enzymes). They show versatility and are convenient for high-throughput analyses
for first-level screenings. Additionally, substrates representing -at least partially- the
complexity of plant cell walls were produced, enabling activity screens on “real-
world” plant polysaccharides.

In our study, four fosmid inserts carried genes that could be directly linked
to the enzymatic activities based on sequence homologies to known enzymes and
predicted and detected protein sizes. Thus, proteins of predicted sizes (1,027 and
1,028 amino acids, giving proteins of ~116 kDa) from fosmids N'T2-2 and T17-2
(selected as positive on X-Gal) did transform pNPGal and MUFGal (zymogram).
These were both annotated as beta-galactosidases of family GH2 (EC 3.2.1.23)
(Table 3). Fosmids T5-5 and T4-1, positive on X-Xyl/pNPXyl and mixed
chromogenic substrates, respectively, revealed the presence of genes predicted to
produce proteins of 789 amino acids (~ 86 kDa), which were annotated as beta-
xylosidases of family GH3 (EC 3.2.1.37). Interesting, fosmid T4-1 showed activity
only on the substrate mixes, but not on single X-Xyl. This clone showed slight
activity on pNPXyl (0.113 U/mg + 0.002 at 40°C, pH 7.0) and revealed a protein
of size between 75 to 100 kDa, which was likely encoded by gene 24 (Table 3).
The protein was positive on the zymogram using MUFXyl as a substrate (Figure



5). The expression of this GH3 family gene may be regulated by the presence of
the other substrates. Based on this rationale, on X-Xyl alone its activity might not
be detected, whereas the presence of other substrates might spur activity, similar to
what may happen in nature. Such a finding opens up a new paradigm in the
screening of active enzymes from metagenomic libraries. Interestingly, in fosmid
T4-1 a predicted xyloside transporter gene (Xy#T) was detected, which matched
the CAZy GH17 family. Proteins from this family can have glucan endo-1,3-beta-
glucosidase activity, suggesting a possible involvement in activity on mixed
substrates.

Although fosmid NT18-17 was positive on X-Glu and pNPGlu, we did
not detect any gene related with its predicted alpha-glucosidase activity. However,
the detected genes for family GH58 (endo-N-acetylneuraminidase) and family
GH27 (alpha-galactosidase) proteins might encode the activity (see Additional file
8 for a summary of activities associated with CAZy enzyme families described in
this study). Similarly, fosmid N'T18-21 showed alpha-glucosidase activity, with no
GH family genes being detected in the insert. In this fosmid, genes for
maltose/maltodextrin transporters were found. Maltose (an alpha 1-4 linked
glucose dimer) resembles a cellulose dimer (albeit beta 1-4 linked). Maltose is
released from starch by amylose/amylopectin-degrading activity (e.g. GH13-
alpha-amylase, pullulanase or alpha-glucosidase). We surmised that starch that was
initially present in the wheat straw used for consortium breeding incited the
selection of such systems. The chromogenic substrates, e.g. X-Glu used in this
study were surmised to report alpha-glucosidase activities, but genes for such
enzymes were not detected. Possibly, gene 25 (annotated as an alpha-aspartyl
dipeptidase; EC 3.4.13.21) or gene 24 (hypothetical protein) were responsible for
the activity (Additional file 6).

Fosmid clone 10BT showed consistent activity only on mixed substrates.
In addition, 10BT showed activity on pNPXyl, much below that shown by clone
T5-5 (~14,8% of relative activity at 40°C, pH 7.0; Figure 3d). The finding of two
genes producing proteins related to GH39 and GH53 families was revealing.
Interestingly, family GH39 proteins have been linked to beta-xylosidase and alpha-
L-iduronidase activities. Moreover, GH53 family proteins can have beta-1,4-
galactanase activity (EC 3.2.1.89). The latter is possibly linked to the degradation
of galactans and arabinogalactans, both integral parts of the pectin component of
plant cell walls [41]. Interestingly, Jiménez ef al. (2012) [43] recently found a novel
cold-tolerant esterase, which had originally been annotated as a MarR family
transcriptional regulator. Thus, we surmised that the gene originally predicted to
encode an AraC transcriptional regulator may be responsible for the activity on
pNPXyl. Similar to clone T4-1, this clone could require the presence of other
types of substrates to enable detection of its full plethora of activities. However,
given that we still don’t know the mechanism involved, further studies are
required, for example subcloning, transposon mutagenesis and detection of
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activities on different substrates.

The high activity of fosmid N'T2-2 compared to that of clones T5-5 and
NT18-17 suggested a raised expression of the gene encoding beta-galactosidase
(~116 kDa, as evident by the zymogram; Figure 5). Interestingly, the high activities
of clones NT2-2 and T5-5 at 55°C and pH 10.0 pointed to their potential
usefulness in pulp bleaching processes. The novelty attributed to these genes (3
and 12) was based on the low amino acid identities (less than 84%) and coverage
values (less than 91%) versus the best hits in the NCBI database (Table 3). The
functional analysis done by us directly from the metagenomic clones indicated
substrate specificities and temperature/pH optima, and constitutes an easy way to
select clones useful for biotechnology applications. In addition, subcloning,
overexpression, induction and subsequent protein purification are labor-intensive
and not always successful (e.g. due to the low solubility of the enzyme).

The leading industrial source of cellulase cocktails used for plant biomass
biodegradation purposes is Trichoderma reesei. Several strains exist and their
secretomes have been widely used to develop new commercial cocktails. However,
T. reesei secretomes are dominated by endoglucanases and it usually produces low
quantities of xylanases, arabinofuranosidases, galactosidases and beta-glucosidases.
Hence, addition of exogenous enzymes to the secreted fraction could improve the
hydrolytic efficiency [44]. Based on this premise, the enzymes detected in the
clones NT2-2, T5-5 and NT18-17 might serve as components of new
(hemi)cellulolytic cocktails. These may be combined with the commercial cellulases
to improve plant biomass degradation for second-generation biofuel production.
Additionally, thermo-alkaliphilic xylosidases are valuable with respect to their
usefulness in pulp bleaching processes [13, 14].

In a previous study [45], Bacteroidetes-related genes for hemicellulases
were found to be prominent amongst the dominant enzymes, whereas Klebsiella-
related ones were less abundant. Both groups of organisms are key dominant types
in our bacterial consortia bred on wheat straw. In the current study, evidence was
found for the contention that Klebsiella-related organisms were at the basis of most
cloned genes for biodegradative enzymes. The taxonomic closeness between this
putative source organism (Klebsiella) and the heterologous host (E. /i) used, versus
the remoteness in the case of Bacteroidetes, may have been a key factor explaining
this finding. Unfortunately, the current study did not detect fosmids with activities
on X-Fuc and X-Man. Such activities might be mostly associated with members of
the Bacteroidetes (e.g. Sphingobacterium), as recently indicated by Jiménez ez al.
(2015) [45]. Finally, the differential association of fosmid N'T2-2 and 10BT genes
with Pseudomonas putida versus Klebsiella sp. was remarkable. IS-elements indicative
of horizontal gene transfer were not detected, suggesting these fosmids might
originate from fusions of two regions originating from different parental
organisms. Alternatively, the insert may have come from a new
Gammaproteobacteria species.



Conclusions

Here, we propose a multi-substrate screening approach as a sound strategy that
allows to detect multiple activities in a single initial assay. This methodology is less
time-consuming than single-substrate approaches and can even be applied in high-
throughput set-ups, as in agar plates. The strategy yielded high hit rates of genes
for relevant enzymes compared with recent relevant literature data. Based on this
methodology, we retrieved fosmids with beta-galactosidase, beta-xylosidase and
alpha-glucosidase activities, whereas other fosmids showed activity only in the
presence of mixed chromogenic substrates. Two fosmids, NT2-2 (GH2- beta-
galactosidase) and T5-5 (GH3- beta-xylosidase), showed enzymatic activities at
high temperatures and pH values, making these clones interesting sources for
future biotechnological applications.
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Abstract

Enzyme discovery is a promising approach to aid in the deconstruction of
recalcitrant plant biomass in an industrial process. Novel enzymes can be readily
discovered by applying metagenomics on whole microbiomes. Our goal was to
select, examine and characterize eight novel glycoside hydrolases that were
previously detected in metagenomic libraries, to serve biotechnological
applications with high performance.

Here, eight glycosyl hydrolase (GHase) family candidate genes were
selected from metagenomes of wheat-straw-degrading microbial consortia using
molecular cloning and subsequent gene expression studies in Escherichia coli. Four
of the eight enzymes had significant activitiess on either pNP-B-D-
galactopyranoside, pNP-B-D-xylopyranoside, pNP-a-L-arabinopyranoside or pNP-
a-D-glucopyranoside. These proteins, denoted as proteins 1, 2, 5 and 6, were his-
tag purified and their nature and activities further characterized using molecular
and activity screens with the pNP-labeled substrates. Proteins 1 and 2 showed high
homologies with (1) a 3-galactosidase (74%) and (2) a B-xylosidase (84%), whereas
the remaining two (5 and 6) were homologous with proteins reported as a
diguanylate cyclase and an aquaporin, respectively. The P-galactosidase- and B-
xylosidase-like proteins 1 and 2 were confirmed as being responsible for previously
found thermo-alkaliphilic glycosidase activities of extracts of E. co/i carrying the
respective source fosmids. Remarkably, the B-xylosidase-like protein 2 showed
activities with both pNP-Xyl and pNP-Ara in the temperature range 40-50°C and
pH range 8.0-10.0. Moreover, proteins 5 and 6 showed thermotolerant o.-
glucosidase activity at pH 10.0. Ir silico structure prediction of protein 5 revealed
the presence of a potential “GGDEF” catalytic site, encoding a-glucosidase
activity, whereas that of protein 6 showed a “GDSL” site, encoding a ‘new family’
a-glucosidase activity.

Using a rational screening approach, we identified and characterized four
thermo-alkaliphilic glycosyl hydrolases that have the potential to serve as
constituents of enzyme cocktails that produce sugars from lignocellulosic plant
remains.



Background

Plant biomass is considered to represent a sustainable source of sugars for biofuel
production via fermentation. In this biomass, lignocellulosic material is the key
source of ‘renewable’ energy [1]. Lignocellulose consists of the major compounds
cellulose (40-50%) and hemicellulose (25-30%), next to lignin [2]. Hemicellulose is
composed of different pentose (xylose, arabinose) and hexose (mannose,
galactose, glucose) sugars that are linked by a- and/or 8- glycosidic bonds [3]. All
of these sugars are widely used in biotechnology to produce bio-based materials,
such as biofuels, plastics and other chemicals [4,5]. In particular, hemicellulases are
key to the degradation of plant biomass; the hemicellulose fraction of the plant
biomass represents a rich source of D-xylose, which is considered to constitute a
key sugar for further biotechnological approaches. Thus, in the light of the
currently still imperfect substrate unlocking approaches [6], a great interest has
arisen to enhance the industrial enzyme-mediated lignocellulose hydrolysis
methods [7], with hemicellulose as a prime target.

Different sets of hydrolytic enzymes (glycosyl hydrolases) are likely
required for the complete deconstruction of hemicellulose compounds in order to
obtain a mixture of sugars. In nature, communities of microorganisms, which
include fungi and bacteria, often produce mixtures of glycosyl hydrolases (GHases)
that complete the lignocellulose breakdown processes [8,9]. Moreover, to increase
the efficiency of industrial hydrolysis for lignocellulose breakdown, multi-species
microbial consortia play vital roles [10—12]. However, despite large research efforts
over the past decade, our limited understanding of how the glycosyl hydrolases
and their associated enzymes and/or proteins function together to break down
lignocellulosic materials remains a key limitation for many applications [13].

In a previous study, we constructed fosmid libraries from two wheat straw-
degrading microbial consortia, which were subsequently screened for the presence
of genes for (hemi)cellulose degrading enzymes using a multi-substrate approach
[14]. In this endeavor, we screened for the presence of genes encoding 12 different
GH family proteins (using CAZy database annotation), which were considered to
possess the desired enzymatic activities, i.e. B-galactosidase, f-xylosidase and -
glucosidase. Heat- and alkali-tolerant enzymatic activities were found with extracts
produced from four E. /i fosmid clones, denoted N'T2-2, T4-1, T5-5 and NT18-
17 [14]. The first three clones were identified as containing genes encoding
proteins with B-galactosidase and f-xylosidase activities. On the other hand, clone
NT18-17 presumably carried a gene for a protein with a-glucosidase activity, next
to those for other glycoside hydrolase family enzymes, as predicted by CAZy
database annotation. One more fosmid clone, 10BT, revealed enzymatic activity
with mixtures of four substrates; in it, genes for proteins of families GH39 and
GH53 were identified. However, the work with these five fosmid clones, into each
of which up to 35 kb of metagenomic DNA (encompassing up to 30 genes), was
cloned, precluded the precise determination of the exact function of each of the
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predicted proteins.

In the current study, we selected eight genes from the aforementioned five
fosmid clones, of which three were predicted to produce enzymes with novel
thermo-alkaliphilic activity. The genes were subcloned in the pET28b(+)
expression vector and (over)expressed in E. co/, after which the gene products
were purified and biochemically characterized. The study explored, confirmed and
refined the hypothesis that the selected proteins indeed have the thermo-
alkaliphilic activities predicted from our previous study [14]. The characterization
and 7n vitro studies identified two new glycoside hydrolase family enzymes with o-
glucosidase activities.

Materials and methods

Cloning system

Cloning vector pET28b(+) (Novagen, Amsterdam, The Netherlands) was used for
the expression of the selected genes. Escherichia coli JM109 competent cells
(Promega, Leiden, The Netherlands), as well as BL21(DE3) and Origami2(DE3)
pLysS cells (Novagen, Amsterdam, The Netherlands) were used as host strains for
cloning and expression studies. Restriction enzymes (EwR1, BazH1, Hindlll, and
Xhol) and T4-DNA ligase were purchased from Fermentas (Amsterdam, The
Netherlands) and used in accordance with the manufacturet’s instructions.

Extraction of DNA and molecular cloning into expression plasmids

Selected E. co/i EPI 300 fosmid clones NT2-2, T4-1, T5-5, NT18-17 and 10BT
(Figure 1) were cultured in 4ml of Lutia Broth (LB) supplemented with 12.5 pl/ml
chloramphenicol (Cm; Sigma-Aldrich Chemie B.V, Zwijndrecht, The
Netherlands). Then, fosmid DNA was extracted as described [14]. PCR primers
were designed in regions outside of each gene, adding specific restriction sites to
their 5-ends (Table 1). Thus, full-length genes were generated from the clones by
each PCR [Initial denaturation at 98°C for 30 sec followed by 35 cycles of 10 sec at
98°C, 30 sec at 64°C and 1.5 min at 72°C, with a final extension step of 72°C (for
10 min)]. The PCR products were digested with selected restriction enzymes and
then analyzed on 1% agarose gels. All patterns were in conformity with the
predicted ones (Table 1). Then, full PCR products were run on gel and recovered
from it using the Zymoclean™ Large Fragment DNA recovery kit (Zymo
Research, Irvine, USA). Following recovery and purification, each DNA fragment
was then ligated into expression vector pET28b(+), which was followed by
transformation of Escherichia coli JM109 competent cells (Promega. Leiden, The
Netherlands).

Verification of inserts, and expression and purification of target proteins
All transformations were successful, and so eight recombinant constructs were
produced. The success of cloning was further confirmed by colony PCR with the



respective primers (Table 1), yielding single amplicons of the expected sizes for all
genes (Table 1). This was followed by single and double restriction of the
constructs with the relevant enzymes (Table 1). Thus, EcwR1/BanH1 was used for
gene 1 (3,146 bp); Hindl11/BamH]1 for gene 2 (2.4kb); EcwR1/HindIll for gene 3
(2.4kb); BamH1/Xhol for gene 4 and gene 8 (size of 624bp and 1134bp
respectively) and Hindll11/BamH1 for gene 5(1.2kb), gene 6 (673bp) and gene 7
(2.0kb). Clones carrying the selected eight genes were then selected and purified,
after which they were used to inoculate 4ml LB tubes supplemented with 50ug/ml
of kanamycin (to select for the maintenance of the plasmid with insert). Tubes
were incubated at 37°C (shaking at 220rpm) for 16-19h. Following incubation,
plasmid extraction was carried out using the QIAprep Spin Miniprep Kit (Qiagen,
The Netherlands). All recombinant plasmids had the expected inserts; they were
further checked by digestion with the aforementioned enzymes and enzyme
combinations. Then, the full plasmids were introduced into E. co/i strains
BL21(DE3) and Origami2(DE3) pLysS (Novagen, Amsterdam, The Netherlands)
competent cells, via transformation. These two strains facilitate the testing of the
expression of the cloned genes. Selected transformants were purified and the
presence of the correct inserts verified. They were then grown in kanamycin

Metagenomic libraries

AL & d
H ERN

H _

| Selection of candidate glycosyl hydrolase family genes |

|Using PCR to obtain full length genes |

|C10ning, expression and GHase activity (cell lysate)l

Expression of potential candidate
His-tag purification
Characterization of purified glycosyl hydrolases (optimum temperature and pH

Figure 1. Candidate gene selection and cloning strategy used in this study. a. Selected candidate
genes from functional screening of fosmid libraries [14]. b. Experimental setup

(50ug/ml)-supplemented 2X-PY medium (2 ml; 16g Bacto-tryptone, 10g yeast
extract, 10g NaCLH,O/1L, pH 8.0) at 37°C (220 rpm, overnight). A fresh (200ml)
2X-PY flask was then inoculated, establishing an initial ODy, of 0.05, after which
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the culture was grown at 37°C (shaking, 220rpm) to an ODy, of 0.5-0.6.
Afterwards, the culture was incubated for 1h at 18°C (shaking, 220rpm), after
which gene expression was induced by adding isopropyl B-D-1-
thiogalactopyranoside IPTG) at 0.5M. Then, the culture was further incubated at
18°C for 16-19 h, after which cells were harvested at 4000xg (4’C, 15min). The
pellets were resuspended in 5mL of lysis buffer (50mM HEPES, pH 8.0, 300mM
NaCl, 50uL. 1M DTT (1,4-Dithiothreitol), 1 protease inhibitor mini tablet (Roche,
Sigma-Aldrich Chemie B.V, Zwijndrecht, The Netherlands) and the mixtures kept
on ice for 15min. Then, cells were disrupted using sonification with the following
parameters: 40 cycles — 6sec on/15sec off — amplitude 6-10pm. After this
treatment, the resulting cell lysates were centrifuged at 15000xg for 15 min at 4°C.
The supernatants were removed and stored, and 10ul was checked with 12% SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), followed by
staining with the Pierce™ 6xHis protein tag stain reagent set (ThermoFisher
Scientific, Waltham, USA). The preparation was then heated to 60°C for 15-20 min
and centrifuged at 15000xg to remove insoluble debris. Purification of his-tagged
proteins from the crude extracts was then carried out by gravity flow
chromatography through agarose. Thus, 600ul of Ni-NTA agarose (Qiagen,
Hilden, Germany) was added to 10ml of lysis buffer. Incubation was for 5min
(shaking, 4°C), before the mixture was centrifuged for 5 min at 800xg at 4’C. The
supernatant was discarded and then 10ml of equilibration buffer (50mM HEPES
and 300mM NaCl) was added, after which the mixture was incubated as
mentioned above. A short spin followed. Then, the crude extract was added to the
resin and incubated for 1h before it was transferred into a gravity flow column and
incubated at 4°C until the resin bed settled down. The cell-free lysates were
removed by gravity flow and unbound proteins were washed 3 times with 10 ml of
wash buffer (50mM HEPES, 300mM NaCl, 20mM Imidazole). The bound
enzyme was eluted with 3 ml of elution buffer (50mM HEPES, 300mM NaCl,
400mM Imidazole). The enzyme samples were concentrated using Amicon ultra-
15 centrifugal filter units (Millipore, Amsterdam, The Netherlands) and quantified
using the Bradford method (Bradford 1X dye, Biorad, Veenendaal, The
Netherlands). The purity was then analyzed by running 12% SDS-PAGE followed
by staining with Pierce™ 6xHis protein tag stain reagent set (Figure 2).

Substrate specificity testing

Fifty microliter volumes containing approximately 0.6ug of enzyme were used for
testing enzyme activity on 3, 5 and 10mM of pNP substrate (pNP-B-D-
galactopyranoside, pNP-B-D-xylopyranoside, pNP-o-L-arabinopyranoside and
PNP-0-D-glucopyranoside) (Sigma-Aldrich Chemie B.V, Zwijndrecht, The
Netherlands). Fifty mM of Tris-HCI buffer - pH 7.5 was used in the ratio of 1:1.
The reaction mixture was incubated at 40°C for 0.5-1h, after which the reactions
were deactivated on ice for 10min. To validate the enzyme activity, the



experiments were controlled with i) water and substrate, ii) enzyme with water, and
iif) host protein lysate with substrate. The concentration of released pNP was
determined by measuring the reaction mixture absorbance at 410nm using a
calibration curve, as explained [14]. Effects of temperature and pH on hydrolysis
activity for all recombinant enzymes were evaluated. For temperature, we used the
range 10-70°C at pH 7.5. For pH, we used the range 4.0-10.0 at 50°C, using
sodium citrate buffer (pH 4.0 and 5.0), Tris-HCI (pH 7.5, 8.0 and 9.0) and glycine-
NaOH buffer (pH 10.0).

Kinetic parameters (K, and 17,,) for all purified recombinant enzymes
(protein 1, 2, 5 and 6) were evaluated by measuring the enzyme activity using 0—10
mM of respective pNP as substrate in 50 mM Tris-HCI buffer (pH 7.5) at 40°C for
15min. The data was plotted according to the Lineweaver-Burk method to
calculate K, and 17, values. For thermal stability assays, the purified enzymes
were pre-incubated at 50°C (according to preliminary data) in the absence of pNP
substrates. After incubation for different time periods (0, 15, 30, 120 and 180
minutes), enzymatic activity was measured for each enzyme with specific pNP
substrates, temperature and pH. The inhibitory effect of different concentrations
(0 to 1.0%) of 5-hydroxymethylfurfural (5-HMF) and furfural was determined by
incubating all enzymes (protein 1, 2, 5 and 6) with respective series of pNP
dissolved in 50mM Tris-HCI buffer (pH 7.5). For the lignocellulose hydrolysis, the
reaction mixtures contained 20 mg of raw wheat straw (RWS) substrate with the
enzyme (protein 1, 2, 5, 6 and mixed) treatment, adjusted to 1.5 ml with sodium
phosphate buffer (0.1 M, pH 6.0). The experiments were catried out at 50°C (12 -
24h, shaking at 250rpm). After incubation, the mixtures were centrifuged (12000xg
for 15 min at 4°C), and the supernatants collected. The amount of total reducing
sugars in the supernatants was measured by the dinitro salicylic acid (DNS)
colorimetric method.

kDa 1 2 3 4
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75 - =]
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25 G

- [ |
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1. Gene 1 product (B-galactosidase)

2. Gene 2 product (B-xylosidase)

3. Gene 3 product (Innermembrane protein)
4. Gene 4 product (Aquaporin Z)

Figure 2. Analysis of His-tag purified proteins. Four selected proteins were checked using 12%
SDS-PAGE.
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Activity of selected enzymes in the presence of different ions

The effects of MgCl,, MnCl, (5mM and 20mM) and NaCl (20mM and 2000mM)
were assessed by measuring enzyme activities with specific substrates in the
presence versus absence of these additives. Given the potential importance for
application, we used a range of pH (4.0 to 10.0) and temperatures (40-50°C).
Statistical comparisons among samples were performed using one-way ANOVA
(Tukey’s test) using the software Past3 (http://folk.uio.no/ohammer/past/).

Amino acid sequence and structure analyses of the gene 5 and 6 products
The products of genes 5 and 6 (protein 5 and 6) were investigated for homology
with proteins in the non-redundant protein database (www.ncbi.nlm.nih.gov) using
BLASTP[15]. In addition, protein domains were characterized by searching the
protein family database Pfam [16]. The two proteins were initially annotated as (1)
a diguanylate cyclase and (2) an aquaporin Z. For each gene, a multiple sequence
alignment was constructed using COBALT, a tool that finds a collection of
pairwise constraints derived from conserved domain database, protein motif
database and sequence similarity, using RPS-BLAST, BLAST-P and PHI-BLAST
[17]. In addition, domain analyses were done for function prediction by the
conserved domain architecture retrieval tool (CDART)[18].

Structure analyses - We used Phyre2 to reconstruct the tertiary structures of
proteins 5 and 6 [19]. Next, we generated a list of proteins with structural
similarities to the protein models using the Dali server[20]. A three-dimensional
model of the best three matches for each protein was retrieved from the Protein
Data Bank (PDB)[21]. For protein 5, these matches were: activated response
regulators, namely a signaling protein [PDB: 1W25], a transferase [PDB: 2WB4|
and a lyase [2VON] from Canulobacter vibrioides (Alphaproteobacteria). For protein 6,
the matches were membrane proteins (porins) from _Agrobacterium fabrum [PDB:
3LLQ] and Escherichia coli [PDB: 209D] and a transport protein, also from E. co/i
[PDB: 3NKA]. Further manipulations, structural alignment and comparisons
between the 3D models of the proteins were completed using PyMOL
(http:/ /www.pymol.otg).

Results

Selection of genes encoding glycosyl hydrolases from five fosmid clones

In our previous study, we successfully screened two metagenomic libraries
generated from wheat-straw-degrading microbial consortia produced by the
dilution-to-stimulation approach for genes encoding (hemi)cellulose degrading
enzymes [14]. In total, we identified 18 genes for proteins belonging to 12 different
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glycosyl hydrolase (GH) families and another 21 genes for carbohydrate-active
enzymes (CBMs, AAs, GTs and CEs; as evidenced by CAZy database annotation),
in seven fosmid clones. Five of these fosmid clones, notably N'T2-2, T4-1, T5-5,
10BT and NT18-17, were selected here in order to study their enzyme activities in
greater detail and match structure with function. Thus, eight genes, denoted genes
1 through 8, encoding putative GHases, were initially selected in these clones
(Table 1). This was done on the basis of homologies with genes for known GH
active enzymes, as well as protein sizes. Interestingly, three of the five selected
fosmid clones, denoted NT2-2, T5-5 and N'T18-17, had been predicted to encode
putative thermo-alkaliphilic enzymes|[14].

Here, we provide the specifics of the eight selected genes. Gene 1 (fosmid
NT2-2) was annotated as a gene for a family GH2 [-galactosidase (EC. 3.2.1.23),
with a molecular size of ~116 kDa. Its predicted amino acid sequence revealed

74% identity with a B-galactosidase of Enterobacter hormaechei by Blast-P. Genes 2
(fosmid T5-5) and 3 (fosmid T4-1) were both predicted to encode a family GH3
B-xylosidase of ~86 kDa (EC. 3.2.1.37; tracked to Enterobacter mori with identities
of 84% and 83%, respectively). These two genes revealed 86% identity between
them. The remaining five genes, i.e. genes 4 and 5 (source fosmid 10BT) and 6, 7
and 8 (source fosmid NT18-17), were predicted to encode enzymes belonging to
CAZy families GH39, GH53, GH27, GH20 and GHS58, respectively. Blast-P
comparisons showed homologies of the predicted gene products with a suite of
different proteins, i.e. a transcriptional regulator of the AraC family (protein 4;
GH39; 76% identity; organism Klebsiella oxytoca), an inner membrane protein
(protein 5; GH53; 79% identity; Enterobacter cloacae), an aquaporin Z (protein 0;
GH27; 65% identity; Hyphomonas neptunium), a beta-hexosaminidase (protein 7;
GH20; 50% identity; Rhigobium leguminosarum) and a hypothetical protein (protein
8; GH58; 56% identity; Hyphomicrobinm denitrificans), respectively (Table 1).

Characterization of cloned genes and gene expression

The eight selected genes (Table 1) were all cloned into the pET28b(+) vector [22],
with poly-histidine tag sequences at both the N and C termini. All genes were,
thus, successfully introduced into E. e/ strains BL21(DE3) and Origami2 (DE3)
pLysS. To confirm the fidelity of the cloning, the pET28b(+) plasmids with inserts
were extracted from selected clones, per gene, of each of the two strains and the
presence of the cloned fragments detected by restriction with specific restriction
enzymes followed by gel electrophoresis. The observed sizes of the restriction
fragments (data not shown) were consistent with the fragment sizes as predicted
from the fosmid-derived gene sequences (Table 1).

Expression of the eight cloned genes was then investigated using extracts
of grown cultures of both E. /i transformant strains (BL21(DE3) and
Origami2(DE3) pLysS) in 2x-PY medium, following induction by IPTG. Both the
cell and the soluble fractions (culture supernatants) were used in the tests. We



investigated the effects of IPTG concentration (0.25, 0.5 and 1 mM), temperature
(18, 30 and 37°C; at 200 rpm) and glucose concentration (0.25, 0.5, 0.75 and 1
mM) on the gene expression levels. In strain BL21(DE3), the target proteins were,
unfortunately, mostly found in the cell fractions, except the product of gene 2,
where ~50% of protein occurred in the soluble fraction (data not shown). In
contrast, the use of E. w/i Origami2 (DE3) pLysS resulted in seven of the eight
proteins being present in the soluble fractions, albeit at different levels.
Unfortunately, the single remaining protein (product of gene 4) was only
detectable in the cell fraction. The collective data revealed that maximal protein
production took place, in the selected strain E. co/i Origami2 (DE3) pLysS, with
0.5 mM IPTG at 18°C, in the absence of glucose. This was true for all genes (data
not shown).

We thus used the total protein-containing lysates of the cultures of E. co/i
Origami2 (DE3) pLysS for analysis of the selected seven gene products, i.e.
proteins 1, 2, 3, 5, 6, 7 and 8, on a series of pNP-labeled substrates. Indeed, protein
1 revealed high activity on pNP-B-D-galactopyranoside, indicating beta-
galactosidase-like activity. This was consistent with the activity that had previously
been detected in its source fosmid NT2-2. Interestingly, the cultures of E. co/i with
cloned genes 2 and 3 both yielded soluble fractions that revealed dual activities, i.e.
transformation of pNP-B-D-xylopyranoside (B-xylosidase) and pNP-a-L-
arabinopyranoside (0t-arabinosidase). These genes had been selected from fosmid
clones T5-5 and T4-1, respectively, which had previously shown high f-xylosidase
activities, but had not shown a-arabinosidase activity. Expectedly, the cultures
with cloned gene 4, with predicted B-xylosidase activity, did not yield lysates with
any activity on the substrates used. Cleatly, the expressed protein of gene 4 was in
inclusion bodies, and unfortunately we were unsuccessful in several attempts to
recover native forms of it by refolding. In fact, its source fosmid clone 10BT had
previously been found to have the gene 4 encoded GH39 family protein linked to

PB-xylosidase activity [14]. Finally, proteins 5 and 6 [14]) both revealed activities
towards pNP-a-D-glucopyranoside, and there was no detectable enzymatic activity
with any of the other pNP substrates ( such as pNP-B-D-xylopyranoside and pNP-
a-I_-arabinopyranoside). Gene 5 had also been selected from fosmid clone 10BT,
which had shown consistent enzyme activity on pNP-B-D-xylopyranoside, but not
on o-D-glucopyranoside [14]. Gene 6, originating from fosmid clone NT18-17,
yielded a product with a-glucosidase activity, which was in line with the predicted
activity in its source fosmid. Finally, and against our expectations, the total protein
lysates of genes 7 (GH20 family - ®-hexosaminidase; EC 3.2.1.52) and 8 (GH58
family - endo-N-acetylneuraminidase) did not reveal activities with any of the
substrates.

For all further work, we selected the four genes 1, 2, 5 and 6 that had

yielded soluble proteins with key promising activities, i.e. P-galactosidase, -
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xylosidase and a-glucosidase. Specifically, gene 2 was selected instead of the
similar gene 3, because our previous study showed that its mother fosmid clone,
T5-5, had yielded extracts in which proteins with thermo-alkaliphilic S-xylosidase
activity were present, whereas fosmid clone T4-1 (source for gene 3) showed only

slight B-xylosidase activity [14].

Enzyme sizing and activity

We scaled up the production of the gene 1, 2, 5 and 6 products in order to obtain
sufficient soluble protein for further testing. The products were thus purified from
large overnight E. ¢o/i Origami2 (DE3) pLysS cultures containing copies of intact
genes 1, 2, 5 and 6 in the pET28b(+) expression vector (See Figure 2). The
products of genes 1 (~116 kDa), 2 (~85 kDa), 5 (~45 kDa) and 6 (~22 kDa) had
the predicted molecular sizes, as estimated from the poly acrylamide gels. The
purified proteins were then further examined for GHase activity under various
conditions of temperature (10 - 70°C) and pH (4.0 - 10.0), as discussed below and
shown in Figure 3.

Protein 1 - The activity of the gene 1 encoded protein was examined with 3mM
PNP-Gal as the substrate. It was active over a temperature range from 30 to 50°C
(Figure 3a), with maximal activity at 50°C, of 68.6 U/mg. The effect of pH was
then determined at 50°C (Figure 3b). Activity was observed in the pH range 4.0-
10.0, with maximal activity at pH 8.0 (58.7 U/mg). This activity did not dectrease
much at pH 9.0 (98%) and 10.0 (78%).

Protein 2 - Initially, the gene 2 encoded protein was screened for enzymatic
activity on pNP-Xyl and pNP-Ara (both 3mM), revealing both activities. The
purified enzyme was found to be active on pNP-Xyl in the temperature range 40 -
60°C (Figure 3c), showing highest activity at 50'C, with the release of
approximately 117.8 U/mg of p-nitrophenol. As in Figure 3d, activity was further
observed between pH 6.0 and 10.0, with maximal activity at pH 9.0, at 50’C. The
activity, overall, remained >60% between pH 4.0 and 10.0. On pNP-Ara, the
enzyme showed activity (~16.8 U/mg) between 20 and 70°C, with maximal activity
at 40°C (Figure 3¢). We then checked the pH sensitivity of the enzyme using pNP-
Ara at 40°C, and found optimal activity at pH 6.0, with approximately 16.62 U/mg
of p-nitrophenol being released (Figure 3f).

Protein 5 - To define the optimal temperature for the activity testing of protein 5,
tests were performed with pNP-a-D-glucopyranoside (10 mM) at pH 7.5 and at
temperatures ranging from 10’C to 70°C. An optimal temperature of 50°C for
protein 5 activity was found (Figure 3g). Moreover, the protein also relased 30.6
U/mg of p-nitrophenol. The latter activity (at 50°C) was maximal at pH 10.0
(102.54 U/mg; Figure 3h).
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Figure 3 Characterization of four selected candidate GHases: Enzyme activities measured against
pNP-substrates under different temperatures with constant pH and different pH with optimum
temperature. Protein 1 with pNP-B-D-galactopyranoside a. Tm 50°C; pH 7.5; 68.6 U/mg and b.
Tm 50°C; pH 8.0; 58.74 U/mg; Protein 2 with pNP-B-D-xylopyranoside c¢. Tm 50°C; pH 7.5; 117.8
U/mg and d. Tm 50°C; pH 9.0; 122.11 U/mg; Protein 2 with pNP- a-L-arabinopyranoside e. Tm
40°C; pH 7.5; 16.8 U/mg and f. Tm 40°C; pH 6.0; 16.62 U/mg; Protein 5 with pNP-0-D
glucopyranoside g. Tm 50°C; pH 7.5; 30.6 U/mg and h. Tm 50°C; pH 10.0; 102.54 U/mg; Protein
6 with pNP-a Dglucopyranoside i. Tm 40°C; pH 7.5; 6.97 U/mg and j. Tm 40°C; pH 10.0; 107.63
U/mg.

Protein 6 - The gene 6 product was tested with 10mM of pNP-a-D-
glucopyranoside at pH 7.5 and in a temperature range of 10°C to 70°C. Protein 6
worked optimally at 40°C, with 6.97 U/mg of p-nitrophenol being released (Figure
3i). Furthermore, the enzyme showed maximal activity, i.e. 107.63 U/mg of p-
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nitrophenol being released, at pH10.0 (Figure 3j), and this was slightly higher than
the product of gene 5.

Comparison of geme 5 and gene 6 products - The products of genes 5 and 6
showed similar enzymatic activities on pNP-o-D-glucopyranoside at pH 4.0—6.0
under the same conditions. Unexpectedly, the activities of both proteins 5 and 6
dropped to near zero at pH 8.0 to 9.0 (Figure 3h and 3j). Moreover, protein 5
showed significantly higher a-glucosidase activity (30.6£0.17 U/mg) than protein
6 (6.910.36 U/mg). The collective results suggest that the four selected genes
encode proteins with different thermo-alkaliphilic activities, as they all were
optimally functional at temperatures of 40°C to 50°C and pH values of up to 10.0
(Figure 3).

The kinetic parameters of all enzymes were calculated from Lineweaver-
Burke plots of specific activities at various substrate concentrations (0 -10mM).

The K, and 17, values for the enzymes Protein 1 (with pNP-B-D-

galactopyranoside) were 0.lmM and 58.8U/mg, for Protein 2 (pNP-f-D-
xylopyranoside and pNP-a-L-arabinopyranoside) showed 1.0mM, 0.3mM and
666.7U/mg, 102U /mg, respectively. The K, values of Protein 5 and Protein 6 with
pNP-0-D-glucopyranoside were 7.4 and 21.4mM, and the 17, were 196 and
588.2U/mg, respectively.

Stability of the selected enzymes at elevated temperatures

In a second set of experiments, we determined the stabilities of the enzymes
encoded by genes 1, 2, 5 and 0, at elevated temperatures. The gene 1 (pNP-Gal), 5
(PNP-Glu) and 6 (pNP-Glu) products retained 95% of activity after over 120min
of incubation at 50°C, after which the activities decreased - at 180min - to about
50% of the initial levels. At 50'C, the gene 2 product showed 100% activity with
PNP-Xyl for 15 min, and then enzyme activity even increased, to over 180% of the
control, maintaining the raised activity level until 180min. On pNP-Ara, the gene 2
encoded protein retained 100% activity for 30min, showing a 20% increased
activity in the period between 120 to 180min (Figure 4).

Effects of inhibitors (5-HMF and furfural) and degradation of complex
polysaccharide

Two of the major inhibitors in lignocellulose hydrolysis are 5-
hydroxymethylfurfural (5-HMF) and furfural, were tested for their effects on the
activity of protein 1, 2, 5 and 6 using selected concentrations of pNP substrates
(3mM of pNP-Gal, pNP-Xyl and pNP-Ara; 10 mM of pNP-Glu) (Figure 5A). The
activities of all enzymes were in most cases strongly blocked in the presence of
1.0% (w/v) 5-HMF and furfural (approximately 90 to 95%). Interestingly, the
presence of 0.5% (w/v) 5-HMF inhibited all enzymes by 50-60%, wheteas protein
2 with pNP-Ara showed nearly 100% inhibition. At the lower dosages (0.05-0.1%



w/v), 5-HMF inhibited all enzymes by 10 to 40% (Figure 5a). Next to that, the
presence of 0.5% (w/v) furfural resulted in an inhibitory effect of 50 % to Protein
1 and 5, but in one close to 100% for Protein 2 (with pNP-Xyl and pNP-Ara)
(Figutre 5a). Notably, low levels (0.05-0.1% w/v) of furfural showed about 10-70%
inhibition.

Enzyme stability at 50°C
250

e Gene 1 product/pNP-Gal (3mM)
e Gene 2 product/pNP-Xyl (3mM)
Gene 2 product/pNP-Ara (3mM)
e Gene 5 product/pNP-Glu (10mM)
Gene 6 product/pNP-Glu (10mM)

200

150

100

Relative activity (%)

50

0

0 min 15 min 30 min 120 min 180 min

Figure 4. The effect of temperature on enzyme stabilities. Explanation: activities of proteins 1, 5
and 6 were stable up to 120 min (at 50 °C); protein 2 showed increased activity up to 180 min at 50
o

C.

The efficiency of degradation of raw wheat straw by the four enzymes was
determined by measuring the total sugars released. The data suggested that the 24
h treatment showed higher hydrolysis effect for all enzymes (Protein 1, 2, 5 and 0)
when compared with the 12 h treatment (Figure 5b). The amount of total sugars
was higher in the presence of Protein 6 (0.44 mg/ml) when compared with the
other three proteins. Moreover, the addition of Protein 1 yielded 0.35mg/ml of
total sugar. Interestingly, addition of all enzymes together (mixed) increased the
24h yield up to 0.55mg/ml (Figure 5b).

Enzyme activities in the presence of ions

To examine the effects of ions (including NaCl) on the four selected enzymes
(Table 2), activity tests under different ionic regimes were carried out with the
appropriate substrates. In the presence of all MgCl, MnCl, and NaCl levels, the
enzymes encoded by genes 1, 2 and 6 showed increased activities of between 10
and 25% of the control (without ions). Protein 2, on pNP-Ara, showed
significantly increased (P<0.05) activity (50%) in the presence of 5mM of Mg
compared to the controls without ions, and almost 80% elevated activity with
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b
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Figure 5. Relative activities of proteins 1, 2, 5 and 6. a. different concentrations (zero to 1.0%

(w/v)) of furfural and 5-hydroxymethylfurfural (5-HMF); b. effect of lignocellulosic polysacchatide
hydrolysis (raw wheat straw)

200mM of NaCl. Finally, protein 6 showed increased o-glucosidase activity (50%0)
in the presence of 200mM of NaCl when compared to the controls without NaCL
In fact, all additives, except 5mM of Mg*’, significantly increased this enzymatic
activity. Strikingly, the protein 5 a-glucosidase activity decreased in the presence of

all additives; the activity was significantly lowered upon addition of both 5mM of
Mg** and 2000mM NaCl (p<0.05).

Analysis of the sequences of proteins 5 and 6

Evidence for a new a-glucosidase encoded by geme 5 - Analyses of protein 5,
using BLAST-P, multiple sequence alignment and subsequent tree building with
the first 19 matches, revealed between 81 and 92% identity of the protein with
proteins defined as ‘diguanylate cyclase’ from, respectively, Kiuyvera cryocrescens and
Enterobacter cloaceae (Additional Figure 1). Further characterization of the domains
of protein 5 using Pfam revealed a quite complex domain architecture. Two
putative conserved domains were identified, denoted as ‘HAMP’ and ‘GGDEF’



(Figure 6). The HAMP domain has been described as a signaling mediator, being
mostly found in histidine kinases, adenyl cyclases, methyl-accepting proteins and
phosphatases [23]. HAMP domains consist of 16-residue amphiphilic helices that
are often part of a two-component signal transduction pathway [24]. They can be
found in association with other domains, such as the GGDEF and EAL domains.
Remarkably, gene 5 is here described as a gene encoding a glycoside hydrolase
family GH53 protein (analysis by the CAZymes analysis toolkit (CAT) server),
with predicted endo-f-1, 4-galactanase activity based on the (catalyticc GGDEF
domain. Therefore, we here posit that protein 5 is a GGDEF family protein,
which is part of a signal-responsive system (given its HAMP domain), with o-
glucosidase activity as shown with pNP-a-D-glucopyranoside.

Table 2: Effects of metal ions and NaCl on the enzymatic activities of recombinant enzymes (each treatment
had three biological replicates) “Substrate: refer to Fig. 5a

Relative activities (%)

ﬁ:;(z)}:\?:tso £) Substrate? I:Eiitive MgCl, MnCl, NaCl

5mM 20mM 5mM 20mM 200mM 2000mM
Gene 1 PNP-Gal 100+ 1.8 1131+£9.1  1141£9.6 977+ 65 955£9.2 91.7+£35 90.9£ 3.6
Gene 2 PNP-Xyl 100+ 4.9 1245+ 0.7 1299149  108.6x 44 105032 1124+ 124 118.6+9.3
Gene 2 PNP-Ara 100+ 17.6  150.5= 19.4 106.4+26.0 1355+ 7.6 81.6+12 1839+53.1 751+1.9
Gene 5 PNP-Glu 100+ 2.7 85.4+ 3.4 94.0+ 6.3 95.6£23 887+10 1027£38 59.9+24
Gene 6 PNP-Glu 100+ 4.1 1055+ 1.4  1128+55 928+23 111.1+1.0 159.5£3.6 119.3+5.1

Furthermore, we analyzed the protein 5 amino acid sequence based on
domain architecture and revealed potential “GDSL” motifs (by CDART); the
presence of such a GDSL motif may indicate the potential for multiple functional
properties, such as broad substrate specificity, given its active site flexibility. Due
to this, multiple activities, such as lipase and esterase activities, could be present,
which are of use in hydrolysis processes of biological interest [25]. Further 3D
modeling of protein 5 (Figure 8a) indicated the presence of hypothetical ligands of
both the GGDEF and GDSL domains that may allow binding of a particular
substrate, supporting a catalytic mechanism.

Evidence for a new a.-glucosidase encoded by gene 6

In the case of the gene 6 product, a BLAST-P search initially showed high
similarity of it to typical porin-like proteins, with up to 97% identity. Specifically,
the predicted protein clustered with porins from the genera Marterella endophytica
(80%) and Devosia sp. root635 (97%), which are both Alphaproteobacteria from the
order Rhizobiales (Additional Figure 2). Connected to this, the characterization of
the different domains in the predicted protein yielded a match with
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transmembrane-channel-forming proteins of the major intrinsic protein (MIP)
tamily from Hyphomonas jobnsonii and Brevundimonas diminuta . The predicted protein
6 was found to contain the characteristic Asn-Pro-Ala (denoted as NPA) signature
motif located at the segment interface between helices M3 and M7 in residues 103-
105 (Figure 7, in yellow). In our previous study, the source fosmid clone NT18-17
produced proteins with a-glucosidase activity. Here, the product of the cloned
gene 6 showed 100% increased o-glucosidase activity at pH 10.0 (Figure 3j).
Finally, protein 6 was analyzed with respect to domain architecture. A potential
“GDSL” motif was also found by the CDART software, the potential function
and characterization of this motif being as above. Using 3D modeling (Figure 8b),
hypothetical substrate-binding ligands were identified, supporting the tenet that a
catalytic site is present in this presumed trans-membrane protein.
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Figure 6. Alignment of amino acid sequences revealing that protein 5 contains the (typical for class
III nucleotidyl cyclases [37]) conserved residues K 290: lysine, N 293: asparagine, D 294: aspartic
acid, H 298: histidine, D 302: aspartic acid, and a “GGDEF” domain (R 324: arginine, G 326:
glycine, G 327: glycine, D 328: aspartic acid, E 329: glutamic acid and F 330: phenylalanine).
1W25_A diguanylate cyclase [Caulobacter vibrioides); gi 82524003-Hypothetical protein [uncultured
gamma proteobacterium|; gi 15600488-hypothetical protein PA5295 [Pseudomonas aeruginosa PAO1]; gi
15640673- c-di-GMP phosphodiesterase A-like protein [Vibrio cholerae]; gi 16519842-diguanylate
cyclase/phosphodiestetase  [Sinorbizobinm  fredii NGR234]; gi 198261599-Sensory box/ggdef
domain/eal domain protein [gamma proteobacterinm HICC5015]; gi 15595367-Hypothetical protein
PAO169 [Psendomonas aeruginosa PAO1]; gi 27358906-FOG: GGDEF domain protein [Vibrio
vulnificns CMCPG]; gi 189424903-GAF sensor-containing diguanylate cyclase [Geobacter lovleyi S7))



10 20 30 40 50 60 70 80

P [P Y I A [ A (PR A (PR DAY [P U I SO |
Feature 1
1FX8_A 9 GQCIAEFLGIGLLIFFGVGCVAALKvag sEgQWEISVIWGLG 51
query 2 nKLIAEFIGTAVLVLIGCGAAV1QQ daigQVGIAFAFGLA 41
gi 1706896 254 KEFLAEFMGIMVMIIFGSAVVCQVnvagkiggdnfnvaldnlnvtgssaetidamksltslvssvaggtFDDVALGWARA 333
gi 15898414 10 WRYFAEFVGIFILILFGDGAIVAStlss gpsFGFIMVSWGEG 51
gi 135858 24 RATLAEFLSTFVFVFAAEGSILSLdklywehaa hagtntpggLILVALAHAFA 76
gi 16330455 2 KKYIAEFIGTFWLVLGGCGSAVFAafiaapggg: ntnefglgYLGVALAFGLT 53
gi 135860 21 KAALAFFISTLIFVVAGSGSGMAFnklteng ttpsgLVAAAVAHAFG &8
gi 4008346 45 TKCVAEFLGDLTFVYVGIMQASLFqva dgILHAAFAHGFT &84
gi 586102 53 RAGIAEFMATFLFLYITILTVMGLkrsdsl ssvgIQGVAWAFGGM 98
gi 135859 21 RASLAEFASTFIFVFAGEGSGLALvkivqgds afsageLLALALAHAFA 68
[0 100 110 120 130 140 150 160

P SO [ SR I R [ S [P S [P Y [P SO I S |
Feature 1 #EF
1FX8 A 52 VAMAIYLTAg---——-- vSGAHLNPAVT IALWLFACFDKRKVIPFIVSQVAGAFCARALVYGLYYNLffdfeqthhivrgs 125
query 42 IVAMAYAIGp—————— i SGCHINPAVSLALYIDGRLELMSMFQHEWIAQFAGALAGALIL--WAIVGsSnanlggngf-——— 109
gi 1706896 334 VVMGYFCAGgs----aiSGAHLNPSITLANLVYRGFPLKKVPYYFAGQLIGAFTGALILFIWYKRV1igeaysdwwmnesv 409
gi 15898414 52 IVLAIYAVGp——-—--—- 1SGAHINPNVILAFAVIKRIKWVDVIPYIVFQILGARAATSVLLVAWGDVitridpppflvadi 125
gi 135858 77 LEAAVSAAIn-————-— vSGGHVNPAVI FGALVGGRVIAIRAIYYWIAQLLGAILACLLLRLTTNGMrpvgfrl-——————— 143
gi 16330455 54
gi 135860 &9

gi 4008346 &5
gi 586102 99

gi 135859 69
170 180 190 200 210 220 230 240

T S P e LT E T S e e B P R EE T |
Feature 1
1FXe_a 126 vdlagtfstypnphinfVQAFAVEMVITAILMGLILALTDdgngv—-—--prgpLAP 180
query 110 gpgvlgeysmLAALIFEVVFTAIFVVVILGSTGera——————
gi 17068%6 410 omfcvipkpylssGROFFSEFLCGAMLOAGTFALTDpvtc—
gi 15898414 126 gaafftgypepgfwpgywpksylpnvssagilysqvngifplWKGAFAEALMTIFLLLLIVVAVIDpdspf

gi 135858 144 asgvgaVNGLVLEIILTFGLVYVVYSTLIdpkrg

gi 16330455 127 ngfgdhspaoyofLAALLIEFVLTFIFLIVILGVIDkta——————
gi 135860 136 gvgvLNAFVFEIVMTFGLVYTVYATAIdpkng—--s1gtIAP
gi 4008346 160 tllspgsquWiQGLIAETVVIFFLVHTILITARdtd——————
gi 586102 188 vvnpgvtkKGDGLGAEIIGTFVLVYTVFSATDakrnardshvpilAP 213
gi 135859 136 pgvgvGHMFILEVVMI FGLMYTIVYGTAIdpkrg———-avsyIAP 176
250 260 270 280 280 300 310
[ T T I R A T A I S I LI I
Feature 1 i
1FX8 A 181 LLIGLLIAVIGasm-gplTGFAMNPARDFGPEVFawlagwgnvaftggrdipYFLVPLFGPIVGAIVGAFAYRKL 254
query 152 LAIGLTLVAIHlvg-iqvIGVSVNPARSFGPAILvggd-—————————— 2laQLWLFIVAPLAGGALGGLLYRLr 214

gi 1706896 458 LMMFILIFIINasm-avqTGTAMNLARDLGPRLAlvavgfdhk-mlwvhhhhFFWVPMVGPFIGALMGGLVYDVC 530
gi 15898414 203 WAIGIGYVMPFllfeaqlTGGMINEARSWGPMLAlyvlfgyrt——gafnfrgeYFYVYGIPDFIGGILGALFWDHV 275
gi 135858 185 LAIGLIVGANIlvg-gpfSGASMNPARAFGPALVQWI————————————= WwhDHWIYWVGPFIGSALAALIYEYM 245
gi 16330455 172 AAIGLALTLIHlis-ipiTNTSVNPARSTGVALFcgnp —aligQLWLFWLAPIAGALLAGFVYHNV 235
gi 135860 177 IAIGFIVGANIlag-gafSGASMNPAVAFGPAVVSWL——— ———WtNHWVYWAGPLVGGGIAGLIYEVF 237
gi 4008346 201 LAIGLTLSIDI1st-gsiTGASMNPARSLGPSIIgsifatg
gi 586102 214 LPIGFAVFLVHlat-ipiTGTGINPARSLGARIIvnde——
gi 135859 177 LAIGLIVGANIlvg-gpfDGACMNPALAFGPSLVQWY

——-WhQHWIFWVGPLLGRAALARTL.VYEYA 237

Figure 7. Alignment of protein 6 amino acid sequences showed two highly conserved NPA motifs
(asparagine—proline—alanine; highlighted yellow). 1FX8_A-Membrane protein [Escherichia coli]; gi
1706896-Glycerol uptake/efflux facilitator protein [Saccharomyces cerevisiae S288C]; gi 15898414-
transposon I1SC1229 Otfl [Sulfolobus solfataricus P2]; gi 135858-Aquaporin TIP3-1 [Arabidopsis
thaliana); gi 16330455-Aquaporin Z [Synechocystis sp. PCC 6803]; gi 135860 Aquaporin TIP1-1
[Arabidopsis thalianal; gi 4008346-Major intrinsic protein [Caenorbabditis elegans; gi 586102-Membrane
protein [Solanum lycopersicum); gi 135859-Aquaporin TIP-type alpha [Phaseolus vulgaris|

Discussion

Metagenomics constitutes a true ‘breakthrough tool’ that allows to examine natural
and manipulated microbiomes for the presence of genes for novel enzymes that
may fuel biomedical and industrial applications [26]. In a previous study involving
two wheat-straw-degrading microbial consortia, we identified two genes encoding

proteins with putative thermo-alkaliphilic activities[14]. With respect to activity (B-
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galactosidase and P-xylosidase), these were stable at alkaline pH and elevated
temperature. Hence, they may have interesting potential applications in the process
of enzyme-assisted pulp bleaching [14]. In the current study, we further mined our
fosmids that were predicted to encode such GHases. Eight thus selected genes
were cloned into two E. co/i host strains, BL21(DE3) and Origami2 (DE3) pLysS,
and gene expression was examined. Strain BL21(DE3) is useful for gene
expression studies from a T7-type promoter on the vector. In our study,
BL21(DE3) cell growth was arrested, possibly as a result of the emergence of
inhibitory compounds, i. e. the intended proteins, in the culture. In the case of E.
coli Origami2 (DE3) pLysS, the T7 lysozyme produced suppresses the basal
expression of T7 RNA polymerase prior to induction. Thus, we found E. co/i
Origami2 (DE3) pLysS to produce more proteins in the soluble fractions than
BL21(DE3), giving rise to five (genes 1, 2, 3, 5 and 6) measurable enzyme
activities. In our previous work[14], fosmid clone 10BT extracts showed activity
with multiple substrates and also light (14.8%) B-xylosidase activity. There was no
detectable a-glucosidase activity. Interestingly, protein 5 (originating from clone
10BT) showed a-glucosidase activity from the strong inducible promoter of the
vector. Thus, presumably the native promoter of this gene did not allow for
expression under such conditions. Concerning genes 7 and 8, no activity was
found with any of the test substrates, of which we ignore the cause. However,
problems of instability and/or aggregation (under the prevailing conditions of
osmolarity, pH, redox potential, cofactors) may have played key roles.

Based on the initial screening, we thus considered the selected five genes
for further study of their products. Among these, proteins 2 and 3 were similar in
activity and size. With reference to our previous study, here we selected gene 2
instead of gene 3 (from fosmid clone T5-5) based on the high thermo-alkaliphilic
activity with pNP-Xyl, whereas the gene 3 mother fosmid clone T4-1 had shown
only slight activity against pNP-Xyl [14].

Protein 1
With respect to the identification of protein 1 as an EC. 3.2.1.23 (GH2), several

new [-galactosidase family-GH2 enzymes have recently been discovered and

characterized [27-29]. Specifically, a purified (B-galactosidase) family-GH2
enzyme, denoted BglA, from _Arthrobacter psychrolactophilus F2 showed maximal
enzymatic activity (alkaliphilic) at pH 8.0/ 10 °C (33.3 U/mg). Such f-
galactosidases are widely used in the food industry given their capabilities to
hydrolyse lactose at extreme (low or high) temperatures, and to produce glucose
and galactose. Remarkably, our gene 1 encoded protein showed increased
enzymatic activity at raised temperature and similar pH when compared to the
BglA enzyme, with increased p-nitrophenol release (58.7 U/mg; Table 3).
Moreover, protein 1 showed a lower K, and slightly increased 17, as compared to

max

those of aforementioned A. psychrolactophilus enzyme, as well as a Lactobacillus sakei



Lb790 enzyme [27,29]. Therefore, protein 1 shows promising hydrolytic activity,

which may be of direct relevance to industrial processes.
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Protein 2

Gene 2 was annotated as a gene encoding a protein with P-xylosidase/o-
arabinosidase activity belonging to CAZy family GH3 (EC. 3.2.1.37). As shown in
Table 3, the enzyme had raised activities on pNP-Xyl and pNP-Ara, with optimum
pH values of 9.0 (and 6.0) at temperatures of 50 °C and 40 °C. This was superior as
compared to the previously-reported enzymes Rubgxl, GH43 (several) and
XynB5. Specifically, the Rubgx1 (GH3 family) enzyme (B-glucosidase/-xylosidase
activities; optima at pH 6.0 and 50°C) [30], the GH43 family one (B-xylosidase/at-
arabinosidase; optima at pH 7.0 and 40°C) [31] and, finally, XynB5 (§-
glucosidase/P-xylosidase/a-arabinosidase; optimum pH 6.0 and temperature
50°C) had lower activities than protein 2 [32]. In addition, protein 2 revealed high
kinetic parameters, such as 17, (666.6 and 102U/mg), than a previously-
characterized bifunctional (B-xylosidase/a-arabinosidase) enzyme [31]. In another
study, we recently characterized GH43 family enzyme XyIM1989 with -
xylosidase/a-arabinosidase activity and showed 17, values of 285.71/78.12
U/mg, respectively (unpublished data). Also, protein 2 progressively showed
higher enzyme activity (with the corresponding substrates) with increasing pH.
Such changes in pH will alter the attractions between groups in the side chains of
the protein, potentially modifying the protein domain shape. Moreover, the
binding of substrate to the active site may be modulated and/or it cannot undergo
catalysis.

As indicated above, protein 2 was similar to the GH3 family proteins
Rubgx1 (81.4kDa) and XynB5 (95kDa, from Caulobacter crescentus) [30,32]. Its pNP-
Xyl and pNP-Ara dual activity may have been due to two distinct catalytic
properties in the same polypeptide chain, usually catalyzing two consecutive
reactions [33]. Dual- or even multi-functional properties are common in proteins
of the GH3 (and GH43) family. For instance, the GH3 family protein XynB5
showed rather similar B-glucosidase/p-xylosidase/a-arabinosidase activities [32].
Moteover, GH3 family enzymes include P-xylosidases (EC 3.2.1.37) and o-
arabinosidases (EC 3.2.1.55). Whereas the aforementioned enzymes Rubgx1 and
XynB5 showed (B-xylosidase) activities with optimum pH and temperature of 6.0
and 50 °C, respectively, protein 2 showed maximal activity at pH 9.0 and 50°C
(122.11U/mg) (Figure 3d). This preference for alkaline instead of slightly acid
conditions is likely connected to amino acid substitutions that we have-as yet-not
addressed. The mechanisms by which an enzyme’s catalytic properties may be
affected were beyond the scope of the current study [34].

Protein 5

Interestingly, protein 5 showed a-glucosidase activity, whereas no such activity was
detected from its mother fosmid clone 10BT[14]. Fosmid clone 10BT had shown
activity in the presence of multiple substrates, revealing some activity with pNP-



Xyl. Thus, expression of the a-glucosidase encoding gene may have been repressed
at the genomic level, becoming expressed from the inducible promoter of the
expression system of the used vector. Protein 5 clearly belongs to the “GGDEF”
domain protein family [35,36]. This domain was first identified in a response
regulator involved in cell differentiation in C. erescentus [37]. It was also observed in
Salmonella enterica enzymes involved in cellulose biosynthesis and biofilm formation
[38]. For more than 20 years, all GGDEF domain enzymes have been classed as
diguanylate cyclases and/or phosphodiesterases [39]. The former enzymes produce
cyclic di-GMP (cdiG), a messenger that regulates the key bacterial lifestyle
transition from a motile to a sessile, biofilm-forming, state [40]. However, most
bacteria are known to possess large numbers of genes that encode a range of
GGDEF domain proteins [38], allowing functional diversity across them. The
function of most GGDEF domain containing proteins has not yet been
experimentally proven [41]. Surprisingly, the GGDEF domain family protein 5
revealed o-glucosidase activity (in the context of (hemi)cellulose degradation), with
a 100% raised activity at pH 10.0 (102.54 U/mg) as compated to pH 7.0. At pH
10, the large OH oversupply may have caused a change in the shape and/or
charge of the enzyme’s active site, spurring activity. Further detailed structural
studies could reveal the dynamics of such glycoside hydrolase activities at varying
pH values in the lignocellulose degradation processes. Also, protein 5 was found
to have a different motif, of the “GDSL” class by CDART prediction.

b.

Figure 8. Three-dimensional (3D) models of a. protein 5 and b. protein 6. Background helices
shown in gray, Active sites shown in blue, Hypothetical ligands shown in magenta and green

Protein 6

Remarkably, protein 6 was found to possess two different conserved motifs, NPA
and GDSL. The NPA motif is a key structural feature of proteins that play crucial
roles as water channels across membranes, supporting membrane localization of
the protein. Surprisingly, protein 6 also belongs to the GDSL hydrolase family

& ‘ Molecular cloning and enzyme characterization
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(encompassing esterases/lipases), not shating sequence homology with any of the
CAZy database glycosyl hydrolases. GDSL motif enzymes constitute a rather new
group of proteins, with characteristics that have not yet been precisely described
[42]. Furthermore, a subgroup of this GDSL family was categorized as a so-called
SGNH-hydrolase, and our protein 6 belongs to this subgroup. The SGNH family
of hydrolytic enzymes has a wide range of catalytic functions, such as lipase,
protease, carbohydrate esterase, (thio)esterase, arylesterase and acyltransferase
activities [43]. All GDSL hydrolase family enzymes were found to have flexible
substrate binding and/or active sites [43]. Indeed, the Koshland induced-fit theory
indicates that the active sites of enzymes may become modified in the presence of
substrates, involving structural and catalytic site modifications[44]. The active
and/or binding sites of protein 6 are presumably flexible if they ate to follow the
induced-fit theory. For instance, the newly-identified carbohydrate esterase family
3 (CE3) gene axe2 product (acetyl xylan esterase), which has a GDSL motif,
removes acetyl groups from the hemicellulose polymer xylan [45]. Such activity, i.e.
carbohydrate esterase, likely gives protein 6 the capability to hydrolyze substituents
on the xylan backbone, supporting its ability to competently degrade hemicellulose
[46]. Indeed, protein 6 (and 5), based on an SGNH-type hydrolase, may exhibit the
specific a-glucosidase activity in (hemi)cellulose degradation.

In recent years, several enzyme cocktails have been proposed that can
enhance plant biomass degradation rates [47]. Such cocktails were produced from
several sources, including the producer organisms Trichoderma reesei, Thermobifida
Jusca and Clostridium  thermocellum. The degradation of lignocellulose requires the
intensive action of multiple enzymes. This is due to structural aspects that are
typical for the substrate, i.e. its high molecular weight and the association of
hemicellulose with cellulose and lignin. The required hemicellulases need to
hydrolyze glycosidic bonds. In many habitats, the degradation process is rather
slow because of the poor substrate accessibility, inhibitors (5-HMF and furfural),
and untimely presence of efficient enzymes. However, in industrial processes, such
enzyme availabilities can be steered [48,49]. The inhibitory by-products 5-HMF
and furfural are released during lignocellulose degradation, constitute a major
inhibitors of subsequent fermentation [50,51]. However, the amount of 5-HMF
and furfural in plant biomass hydrolysates is strongly linked to the pretreatment
methods and the source of the plant biomass. In this line, the levels of 5-HMF and
furfural in corn, poplar and pine were 0.017% and 0.022% (w/v), respectively [52].
Interestingly, the four enzymes (Protein 1, 2, 5 and 6) showed 50-80% tolerance to
0.1% 5-HMF, and about 40-50% tolerance at 0.5% (w/v). In addition, all enzymes
also revealed tolerance (30-72%) to furfural. Remarkably, protein 5 (with o-
glucosidase activity) revealed 50% activity at 0.5% of 5-HMF and furfural.
Therefore, we posit that such inhibitor-tolerant galactosidases and glucosidases
have great interest in food and biorefinery industries. Because of this strong
tolerance, our enzymes may work better than other ones in the presence of certain



levels of inhibitors. As of now, no previous studies reported 5>-HMF- and furfural-

tolerant f-galactosidases and o-glucosidases.

The four (thermostable) enzymes described here may pave the way
towards improved (hemi) cellulolytic action of existing enzyme cocktails. Using the
his tags, the enzymes, provided they are sufficiently stable, can be easily recovered
from the treatment process and re-used in continuous applications, allowing
alkaline and enhanced temperature conditions [53]. The here-detected activity of
our enzymes (specifically proteins 1 and 2) under thermo-alkaliphilic conditions
thus indicates their usefulness for plant biomass degradation, spurring the
production of glucose and xylose/arabinose from (hemi)cellulosic material and
also for pulp bleaching processes. Moreover, thermo-stable enzymes like the ones
reported here are often specific for activity on particular bonds and therefore offer
promise for specific industrial purposes [54,55]. Several amylases and cellulases are
already in use in industries, including enzymes with wide pH range [4.0-10.0] and
high thermo-tolerance. They are clearly useful under conditions that restrict
microbial growth. Furthermore, enzymes with optimized properties, such as
enhanced thermal and alkali tolerance, and an ability to function without additives,
recently improved several industrial applications [51,52]. In a subsequent study, we
will characterize the role of the novel enzymes as modulators of the degradation of
hemicellulose compounds.
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CHAPTER 4

Characterization of a furan aldehyde-tolerant f3-

xylosidase/o-arabinosidase obtained through a
synthetic metagenomics approach.

Mukil Maruthamuthu®, Diego Javier
Jiménez', and Jan Dirk van Elsas.
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Abstract

Aim: The aim of the study was to characterize ten hemicellulolytic enzymes
obtained from a wheat straw-degrading microbial consortium.

Methods and results: Based on previous metagenomics analyses, ten glycosyl
hydrolases were selected, codon-optimized, synthetized, cloned and expressed in
Escherichia coli. Nine of the overexpressed recombinant proteins accumulated in
cellular inclusion bodies, whereas one, a 37.5 kDa protein encoded by gene
xyM1989, was found in the soluble fractions. The resulting protein, denoted
XyIM1989, showed B-xylosidase and a-arabinosidase activities. It fell in the GH43
family and resembled a Sphingobacterium sp. protein. The XylM1989 showed
optimum activity at 20°C and pH 8.0. Interestingly, it kept approximately 80% of
its B-xylosidase activity in the presence of 0.5% (w/v) furfural and 0.1% (w/v) 5-
hydroxymethylfurfural. Additionally, the presence of Ca*’, Mg®" and Mn®" ions
increased the enzymatic activity and conferred complete tolerance to 500 mmol 1!
of xylose. Protein XyIM1989 is also able to release sugars from complex
polysaccharides.

Conclusion: We report the characterization of a novel bifunctional
hemicellulolytic enzyme obtained through a targeted synthetic metagenomics
approach.

Significance and impact of the study: The properties of XyIM1989 turn this
protein into a promising enzyme that could be useful for the efficient
saccharification of plant biomass.



Introduction

Plant-derived lignocellulose represents an abundantly available and renewable
energy source. Lignocellulose comprises cellulose, hemicellulose and lignin
moieties. Hemicellulose consists of hetero-polymers that are composed of
pentoses and hexoses. In this fraction, xylan is the major component, constituting
neatly one third of all renewable carbon in nature. Xylan (or arabinoxylan) is
composed of B-1,4-linked D-xylose units, which may be substituted by different
side groups, such as D-galactose, L-arabinose, glucuronic acid, acetyl, feruloyl and
p-coumaroyl residues [1,2]. In the enzyme-mediated catalysis that is required for
hemicellulose degradation, microbial glycoside hydrolases (GHs) are key enzymes.
These cleave the glycosidic linkages between carbohydrate residues, allowing to
produce sugars that are released. Xylan can be degraded through the action of a set
of different GHs. For instance, B-1,4-endoxylanase (EC 3.2.1.8), which cleaves the
backbone into small oligosaccharides, and B-1,4-xylosidase (EC 3.2.1.37), which
cleaves these oligosaccharides into xylose. Next to breaking the side chains of
xylan, enzymes like a-L-arabinosidases, o-D-glucuronidases and acetyl esterases
can play vital roles [3-5]. Such enzymes are thought to be valuable for diverse
industrial (e.g. food, pharma, plastics and biofuels) applications [6].

In spite of the promise of using microorganisms from natural settings as
sources of novel GHs, the discovery of novel enzymes or activities has been
hampered by problems of unculturability. Thus, recent research has set out to
analyze lignocellulose-enriched microbial consortia by DNA-based approaches (as
also known as targeted metagenomics) [7]. For example, recently, Jiménez ez al.
(20106) [8] reported the analysis of three soil-derived microbial consortia cultivated
on biologically pretreated plant biomass. They analyzed the microbial structure,
GH profile and extracellular enzymatic activities. Moreover, in a process known as
“synthetic metagenomics”, GH-encoding genes can be custom-synthesized and
codon-optimized, after which their efficient expression can be achieved in a
suitable host. In this respect, Dougherty ¢z a/. (2012) [9] identified, synthetized and
expressed a total of 19 GHs originating from the metagenome of a switchgrass-
adapted compost community. In the same way, Gladden e @/ (2014) [10]
discovered 18 active GHs that were tolerant to 10% of 1-ethyl-3-
methylimidazolium acetate (ionic liquid used in the pretreatment of plant biomass).

In previous work, we developed two wheat straw-degrading microbial
consortia derived from forest soil, in which substantially enriched
(hemi)cellulolytic genes and activities were found [11]. In order to explore these
consortia further, here we performed a targeted synthetic metagenomics approach.
Thirteen large contigs - produced previously on the basis of shotgun sequencing of
metagenomics DNA extracted from the aforementioned consortia - were selected
and screened for GH-encoding genes [12]. In the current study, we report the
selection of ten such genes on the basis of a combination of criteria. The genes
were codon-optimized, synthesized and expressed, after which they were further
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tested. Here, we describe the full analysis, placing a focus on a gene for a key furan
aldehyde-tolerant B-xylosidase/a-arabinosidase (CAZy family GH43) enzyme that
is proposed for biorefining processes, especially the saccharification of pretreated
plant biomass.

Materials and methods

Identification and selection of GHs from a wheat straw-degrading
consortial metagenome

Previous analyses of contigs constructed following shotgun metagenomics and
sequencing of DNA from two wheat straw-degrading microbial consortia
identified thirteen novel Bacteroidetes-derived hemicellulose utilization loci
containing 39 GHs [12]. From the contigs, we selected ten predicted GH-encoding
genes on the basis of the following criteria: 7) genes encode highly enriched GH
families compared with the original soil inoculum; 7) GHs are predicted to allow
deconstruction of xylan, xyloglucan and galacto(gluco)mannan; 7)) GHs are
flanked by genes for membrane transporters and genes involved in sugar
metabolism (i.e. coherent genomic context); z) predicted GHs have low amino
acid identity (e.g. <80%) compared to proteins in databases; #) GHs contain
identifiable start and stop codons and a complete intact reading frame. In FigureS1
(supporting information), the selected genes and their genomic context are shown.

Cloning and expression of ten GH-encoding genes recovered from the
metagenome assemblages.

The ten genes were selected based on directed choices with respect to CAZy [13]
family allocation. Specifically, we selected genes for families GH92, GH43, GH2,
GH95 and GH29, as follows: M4684 and M3030 (GH92); M7068, M7073, M1989
and M8244 (GH43); M1927 and M20752 (GH2); M1916 (GH95) and M8239
(GH29) (Table 1). All genes were codon-optimized for expression in Escherichia
coli, synthesized and cloned into the pET21b+ vector, with the help of a
commercial partner (GenScript, Piscatawy, NJ, USA). For codon optimization, we
used the OptimumGene™ algorithm and the Codon Adaptation Index (CAI).
Additionally, other major codon usage biases, such as premature Poly-A sites, GC
contents, internal chi sites and ribosome-binding sites, repeat sequences (direct,
reverse and dyad repeats), as well as restriction sites that might interfere with
cloning, were changed. The expression clones were introduced into FE. coli
BL21(DE3) competent cells (Invitrogen, Carlsbad, CA, USA) using the
manufacturer’s instructions. Following clone selection and purification, plasmid
extractions were done for each of the ten cloned genes. Thereafter, the nature of
the cloned fragments was checked by restriction fragment analyses. Specifically,
Xbal /| Xhol were used for genes M3030, M1916, M1927, M1989 and M20752;
Minl/Xhol for genes M8239, M8244 and M7068; Sa/l/Xhol for M4684; and
Sacl/Xhol for M7073 (Figure S2). A single colony of each verified clone was then



introduced into an Erlenmeyer containing 10ml of fresh LB medium containing
Overnight Express™ Autoinduction System 1 reagents (Novagen, Darmstadt,
Germany) and ampicillin (100 ug ml"). The bacterial cultures were incubated
overnight at 37°C with constant shaking at 200rpm. The cell pellets were harvested
by centrifugation at 10000 g for 10 min and resuspended in 2 ml of lysis buffer (20
mmol 1" Tris-HCL pH 7.5, 100 mmol I'' NaCl, 1 mmol I'' EDTA, 0.1% Ttriton, 5
mmol ' CHAPS and a mini tablet of protease inhibitor-Roche, Mannheim,
Germany - to 50 ml). Subsequently, the resuspended cells were sonicated on ice
(6sec on, 15sec off, 30 cycles with amplitude of 10-15 microns) and the lysates
centrifuged at 14000z for 10min at 4°C in order to separate the soluble and
insoluble protein fractions. Insoluble proteins were washed twice with 750ul of 20
mmol 1" Tris-HCL (pH 8.0) and solubilized with 2 mol I'" urea following the
freeze-thawing method [13]. Protein concentrations were determined by the
Bradford method using bovine serum albumin as the standard. Protein fractions
were analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) [15].

Zymographic analysis and detection of enzymatic activity using para-
nitrophenol-glycosides

Zymograms were used to detect xylanase activity on SDS polyacrylamide gels (4%
stacking, 10% resolving gels) containing 0.2% of xylan from beechwood (Sigma-
Aldrich, Zwijndrecht, The Netherlands). Each well was loaded with 20ug (in 20ul)
of total proteins per sample. After running the gels at 4°C, they were soaked for 1h
in 2.5% of Triton and washed thoroughly in water prior to incubation (1h at 30°C)
in 50 mmol I'" of sodium citrate buffer pH 6.0. The gel was stained with 0.1%
Congo red for 30min and then de-stained for 2h in 1 mol I NaCl to reveal zones
of clearing. Additionally, protein fractions (soluble and insoluble) were recovered
and tested for activity using p-nitrophenyl B-D-xylopyranoside (pNP-Xyl), p-
nitrophenyl a-L-arabinofuranoside (pNP-Ara), p-nitrophenyl o-L-fucopyranoside
(PNP-Fuc) and p-nitrophenyl a-D-mannopyranoside (pNP-Man). The reaction
mixtures consisted of 180ul of 2 mmol 1" of each p-nitrophenol-glycoside (diluted
in 20 mmol 1" of Tris-HCL pH 7.0) and 20ul of each protein fraction. The
mixtures were incubated at 37°C for 30min, after which the reactions were
stopped on ice. Three negative controls were used for all assays: /) reaction mixture
without substrate; 7) reaction mixture using the protein fractions from FE.coli
BL21(DE3) transformed with pET21b+ vector; and 77) reaction mixture without
proteins. Activity was detected by the presence of yellow color in the reaction
plate.
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Bioinformatics analysis, phylogenetic tree and structural modeling of
protein XylM1989

For one protein that was successfully produced into the soluble fraction (gene
M1989), the translated gene (xy/M1989) was analyzed based on BLASTp searches
against the NCBI nonredundant protein database. In addition, catalytic domains
were identified using the pFam database. The protein XylIM1989 was aligned by
Clustal W against thirty-five proteins from different origin that belong to CAZy
families GH43, GH3 [16] and AA10 (outgroup sequences). For the multiple
protein alignment and phylogenetic analyses, the software’s MEGA v6.0 and
PRALINE [17,18] were used. In order to detect the catalytic and substrate-binding
sites, a XylIM1989 protein data bank file was generated using Phyre2 [19]. With this
prediction, the closest homolog of XyIM1989 was a B-xylosidase protein 4MLG
(Protein data bank ID) from an uncultivable bacterium (EC 3.2.1.37, GH43
family). This protein was used as a template for structural predictions using the
PyMOL platform (http://www.pymol.otg).

Biochemical properties of protein XylM1989

The optimum temperature for activity was determined in the range 10-70°C using
PNP-Xyl and pNP-Ara (at pH 7.0). The pH optimum was determined in a pH
range from 3.0 to 10.0 (at 30°C) using the following buffers: 50 mmol I'' sodium
citrate (pH 3.0 to 6.0), 50 mmol I'' Tris—=HCI (pH 7.0-9.0) and 50 mmol I glycine-
NaOH (pH 10.0). The reaction mixture consisted of 280ul of 0.5 mmol I of pNP-
Xyl or pNP-Ara and 20ul of soluble protein XylM1989 (approximately 1.7 mg ml
". The kinetic parameters (K, and 1) of XyIM1989 were determined with pNP-
Xyl and pNP-Ara concentrations ranging from 0 to 50 mmol 1" in 20 mmol I
Tris—HCI (pH 8.0) at 30°C for 15min. The data were plotted according to the
Lineweaver-Burk method (double reciprocal plot). The effects of lignocellulosic
hydrolysate inhibitors (furfural, 5-hydroxymethylfurfural and acetic acid) and
chemical additives (ions, sugars, NaCl, EDTA, detergents and organic solvents), at
different concentrations, on the activity of the XylM1989 protein were evaluated
with pNP-Xyl (pH 8.0) at 30°C for 30min. Additionally, the effect of xylose
(ranging from 0 to 1000 mmol 1) in the presence of 5 mmol I of Mg**, Ca®" and
Mn*" was evaluated with the above parameters. Enzymatic activities were
determined from the measured absorbance units using a standard calibration
curve. The amount of para-nitrophenol (pNP) liberated was measured by
absorbance at 410 nm. One unit (U) of enzyme activity was defined as the activity
required for the formation of 1 pmol of pNP per min under the above conditions.

Activity of the XylM1989 protein on complex polysaccharides

The enzymatic activity of XylM1989 was evaluated on three complex
polysaccharides (xylan from beechwood, oat spelt xylan and soluble arabinoxylan).
The reaction mixtures (500ul) contained 1% of each polysaccharide (diluted in 20
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mmol 1" of Tris-HCl pH 8.0) and 150ul of soluble protein XylM1989
(approximately 1.7 mg ml"). The mixtures were incubated at 30°C for 72h,
subsequently the reactions were stopped on ice and centrifuged for 10min at
12000g. The enzymatic activity was determined by measuring the amount of
reducing sugars in the supernatant by the 3,5-dinitrosalicilic acid (DNS) method
[20]. A standard calibration curve was used, as previously constructed with
different concentrations of xylose. In addition, the types of sugars and their
concentrations, released by the enzymatic reaction, were analyzed by high-
performance liquid chromatography (HPLC). Two negative controls were set up: 7)
reaction without substrate and 7) reaction without protein.

Results

Synthesis, cloning, expression and enzymatic analysis of ten genes
predicted to encode GHs

From two wheat-straw-degrading microbial consortia, we here selected ten genes
encoding predicted GHs for synthesis. All ten genes were codon-optimized for E.
coli, synthetized and cloned into the pET21b+ expression vector with specific
restriction enzyme sites on both sides (INdel and Xhol). For all genes, the fragment
sizes - as measured on agarose gels - were consistent with the predicted sizes of
the sequences (Table 1; Figure S2). Then, using overnight cultures (in LB medium)
of each selected purified clone, gene expression was induced. The data revealed
that, among the cultures from the ten cloned genes, only one protein (gene
M1989) occurred in the soluble fraction (~80-90% pure), whereas the remainder
was mainly present in inclusion bodies (Figure 1a). To enhance solubility, we
applied solubilization methods to the latter, so as to recover and refold each
aggregated protein into its native state. The nine inclusion bodies were thus
isolated, purified and then treated with 2 mol I urea following the freeze-thawing
method. Fractions were diluted (1-, 10-, and 100- fold) into PBS buffer in order to
decrease the urea concentration and improve the refolding of the protein [13].
Unfortunately, the final suspensions did not show any enzymatic activities,
suggesting persistent misfolding or aggregation of the nine proteins (data not
shown). However, zymogram analysis with beechwood xylan revealed that the
“insoluble” protein fractions of genes M7068, M1916, M20752, M8239 and
M8244 represented a clear zone with enzymatic activity. Moreover, the (soluble)
M1989 cell lysate also had activity. Thus, the products of six in ten genes produced
in E. co/i had xylanase activity, of which only one, M1989, appeared in the soluble
fraction (Figure 1b).

Testing for different engymatic activities - Based on the prediction of the
activities of the gene products by CAZy database annotation (Table 1), we selected
four pNP-labelled substrates, i.e. pNP-Xyl, pNP-Ara, pNP-Fuc and pNP-Man, to

evaluate the putative enzymatic activities (using both insoluble and soluble



fractions). However, with the exception of the lysate of clone M1989 (soluble
fraction), none of the lysates showed hydrolytic activity with any of the selected
substrates (Figure 1c). Indeed, the product of clone M1989 showed dual activity,
i.e. with pNP-Xyl and pNP-Ara, but not with pNP-Man and pNP-Fuc. On the
basis of its activity, protein M1989 will be denoted XylM1989. It is the basis of the
further results described below.

M4684  M3030  M7068 M7073 MI1916  MI1927 MI1989 M20752  M8239 M8244 pET
L s s A L L L L L L L
S 1 S

wa M S IS IS 1.8

M1916 M20752 Ms244
b) M7068 | MI9S9 | MS$239 |  pET
1 s 1 s

kDa M

Soluble fraction (S)
s 98952 n PET s

Insoluble fraction (I)

-

Zymogram (SDS-PAGE)
0.2% xylan from beechwood

Figure 1. (a) SDS-PAGE of the overexpressed GHs in Escherichia coli BI21(DE3) cells. (b)
Zymogram analysis of six GHs that showed hydrolytic activity and one negative control (soluble
protein fraction from E. coli BL21(DE3) transformed with pET21b+ vector; lane pET S). (c)
Detection of enzymatic activities of the overexpressed GHs by using pNP-labelled substrates.
Supernant fractions for the cell extracts are denoted as S, and for the insoluble pellets of the lysates
are denoted as 1. M, protein marker.

Analysis of the XylM1989 protein — CAZy family, phylogeny and structural
prediction

The protein XylM1989 has a calculated isoelectric point (pI) of 6.16 and a
molecular weight of 37.5 kDa. In addition, XyIM1989 was predicted to belong to
the GHA43 family, which contains mostly B-xylosidases (EC 3.2.1.37), o-
arabinosidases (EC 3.2.1.55), galactan 1,3-B-galactosidases (EC 3.2.145) and endo-
a-arabinases (EC 3.2.1.99) [16,21]. Based on the BLASTp analysis, the amino acid
sequence of XylM1989 showed 95% identity (100% coverage) with an
uncharacterized GH43 family protein (ACX30651) encoded by a chromosomal
segment of Sphingobacterium sp. TN19 [22]. In addition, protein XylM1989 showed
63%  identity =~ with ~a  characterized  bifunctional =~ GH43  family
xylosidase/arabinosidase (xy#B; CAA89208) from Prevotella bryantii [23]. The more
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detailed phylogenetic analyses (including different types of family GH3 and GH43
enzymes) further showed that protein XylM1989 clustered with uncharacterized
family GHA43 xylosidases and arabinosidases from different Bacteroidetes,
specifically belonging to species of Sphingobacterinm, Draconibacterinm, Proteiniphilum,
Dysgonomonas and Chryseobacterium. XyIM18989 revealed a relatively low degree of
similarity with characterized family GH43 bacterial xylosidases (EC 3.2.1.37) next
to fungal endo-arabinases (Figure 2). Moreover, it showed 71% identity protein
with protein 4MLG (structure of RS223-B-xylosidase) [24]. Based on the predicted
3D structure using protein 4MGL as the template and multiple alighments with
phylogenetically closer proteins, we identified a catalytic triad (Asp15 — Asp135 —
Glu222) and a substrate-binding site (Trp83 — Ile134 —Thr271) (Figure 3).

'AHC?72381.1 Beta-xylosidase/alpha-arabinosidases Humicola insolens
4‘— BAC68753.1 Exo-alpha-1-5-arabinofuranosidase Streptomyces avermitilis

| — AAZ55306.1 LPMOs Thermobifida fusca YX
lcaBé61160.1 LPMOSs Streptomyces coelicolor A3(2)

EAAS8736.1 Arabinanase Aspergillus nidulans 3.2.1.99
—| _L—Apsoosws 1 Endo-alpha-arabi Aspergill leatus 3.2.1.99 | GH43_Fungus
BADI5018.1 Endoarabi Penicillium chr 32137

AGU11112.1 Glycosyl hydrol family 43 Itured
-I-_WP039365597.1A‘,,“ N. i idase Chr um tai
. WP 026626104.1 Alpha-N-arabi idase Dy pnocytopk
WP 019541369.1 Alpha-N-arabi idase P iniphih igene:

:| LPMOs_Actinobacteria

CAA89208.1 Exo-beta-(1-4)-xylanase/beta-(1-4)-xylosidase Prevotella bryantii
'AD020354.1 Beta-D-xylosid Ipha-L-arabi id; I d rumen b
ACX30651.1 GH43B19 Xylosid ibinosid hingot iumsp GH43_Bacteroidetes
XyIM1989
WP 021189556.1 hypothetical protein Sphingobacteriumsp.

WP 045752658.1 alpha-N-arabi d )i iumsp.

AGL51118.1 Beta-xylosidase Sphingobacteriumsp.

WP 037532335.1 Alpha-N-arabi d hingobacterium thal
WP 0450270831 alpha-N-arabi idase Draconibacterim sediminis
ADVI6404.1 Beta-Xylosidase/alpha-arabi idase Paenibacill

ACZ98594.1 Endo-14-beta-xylanase Cellulosilyticum ruminicola 3.2.1.8
CAA40378.1 Endo-14-beta-xylanase Paenibacillus polymyxa 3.2.1.55
'—ACN78955.1 GH3 i bi idase Prevotella ini 32137
1 |:AEH50242.IGHS Beta-xylosidase/Alpha-arabinosidase Tt i GH3_
AAK43134.1 GH3 Beta-xylosidase Sulfolobus solfataricus*

AAO067499.1 Alpha-L-arabinofi id i ium adol is 3.2.1.55

CAL81199.1| Alpha-L-arabinofuranosidase Humicola insolens 3.2.1.55
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BAF39209.1 Beta-1-4 id ifid. i dol is 3.2.1.37
BAB07402.1 Xylan beta-1-4-xylosidase Bacillus halodurans 3.2.1.37
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Figure 2. Maximum likelihood phylogenetic analysis of XylIM1989 with closest related proteins.
The amino acid sequences of the other GH43 and GH3 enzymes were obtained from published
data (Lagaert et al. 2014). Two Actinobacteria-derived Iytic polysaccharide monooxygenases
(LPMOs) were used as outgroup (CAZy family AA10). The tree is drawn to scale, with branch
lengths measured conform the number of substitutions (amino acids) per site. All positions
containing gaps and missing data were eliminated and the evolutionary analyses were conducted in
MEGA ver. 6.0.



Biochemical characterization of protein XylM1989

Effects of temperature and pH on protein XyIM1989 activity - Based on the
finding that protein XyIM1989 had B-xylosidase and a-arabinosidase activities,
these activities were characterized with respect to temperature and pH ranges.
Protein XylM1989 exhibited maximal activities at 20°C in the presence of 0.5
mmol I of (buffer pH 7.0) pNP-Xyl (3.36 U mg' of protein) and pNP-Ara (0.65 U
mg' of protein) (Figure 4a). The activity of XylM1989 decreased, to approximately
20% of the maximal activity, when the temperature was raised from 40°C to 70°C
for both pNP-Xyl and pNP-Ara. As shown in Figure 4b, this activity was then
assessed at pH values between 3.0 and 10.0. In this analysis, the maximal -
xylosidase activity was reached at pH 8.0 (30°C, 0.5 mmol I of pNP-Xyl). The
activity, overall, remained at ~70% of the maximum at pH 9.0, whereas it was
completely lost at pH 10.0. Moreover, activity on pNP-Ara was also maximal at
pH 8.0. Indeed, the latter activity was still at 60% at pH 9.0, suggesting that the
protein is considerably active under slightly to strongly alkaline conditions.

Kinetic analysis of the XyIM1989 protein - The XylM1989 hydrolytic activity
was measured with respect to catalytic properties and by assessment of kinetic
parameters, ie. the K, (Michaelis-Menten constant) and [/ values (maximal
reaction velocities), using pNP-Xyl and pNP-Ara as the substrates, under optimal
conditions. The K, values of XyIM1989 for pNP-Xyl and pNP-Ara were 1.2 mmol
1" and 0.781 mmol 1", and the 17, values 285.71 U mg' and 78.12 U mg’,
respectively. Given the fact that the K, and 17, values of protein XyIM1989 for
PNP-Xyl were higher than that for pNP-Ara, pNP-Xyl was used for further

analysis.

Effects of additives on protein XyIM1989 activity - The effects of different
additives on protein XyIM1989 B-xylosidase activity were assessed (Table 2).
Remarkable increases in the B-xylosidase activity were observed in the presence of
5 mmol 1" of CaCl, (10-fold), MgCl, (12-fold) and MnCl, (7-fold). In addition, a
2.5-fold enhanced activity was observed with 50 mmol 1" L-arabinose, but this
activity decreased by 47% in the presence of xylose. Furthermore, the activity
decreased by 60% with 50 mmol 1" of EDTA. It increased slightly (118.6 + 24)
upon addition of 20% glycerol. Concurrently, the activity dropped by 75% in the
presence of all organic solvents, i.e. ethanol, methanol and isopropanol. Moreover,
the activity decreased by 50% in the presence of 10% DMSO.

Effects of plant biomass hydrolysate-derived componnds on protein XyIM1989
activity - Three lignocellulosic hydrolysate-derived compounds with potential
inhibitory activity, i.e. furfural, 5-hydroxymethylfurfural (5-HMF) and acetic acid,
were tested for their effects on the activity of protein XylM1989 with pNP-Xyl (0.5
mmol I''; pH 8.0 at 30°C) (Figure 5a). Interestingly, in the presence of 0.3% (w/v)
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acetic acid, inhibition was high and the relative B-xylosidase activity was neatly
zero. Moreover, it was also strongly blocked by 0.7% (w/v) 5-HMF (~80%
inhibition), whereas low levels (0.05-0.1% w/v) of 5-HMF showed only 15-20% of
inhibition. The presence of 0.7% (w/v) furfural also resulted in around 60% of
inhibition. However, at lower concentrations (0.05-0.5% w/v of furfural) the
activity inhibition remained at 20-40%.

b

Asp(D) 15

Asp(D) 135

A3

Tle(l) 134

Glu(E) 222

W 045752655 1 -~
P, inlg
Consistency

WP_021189556_1
ACX30651_1_GH43)

e 0457526561
pdb_inlg
Consistency

xy1M1989

We_021189556_1

ACX30651_1_GH43|

AGL51118_1_Betal
We_037532335_1
We_045752658_1
pdb_inmlg
Consistency

unconserved [{IB 8 5 6 7 B B conservea
Figure 3. a) In silico 3D structure prediction of the enzyme XylIM1989, generated by molecular
modelling, showing the catalytic and b) substrate binding sites. ¢) Conserved blocks in the deduced
amino acid sequences of XyIM1989. Highly conserved residues are red shaded. Residues of the
catalytic triad and substrate binding pocket are denoted by C and S, respectively. The aligned GH43
sequences came from  Sphingobacterium-related organism (WP_021189556.1; ACX30651.1;
WP_045752658.1; WP_037532335.1; AGL51118.1) and uncultured organism (Protein data bank
ID: 4MLG).
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Figure 4. Relative enzymatic activity of the XyIM1989 protein measured against pNP-B-D-
xylopyranoside (pNP-Xyl) (@) and pNP-a-L-arabinopyranoside (phNP-Ara) (A). a) Different
temperature with constant pH 7.0. b) Different pH values at 30°C.
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Figure 5. Relative B-xylosidase activity of the protein XyIM1989 at a) different concentrations
(zero to 0.7%)% w/v) of furfural, 5-hydroxymethylfurfural (5-HMF) and acetic acid; and b)
different concentrations (zero to 1000 mmol I') of xylose in presence of 5 mmol I'! ions (Ca?*,
Mg?* and Mn?*).

Effect of xylose on protein XyIM1989 activity - The P-xylosidase activity of
XyIM1989 was inhibited by addition of xylose (Table 2). However, the activity
increased approximately 3.5- fold in the presence of 50 mmol I'' xylose with ions
(5 mmol I of Ca*", Mg®" and Mn*") over the control (without xylose and ions). In
the presence of each of the three bivalent cations, without xylose, the xyIM1989 -
xylosidase activity was 5-fold increased over that of the control (Figure 5b). At 200
mmol "' xylose (with ions), protein XylM1989 still showed an activity of 80% over
that of the control without xylose and ions. Finally, the enzyme activity dropped to
around 50% of that of the control at high concentrations of xylose (700 and 1000
mmol I').

Activity of protein XylM1989 on semi-natural substrates
The hydrolytic activity of protein XylM1989 on 1% of xylan from beechwood
(XB), oat spelt xylan (OX), and arabinoxylan (ARB) was tested, using 5 mmol 1" of
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Table 2. Effects of different additives on the XyIM1989 B-xylosidase activity

Type of additive Reagent % Relative activity
Ions 5 mmol I 20 mmol I’
CaCl, 1065.23 + 74 546.58 + 39
MgCl, 1214.18 £ 16 691.11 £ 120
CoCl, 6.27+1.1 1.33+0.3
NiCl, 8.67+1.5 2.01+1.2
CuCl, 0.63 +0.1 1.94+£04
MnCl, 738.93+8.4 172.88 £ 20
NH, 69.32 + 1.0 63.61+4.3
Sugars 20 mmol I'! 50 mmol I’
Glucose 69.30+ 1.3 99.28 +4.9
Xylose 55.82+25 5371+ 1.4
Arabinose 164.89+5.4 249.26 +3.8
Cellobiose 82.32+2.0 90.32 + 14
Galactose 80.38 + 1.8 90.99 + 12
Salt 200 mmol I 2000 mmol I'
NaCl 96.06 + 6.1 36.34+ 0.6
Chelating agent 20 mmol I’ 50 mmol I’
EDTA 61.66 + 0.8 30.20+0.6
Detergents 2% 5%
SDS 8.68+£0.7 6.12+4.0
Triton 107£5.6 32.70+0.8
Organic solvents 10% 20%
Glycerol 101.9+4.7 118.6 +24
Ethanol 26.63 = 0.1 11.40+0.2
Methanol 26.47+0.2 16.63+ 1.9
Isopropanol 26.10+ 0.6 12.53+1.9
DMSO 50.56 = 1.0 24.55+0.1

Mg®". Interestingly, 68.73 + 3.52 mg of sugars g of polysaccharide were released
from XB and 62.28 + 6.96 mg g of polysaccharide from OX, whereas only 14.33
+ 1.64 mg g of polysaccharide was produced from ARB. Based on HPLC data
(not shown), the most abundant sugars released in the reaction with XB were
(isted in order of estimated quantity): xylose>glucose>galactose>xylobiose.
Regarding the OX and ARB reactions, we observed that the xylose and glucose
levels exceeded that of galactose, arabinose and xylobiose. On the basis of these
results, we posit that protein XylIM1989 works avidly on xylan from beechwood,
oat spelt xylan and arabinoxylan, releasing sugars in accordance with the specifics
of these substrates.

Discussion

In this study, ten GH-encoding genes, retrieved from two wheat straw-degrading
microbial consortia [12], were selected for codon optimization, synthesis, cloning,
expression and characterization. These genes all originated from different
Bacteroidetes, a dominant phylum in wood-degrading communities [25] and were
found in different microbial consortia cultivated on agricultural residues [26,27].
The microbial origin, the genomic context and the annotation of the genes for
these selected GHs all suggest that they play an important role in plant biomass
degradation [12]. Inspired by recent data [28], we intended to increase the
expression levels of such GH-encoding genes (in E. ¢o/), using codon swapping by



a commercial routine. However, such codon optimization comes with potential
drawbacks that are related to the fast depletion of the precise cognate tRNAs in
the host organism, which can incite translational errors. An exact “smart mix” of
major and minor codons appears to be necessary in each case, which may be gene
and host dependent. Indeed, the feasibility of any protocol for heterologous
protein expression is often not theoretically foreseeable [29]. In our study, nine of
the ten selected GHs were found in inclusion bodies inside the E. 0/ host, which
was likely due to overexpression. Such inclusion body location is actually an
advantage in the industrial production of high quantities of proteins. However, due
to misfolding and aggregation, the included proteins may become inactive. To
tackle this problem, recently different types of expression host (e.g. E. co/i origami;
Novagen), protein refolding kits and new protocols have been developed [30,31].
In our study, the finding that the products of five genes (in the insoluble fractions)
apparently had xylanase activity, whereas no activity could be detected with any of
the pNP substrates, indicated that protein aggregates may have been differentially
dissociated and thus (ephemerally) active. For instance, in the zymography assay,
the removal of SDS by Triton may refold the protein correctly in the gel with
subsequent evidence of activity [32,33]. Notably, by using zymography we showed,
for the first time, that proteins (M1916 and M8239) annotated as fucosidases have
xylanolytic activity (Figure 1b; Table 1). Remarkably, in the presence of the pNP
substrates, protein XylM1989 showed B-D-xylosidase activity and o-L-
arabinosidase activity. Given the problems with the insolubility of the other
proteins, we henceforth only studied the soluble protein XylIM1989 in detail.
Interestingly, the genomic context of the XylM1989-encoding gene resembled that
of the gene for an uncharacterized enzyme (GH43B19) located in a 37.5 kb
chromosome fragment of Sphingobacterinm sp. TN19 (Figure S3). This strain had
been isolated from the gut of Batocera horsfieldi larvae, a beetle which develops in
woody tissues. In the chromosome fragment, genes for three xylanolytic enzymes
have been characterized (XynB19, GH43A19, XynA19), suggesting their
importance in hemicellulose depolymerization [22,34]. We here found a shared
synteny (with our contig 248) of genes encoding transketolases, xylulokinases,
xylose isomerases and ABC transporters. These findings suggest that the flanking
genes to the gene encoding XyIM1989 are involved in xylan degradation, sugar
transport and xylose metabolism (Figure S3).

In eatlier work, several B-xylosidases and a-arabinosidases of CAZy family
GH43 were recovered and characterized from various organisms (e.g. Bacillus,
Fibrobacter, Thermobifida, Clostridium, Thermotoga, Enterobacter and Paenibacillus) [35—
42]. However, this was often accompanied by an incomplete characterization
which did not allow the understanding of their full potential. For instance, the
tolerance to high levels of (inhibitor) compounds derived from lignocellulosic
hydrolysates has not been adequately addressed [43]. It is worth noting that these
GHs constitute key components of enzyme cocktails used for the improved sacch-
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-arification of plant biomass and production of biofuels [44]. The aforementioned
studies showed that some, but not all, GH43 family enzymes have bifunctional
activities, in particular B-xylosidase and a-arabinosidase. For instance, protein
XylC, isolated from Paenibacillus woosongensis, had dual activity [39], and some
proteins encoded by genes isolated from rumen and compost-derived
metagenomes also had dual activity [9,45,46]. In contrast, the enzyme His-Xyl43
showed PB-xylosidase activity [36], whereas proteins Abn2 and AbnZ2 had only
endo-arabinanase activity [38,41]. We speculated, on the basis of the foregoing,
that the B-D-xylosidase/a-L-arabinosidase activity of our XyIM1989 enzyme may
constitute a key asset in wheat straw biomass saccharification, with specific
involvement in xylan and arabinan degradation. Indeed, compared to previously
described family GH43 enzymes, it showed a raised 17, (also compared with
fungal enzymes) (Table 3). Thus XylIM1989 has a higher reaction speed, enabling a
faster substrate processing when the protein is saturated with the substrate.
Regarding the biochemical characterization, the three bivalent cations Ca™",
Mg*" and Mn*" clearly enhanced the activity of XyIM1989, thus indicating that
such cations are important as enzyme cofactors. A role in the enzymatic reaction,
e.g. by binding and stabilizing the substrate at the active site, may be invoked
[35,47,48]. In contrast, Cu®’, Ni*', Co”" and NH"" strongly inhibited the [-
xylosidase activity of XylIM1989. Similar to XyIM1989, a xylanase produced by a
gene isolated from a bovine rumen metagenome showed enhanced B-xylosidase
activity with Mn®', whereas Cu®’, Fe*, Ag’" and Zn*" ions inhibited the activity
[49]. Helper molecules like sugars and ions can control enzyme activities by
“setting” proteins “on” and “off” in response to environmental changes. Thus,
feedback inhibition may occur due to allosteric regulation, in which molecules bind
to the catalytic site of enzymes, altering their structural shape and changing the
protein to an active or inactive form. The fact that XyIM1989 activity was slightly
stimulated by L-arabinose may relate to the binding of this sugar to the substrate-
binding site, thus enabling the XyIM1989 catalytic residues to react effectively.
Furfural and 5-HMF are major byproducts from the pretreatment of
lignocellulosic materials [50,51]. These aromatic compounds released in
hydrolysates are considered to be major inhibitors of fermentation processes [43].
During plant biomass pretreatment, several released products (including furanic
compounds and monosaccharides) can inhibit the activity of the enzymes (or
cocktails) used for the subsequently saccharification process. In addition, several
studies has been showed a strong inhibition of ethanol production due to the
presence of lignocellulosic byproducts [43]. For example, concentration of ~0.5%
(w/v) and ~0.7% (w/v) of furfural and 5-HMF, respectively, can inhibit the
growth rate and production of ethanol by Issafchenkia orientalis [52]. The
concentration of furfural and 5-HMF in plant biomass hydrolysates depends on
the pretreatment conditions and the feedstock. However, analyses of pretreated
corn stover, poplar and pine materials showed furfural concentrations up to 0.22 g
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1" (0.022% w/v) and 5-HMF concentrations up to 0.17 g 1" (0.017% w/v) [53].
Interestingly, protein XyIM1989 was tolerant to futrfural, as its B-xylosidase activity
was still at approximately 80% at 0.5% (w/v) furfural. It also showed some
(restricted) tolerance to 0.3% (w/v) 5-HMF (50%). We posit hete that such furan-
tolerant xylanases have great potential for use in the biorefining industries, as they
would presumably work well in the presence of expected levels of furfurals and
related compounds. As far as we know, this is the first report of a B-xylosidase/a-
arabinosidase that is tolerant to furfural and 5-HMF. Moreover, as was explained
before, B-xylosidases are key in the conversion of xylo-oligosacchatides to xylose
as the end-product. However, xylose is one of the major inhibitors of B-xylosidase
activity [54]. Thus, xylose-tolerant B-xylosidases are important in hemicellulose
conversion. The sensitivity of most B-xylosidases to xylose (as tested with fungal-
produced xylosidases, such as those from _Anxula adeninivoran, Aureobasidinm
pullutans and Trichoderma reesei) 1s striking, with K7 (concentration of inhibitor) values
for xylose ranging from 2-10 mmol "' [55]. In contrast, Thermotoga thermarnm Tth
xynB3 B-xylosidases showed high xylose-tolerant activity at 500 mmol 1" [56].
Interestingly, our novel xylM1989 protein showed 100% activity at xylose
concentrations of 500 mmol 1", in the presence of ions (cither Ca®>’, Mg*" or
Mn*"). Strikingly, the XyIM1989 activity in the presence of xylose (with ions) was
even enhanced by relatively low levels of xylose. In conclusion, our enzyme is
inhibited by xylose, but this inhibition is alleviated by the presence of Ca*’, Mg**
or Mn®".

Finally, five key features makes that the protein XylM1989 is a good
candidate for use in industrial process related with plant biomass saccharification:
7) active at alkaline pH, #) higher reaction speed (17,.), #i) tolerance to
lignocellulosic hydrolysates-derived inhibitors, ) tolerance to high concentration
of xylose in presence of Ca’’, Mg”" and Mn®" and ) activity and release of sugars
from complex polysaccharides such as a XB, OX and ARB. The properties of
XyIM1989 turn this enzyme into a promising puzzle part for the design of enzyme
cocktails useful for the saccharification of (pretreated) plant biomass.
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CHAPTER 5

Improved (hemi) cellulolytic enzyme cocktails for
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Abstract

Enzymatic hydrolysis is a powerful approach for biomass conversion in the bio-
refinery industries, as it allows to produce fermentable sugars from complex
polysaccharides. The goal of this study was to examine if the wheat straw
conversion rate of a commercial enzyme preparation could be enhanced. Different
combinations of (hemi)cellulolytic enzymes (denoted P1, P2, P5 and P6), next to
secretomes from wheat straw degrader consortia, were tested with the commercial
enzyme Celluclast® 1.5 L. Thus the efficiency of the resulting mixtures in releasing
fermentable sugars from steam-exploded (SE) versus untreated wheat straw was
assessed by using dinitro salicylic acid (DNS) colorimetry and high-performance
anion exchange chromatography (HPAEC). The admixture of either of two
secretomes did not yield any tangible enhancement of the wheat straw degradation
activity. In contrast, addition of the purified enzymes P1, P5 and/or PG
significantly enhanced the release of sugars, in particular from SE wheat straw. In
these systems, xylose, glucose and arabinose were released to greater extents (50, 5
and 35%, respectively) from this substrate. Moreover, the release of sugars from
SE wheat straw was significantly higher than that from untreated wheat straw.
Overall, combinations of the P1 with the P5 and/or P6 enzymes significantly
enhanced the Celluclast-driven enzymatic hydrolysis of SE wheat straw.



Introduction

Lignocellulosic biomass (LCB) from agricultural waste is often proposed as a key
source of energy and carbon that may serve multiple purposes, e.g. the production
of biofuels or of value-added compounds [1]. For the conversion of LCB into the
respective monomers, i.e. sugars, efficient enzymes are important, as they catalyze
and so enhance the rate of substrate depolymerization [2,3]. Many microorganisms
(bacteria and fungi) are capable of deconstructing the building blocks of LCB, i.e.
cellulose, hemicellulose and pectin [4,5]. In contrast, lignin is known to be less
easily decomposed. However, the use of whole microbial cells has limitations due
to the often restricted availability of efficient enzymes and the scavenging, by the
organisms, of the released sugars [6,7]. Nevertheless, microbial consortia that are
adapted to growth on LCB constitute a highly-valued source of potentially novel
enzymes [8—11]. If these offer enhancement of catalytic rates or product yields,
they may subsequently be used in current cell-free LCB deconstruction
approaches.

The production of efficient enzyme cocktails for LCB deconstruction will
require an intricate understanding of the specific enzymes that can — jointly -
deconstruct the polymeric matrix [7,12]. Most currently available commercial
enzyme cocktails that are often produced on the basis of fungal (e.g. Trichoderma
reesii)-excreted compounds are quite complex. Often, different proteins (more than
100) are present, with some of these being inefficient in the LCB degradation [13].
Moreover, the specific roles of the different components of such products in the
decomposition are poorly understood [12]. Accordingly, little knowledge has been
gained so far on the working of current enzyme cocktails, which are presumably
often still sub-optimal [7,14]. To overcome this hurdle, such products might be
enhanced using novel enzymes with proven catalytic ability or even whole
secretomes of different (bacterial) origin [15].

Previous work has shown that the properties of each of the key enzymes
and their relative abundances, next to potential enzyme-enzyme interactions, are
key determinants of the activity of enzyme cocktails on LCB [16-21]. For instance,
six fungal enzymes (with different loading concentrations) were used to promote
corn stover hydrolysis following an ammonia fiber expansion pretreatment [22].
Within this cocktail, an endoglucanase, denoted EGI1, played a vital role in
maximizing hydrolysis yields. Barr et al (2012) developed an enzyme mixture
(containing P-xylosidases (BX), B-glucosidases (BG), cellobiohydrolases (CBH),
endoglucanases (EG), endoxylanases (EX) and acetylxylan esterases (AEX)), which
were subsequently found to effectively degrade pretreated poplar and switchgrass
biomass [23]. On the other hand, testing of the Trichoderma reesei derived enzymes
Cel7a (cellobiohydrolase CBH1), Cel6a (CBH2), Cel7b (endoglucanase EGT1),
Cel5a (endoglucanase EG1), Cell2a (endoglucanase EG3) and Xynlla (xylanase)
for their activity on hydrothermally-pretreated wheat straw revealed that hydrolysis
was still quite incomplete and further enhancement was required [24]. When these
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enzymes were applied on SE wheat straw, Cel7b, Cel5a and Xynl1la turned out to
be the key hydrolytic enzymes that promoted the release of sugars [25]. Here, the
SE pretreatment was a key asset, as it made the substrate more accessible to
specific enzymes.

In the current study, we selected two secretomes from wheat-straw
degrading (hemi)cellulolytic microbial consortia [26], next to four biochemically-
characterized enzymes with (hemi) cellulase activity obtained from a recent study
[27]. The latter consisted of one f-galactosidase (P1; GH2 family), one
bifunctional B-xylosidase/ca-arabinosidase (P2; GH3) and two a-glucosidases (P5
and P6). We examined the potential roles of all of these enzyme sources in the
deconstruction of either untreated or SE wheat straw. The underlying hypothesis
of this study was that the addition of efficient enzymes (either purified proteins or
secretomes) to the commercially-available enzyme preparation Celluclast enhances
the release of reducing sugars from the substrate, thus paving the way towards
improved enzymatic hydrolysis strategies.

Materials and methods

Substrates

Wheat straw was collected from a local farm in Groningen, The Netherlands. The
plant biomass raw material was transported to the laboratory (<24 h following
sampling) at room temperature (I = 20 °C) for further processing. The raw
material was air-dried at 50 °C for 24 h before grinding using a hammer mill,
yielding pieces <1 mm. Part of the wheat straw was pretreated using steam
explosion, whereas the remaining part was kept as non-treated (‘raw’) wheat straw.
The pretreatment was performed in a laboratory-scale steam explosion machine, at
the University of Groningen, The Netherlands. Briefly, 30 g of the pre-dried and
milled straw was soaked in 70 mL of sterile distilled water. The treatment was
carried out at 180°C, with an incubation time of 15 min before explosion. The
pretreated material was dried at 50°C for 24h. A total amount of 300 g of material
was produced in various steam explosion rounds. Thus, two different substrates
were used in the analysis: non-treated wheat straw (NTWS) and steam-exploded
wheat straw (SEWS).

Secretomes

In this study we tested two different secretomes. Extractions of extracellular
protein fractions (secretomes) from the microbial consortia (10 enrichments of soil
microbial community in wheat straw as unique carbon source) were performed as
described in Jiménez et al. (2014a). This source consortium was then bred further,
for up to 6 days, on either NTWS and SEWS (1%, as carbon and energy sources)
in MSM medium [7 g/l Na,HPO, 2 g/l K,HPO, 1 g/l NH)SO,; 0.1 g/1
Ca(NO,),; 0.2 g/1 MgClL,, pH 7.5] supplemented with either NTWS or SEWS (1%,
as carbon and energy sources. Both consortia presented progressively increasing



cell densities, from the inoculum level (around 5 log cells/ ml) to around 9 log
bacterial cells/ml after 5-6 days. The resulting cultures were centrifuged (12,000xg,
10 min; Eppendorf centrifuge, Hamburg, 351 Germany) to remove cells, and the
supernatants passed through 0.22-pm syringe filters (Whatman FP30/0.22, Little
Chalfont, UK). This yielded two secretomes, denoted SNT (secretome of non-
treated) and SSE (secretome of steam-explosion treated), respectively.

Selection of novel enzymes

Four novel enzymes were tested in this study, ie. P1 (GH2 family, -
galactosidase), P2 (GH3 family, B-xylosidase/ o-arabinosidase), and P5 and P6,
both with a-glucosidase activity. All had been retrieved from a metagenomic
library, as described previously [11]. The enzyme P1 had a size of 116 kDa and
revealed considerable sequence identity with a similar protein from Enterobacter
hormaechei (74 %), the P2 enzyme was 85 kDa and had 83% of sequence identity
with a similar protein from Ewnterobacter mori. Moreover, the enzymes P5 (45 kDa)
and P6 (26 kDa) revealed sequence identity with proteins from Ewnferobacter cloacae
(79 %) and Hyphomonas neptuninm (65 %). In our study, we thus tested
combinations of the secretomes (SNT and SSE) and the four enzymes with the

commercially available enzyme preparation Celluclast 1.5L (Cellulases from
Trichoderma reesei ATCC 26921; Sigma — Aldrich).

Production and purification of enzymes

Escherichia  coli  cells containing plasmid Origami2(DE3) pLysS (Novagen,
Amsterdam, The Netherlands) loaded with genes for each of the four enzymes
wetre grown in kanamycin (50ug/ml)- supplemented 2X-PY medium (2 ml; 16g
Bacto-tryptone, 10g yeast extract, 10g NaCl/1L, pH 8.0) at 37°C (220 rpm, shaking
incubator, overnight). Then, aliquots of the grown cultures were transferred to
fresh 200mL 2xPY, setting an initial ODG600 of 0.05, after which the cultures were
incubated at 37°C (220 rpm) until they reached an OD,, of 0.5-0.6. Subesequently,
the cultures were incubated for 1 h at 18'C (shaking at 220rpm), to induce
expression by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) at 0.5M.
Following this, the cultures were further grown at 18°C for 16-19 h, after which
cells were harvested (3,000-4,000xg; 4°C, 15 min). The pellets were resuspended in
5 mL of lysis buffer (50mM HEPES, pH 8.0, 300mM NaCL, 50uL. 1M DTT, 1
protease inhibitor mini tablet (Roche, Sigma-Aldrich Chemie B.V, Zwijndrecht,
The Netherlands) and kept on ice for 15 min. Then, cells were disrupted using
sonification with the following parameters (40 cycles — 6s ON/ 15s OFF —
amplitude 6-10 um. After disruption, the resulting cell lysates were centrifuged at
15,000g for 15 min at 4°C. The supernatants were removed and stored (and the
pellets were discarded), and 10 uL. supernatants checked for protein content with
12% SDS-PAGE. The preparation was then heated to 60°C for 15-20 min and
centrifuged again at 15000xg to remove insoluble debris. Purification of the his-
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tagged proteins from the crude extracts was then carried out by gravity-flow
chromatography through agarose. Thus, 600ul of Ni-NTA Agarose (Qiagen,
Hilden, Germany) was added to 10 ml of lysis buffer. Incubation was for 5 min
(shaking, 4°C), before the mixture was centrifuged for 5 min at 800g at 4’C. The
supernatant was discarded and then 10 ml of equilibration buffer (50mM HEPES
and 300mM NaCl) was added and incubated as above, before centrifugation. The
ctude extracts were added to the resin and incubated for 1 h as above, before
being transferred to a gravity flow column and incubated at 4°C until the resin bed
settled down. The cell-free lysates were removed by gravity flow and unbound
proteins removed 3 times with 10 ml of wash buffer (50mM HEPES, 300mM
NaCl, 20mM Imidazole). The bound enzyme was then eluted with 3 ml of elution
buffer (50mM HEPES, 300mM NaCl, 400mM Imidazole). The resulting
preparations were then concentrated using Amicon Ultra-15 Centrifugal Filter
Units  (Millipore, Amsterdam, The Netherlands). Finally, the protein
concentrations were determined using the Quick Start Bradford protein 1x dye
reagent (Biorad, Veenendaal, The Netherlands) with bovine serum albumin (BSA)
as a standard [28] wusing the Infinite M200®spectrophotometer (Tecan,
Minnedorf, Switzerland) at 595 nm. The purity of the preparations was analyzed
using 12% SDS-PAGE [29].

The secretomes collected from the degrader consortia, and the Celluclast
preparation were found to contain sugars. In order to remove these, we used
Amicon® Ultra-15 Centrifugal Filter Devices (Millipore, Amsterdam, The
Netherlands) on 12 ml of both. Following a spin at 5000xg for 60 min, solutes
were recovered from the resulting preparations and stored at -20°C and the protein
concentrations were determined.

Enzymatic activity assays

Enzymatic activity micro-assays were carried out to evaluate the effects of the
selected (hemi) cellulolytic enzyme mixes. Three experiments (1, 2 and 3) were
performed, in accordance with critical choices made along the work. The first
experiment had 13 enzyme combinations, the second one 10 and the third one 5
(in each case, combining novel enzymes and/or secretomes with Celluclast). Thus,
we analyzed the effect of: (1) treated versus non-treated wheat straw (2) the use of
two secretomes, and effect of their origin, and (3) four selected enzymes with
different activities. All treatments consisted of three replicates and were controlled
with two negative controls (each substrate plus buffer). The independent variables
were P1, P2, P5 and P6 (four levels), secretomes SNT and SSE (two levels),
substrates NTWS and SEWS (two levels) and the enzymatic cocktail Celluclast
1.5L. The protein concentrations were set at 1 mg of proteins g substrate” for all
proteins, secretomes and the Celluclast. The reaction mixtures contained 20 mg of
each substrate plus the enzyme combinations (Table 1) in sodium phosphate
buffer (0.1 M, pH 6.0) in a final volume of 1.5ml. With respect to the experimental



design, ‘-’ cotresponds to the absence of the enzyme/secretome and “+’ to its
presence. All assays were done at 50°C (24h, shaking at 250rpm). After incubation,
the mixtures were centrifuged (12000xg for 15 min at 4°C), and the supernatants
collected for subsequent analyses. The amount of reducing sugars in the
supernatants was measured according to the dinitro salicylic acid (DNS)
colorimetric [30] method, and in specific cases by high pH anion exchange
chromatography. All data are presented as total sugars released (mg/mL).

Analysis of released sugars by high pH anion exchange chromatography
(HPAEC)

Samples from the third experiment were subjected to analysis by HPAEC on a
Dionex ICS-3000 system (Thermo Scientific) equipped with a CarboPac PA-1
guard column (2x50 mm) and a CarboPac PA-1 column (2x250 mm). An internal
pulsed amperometric detector with an Au working electrode and an Ag/ AgCl pH
reference electrode was used for detection. The system was run with 25 mM
sodium hydroxide (NaOH) for 3 min, followed by a gradient up to 85 mM NaOH
at 17 min and subsequently a gradient to 100 mM NaOH and 30 mM of sodium
acetate at 22 min and finally a gradient of [100 mM NaOH] and 210 mM sodium
acetate at 30 min. The flow rate of the system was 0.25 ml/min. All
chromatograms were analyzed using Chromeleon 6.8 Chromatography data system
software (Thermo Scientific).

To interpret the data, calibration curves encompassing arabinose,
galactose, glucose (Sigma-Aldrich Chemie B.V. Zwijndrecht, Netherlands), xylose
(Janssen chimica, Beerse, Belgium), xylobiose, cellobiose and xylotriose
(Megazyme Inc, Illinois, USA) were made. Concentrations of the used standards
ranged from 50 uM to 1 mM. Standards and samples had an injection volume of 5
pl. The calibration curves were used to quantify the amount of released saccharides
from the wheat straw. The peaks at the end of the chromatogram (=40%)
probably represent decorated oligosaccharides (e.g. acetyl groups, ferulyl groups
and glucoronic acid). We did not further take these oligosaccharides into account.

Statistical treatment of the data

All experiments were performed in triplicate. To assess the differences between
treatments, we used permutational multivariate analysis of variance
(PetMANOVA) [31]. Different factors were addressed in each experiment, and
full permutation of the raw data was done with Monte—Catlo tests (accounting for
type III error), where the fixed effects sum to zero with 9999 permutations. For
the first experiment, the factors were the pre-treatment of the wheat straw
(untreated versus steam explosion), the presence/absence of Celluclast, and the
addition of secretomes and the addition of enzymes. For the second experiment,
the factors were each enzyme separately. For all three experiments, statistical
comparisons were also performed using one-way ANOVA (Tukey’s test) to
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compare pairwise differences between treatments.

Results

Steam explosion of wheat straw — effects

Steam explosion of milled (average particle dimension < 1 mm) dry wheat straw
was performed in a laboratory-scale steam explosion system, using an in-house
made pressure device. We first experimentally tested the effects of different steam
explosion regimes, including variations in the time at maximal temperature (5, 10
and 15 min) and temperature (170, 175 and 180°C). Taking the data together, a
regime of 15 min at 180°C turned out to produce optimal results (as evidenced
using direct microscopy of the treated versus untreated materials, Figure 1a).
Thus, this regime was selected for the further steam explosion processing. We
produced a total of 300g of SE wheat straw, of which the structure was clearly
modified as compared to the control (Figure 1a). In addition, the liquid remaining
after steam treatment (after filtering) had a raised amount of released sugars (1.2
mg/ml), as compared to the liquid from untreated wheat straw (NTWS;
0.2mg/ml) (Figure 1b).

Figure 1. a) Steam-explosion: untreated
(INTWYS), treated (SEWS) b) Dinitro salicylic acid
(DNS) colotimetric assay

a)

Metasecretomes produced from two
biodegrader consortia — yield and
purity
The filtered supernatants of the NTWS
NC (vaten) and SEWS consortia were concentrated
sEws using Amicon centrifugal devices, giving
s 03 and 0.1 pg of protein/ul,
T ., respectively. As shown in a previous
Aot of s ot agars o) study [32] the presence of enzymes
belonging to glycosyl hydrolase families
GH3, GH10, GH43, GH51, GH67 and GH95 was predicted (Figure 2), thus the
existence of (hemi)cellulolytic and other carbohydrate-active proteins in the liquid
was plausible.

b)

Selection of four enzymes - yield and purity

The enzymes encoded P1, P2, P5 and P6 were all successfully produced from the
freshly-grown FE. co/i cultures. For all enzymes, we obtained maximally
(approximately 80%) pure enzyme preparations after his-tag purification. The
protein concentrations were: P1 (0.4 pg/ul), P2 (0.7 ng/ul), P5 (0.5 ng/ul) and P6
(0.7 pg/ul). Using enzymatic activity assays with pNP-beta-D-galactopyranoside
(PNPGal),  pNP-beta-D-xylanopyranoside (PNPXyl),  pNP -alpha-L-



arabinofuranoside and pNP-alpha-D-glucopyranoside (¢NPGlu), we confirmed the
biochemical activities of the four enzymes as (thermoalkaliphilic) B-galactosidase
(P1), B-xylosidase and a-arabinosidase (P2), and a-glucosidase (P5 and P6) (data

not shown).

Wheat straw @ @
Degrading-wheat straw | 25 ul I
microbial consortium In-gel tryptic Lc
TCA — > AN >
Transfer-10 — i — — precipitation dlgest.lon MS/MS
(10% bacterial cells/ml) - (9 fractions)
(Jiménez et al. 2014) [19]
1% substrate in Incubation at Pooled 15ml of each
25 ml MSM 25°Cand 1001pm culture
X Centifugation,
Bacterial cell counts:  petasecretome extraction
5.8and 11 days and filtration
N Metagenomic data
(Jiménez et al. 2015) [11]
Taxanomic identification CAZy database annotation
B) 746 identified proteins
Sphingobacterium ™= sp CBMAS/GHI3/CBMA1
Pedobacterwmm pa
‘Other Bacteroidetes — OB
Kiebsiello = 11 \———= Sp
Other Enterobacteriales — OE g == Carbohydrate binding modules (CBM)
. P = Glycosyl hydrolases (GH)
Acinetobacter mmm Ac 3 ssociated with GH
Others mmm = Auxiliary activities
== Carbohydrate esterases

Figure 2. a) Schematic representation of the methodology used in this study b) Taxonomic
assignment of detected proteins in the metagenome database, and functional assignment of
proteins detected in metasecretome.

Steam-exploded versus untreated wheat straw — enzymatic hydrolysis

Whereas Celluclast served as the control, the additional effects of different
combinations of enzymes P1, P2, P5 and P06, and of secretomes SNT and SSE,
were evaluated on both NTWS and SEWS. As extra controls, ) buffer, substrate
(NTWS and/or SEWS) and sodium azide, and 7) only buffer, were used. Thus,
initially 13 combinations of enzymes (Table 1) were used (Figure 3a; 3b) and
released sugars measured. An overall statistical analysis of the data revealed that
significantly higher amounts of sugars were released, across all enzyme
preparations, from SEWS than from NTWS (P<0.05). First, Celluclast alone
(treatment 8; Table 1) released significantly (p=0.001) higher amounts of reducing
sugats from SEWS (2.0mg/ml) than from NTWS (0.7mg/ml). With respect to the
Celluclast modifications, the addition of either of the two secretomes (Table 1) to
Celluclast slightly but insignificantly enhanced the amount of released sugars in
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comparison to the Celluclast alone (Figure 3a; 3b; p>0.05). Remarkably, the
addition to Celluclast of the enzymes P1, P2, P5 and P6 (treatment 9, Table 1)
strongly and significantly (p=0.018) enhanced the hydrolytic activity on SEWS,
with the released sugars amounting to 3.42 mg/ml as compared to 1.86 mg/ml in
the Celluclast-only treatment (Figure 3b). Thus, the degradation of SEWS was
greatly aided by the supplementation of the four-enzyme mix to the Celluclast,
significantly enhancing the release of sugars. Given this strong effect of the four
enzymes (P1, P2, P5 and P6), in particular on SEWS, we further analyzed the
potential role of each of these enzymes with Celluclast.

Table 1. Experiment 1: Different combinations of four enzymes, two secretomes, and the
commercial enzyme mix Celluclast
Sodium Secretome Protein 1/ Protein 2/ Protein 5/ Protein 6/ Celluclast/ Buffer (final

No Substrate (a)  Substrate (b)

azide /20pg 20pg 20pg 20pg 20pg 20pg volume)
1 20 mgNTWS 20 mg SEWS  10uL + - - - - - Upto 1,5 mL
2 20 mgNTWS 20 mgSEWS 10 uL + - - - - - Upto 1,5 mL
3 20mgNTWS 20 mg SEWS  10uL - + - - - - Upto 1,5 mL
4 20 mgNTWS 20 mg SEWS  10uL - - + - - - Upto 1,5 mL
5 20 mgNTWS 20 mgSEWS 10 uL - - - + - - Upto 1,5 mL
6 20mgNTWS 20 mg SEWS  10uL - - - - + - Upto 1,5 mL
7 20mgNTWS 20 mg SEWS  10uL - + + + + - Upto 1,5 mL
8 20 mgNTWS 20 mgSEWS 10 uL - - - - - + Upto 1,5 mL
9 20mgNTWS 20 mg SEWS  10uL - + + + + + Upto 1,5 mL
10 20mgNTWS 20 mg SEWS  10uL + - - - - + Upto 1,5 mL
11 20 mgNTWS 20 mg SEWS 10 uL + - - - + Upto 1,5 mL
12 20mgNTWS 20 mg SEWS  10uL + + Upto 1,5 mL
13 20mgNTWS 20 mg SEWS  10uL + + Upto 1,5 mL

Selection of optimal enzyme mixture for release of sugars from SEWS

Based on the results obtained from the initial experiment, we selected the SEWS
substrate and (different combinations of) each of the four enzymes (P1, P2, P5
and PO6) for further analyses of their potential as Celluclast enhancers. Table 2 lists
the experimental conditions, whereas the data from this second experiment are
shown in Figure 4a. The addition of the P1 preparation to the Celluclast
significantly (p=0.05) enhanced the release of sugars, i.e. a ~20% increase was
found compared to the Celluclast alone treatment (3.90 mg/ml versus 3.27
mg/ml). In contrast, none of the other individual enzymes, i.e. P2, P5 and P6,
significantly enhanced the activity of Celluclast. Remarkably, the combination of
enzyme P1 with both P5 and P6 significantly (p=0.001) enhanced the Celluclast
activity (Table 2: Treatment 8) by ~22%, with respect to the amount of released
sugars (Figure 4a). Specifically, 3.98 mg/ml was released versus 3.27 mg/ml in the
control. We thus concluded that a synergistic action of enzymes P1 with P5
and/or P6 was at the basis of the activity enhancement, and selected these three
enzymes to further unravel their roles as Celluclast enhancers (Table 3). In the
resulting experiment, the three-enzyme mix (P1+P5+P6) added to Cellucalst (~3.7



mg/ml of released sugars) again revealed a significant (roughly 25%) increase over
the Celluclast-alone treatment (~ 2.95 mg/ml of released sugars). Remarkably, the
P1+P5 and P1+P6 mixes added to the Celluclast produced even more sugars (~
4.45 mg/ml) than the Celluclast-alone (Figure 4b), amounting, in both cases, to 50
and 51% increases. These increases were highly significant (p=0.0001).
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Figure 3. Experiment 1, Dinitro salicylic acid (IDNS) colorimetric analysis a) with NTWS b) with
SEWS

Analysis of released sugars by HPAED

We then analyzed the nature of the released sugars as a result of the treatments,
with a focus on the SEWS. The Celluclast-only treatment (Treatmentl; Table 3)
was found to release considerable amounts of arabinose (0.3 pg), glucose (1.1 pg)
and xylose (0.5 pg), but no cellobiose and xylotriose. In contrast, treatments 2
(P1+P5+P6+Celluclast; Table 3), 3 (P1+P5+Celluclast; Table 3), 4
(P1+P6+Celluclast; Table 3) and 5 (P5+P6+Celluclast; Table 3) revealed the
presence of increased levels of the former three sugars, next to other ones (i.e.
Oligosaccharides and xylobiose) (Figure 5). Moreover, the release of xylose and
arabinose was significantly higher in treatments 2 to 5 than in the control
treatment 1. In particular, treatment 3 produced higher amounts of xylose (2.1 ng)
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and 1.5 pg of arabinose versus 0.5 pg and 0.3 pg in the control treatment 1. In
addition, the presence of glucose (1.25, 1.21 and 1.28 pg) was found to be
statistically raised (p<0.01) in treatments 3 to 5 when compared to control
treatment 1 (1.1 pg). This suggested that, whereas the Celluclast likely cleaved
primarily cellulose moieties, the additional enzymes worked mainly as
(hemi)cellulases, thus increasing the conversion rates. Overall, the HPAEC data
(Figure 5) confirmed that the addition of the enzyme P1 preparation together
with P5 and P06 significantly enhanced the Celluclast activity by enhancing the
release of the monosaccharides xylose, glucose and arabinose from the
(hemi)cellulose matrix.

Discussion

Given the fact that current enzyme cocktails are as-yet suboptimal on LCB,
an enhancement of the hydrolysis rates of such cocktails is desirable [33,34]. In
this regard, the development of hemicellulases for the enzymatic hydrolysis of
plant biomass is not as advanced as that of cellulases, because current commercial
preparations have been primarily used on pretreated biomass from which the
hemicellulose part was partially removed before saccharification [35]. Moreover,
current fungal-derived cellulases tend to have only weak hemicellulolytic activity
and so are not adequate for the complete conversion of LCB when it comes to the
hemicellulose moiety. Therefore, the development of low-cost commercial
hemicellulases that work synergistically with cellulases is a prime goal of current
research [36]. We here tested two supplementary enzyme sources [four
(hemi)cellulolytic enzymes (P1, P2, P5 and P0), and the secretomes of NTWS and
SEWT bred microbial consortia], in conjunction with the commercially available
Celluclast 1.5L, to increase the (untreated versus SE) wheat straw degradation
efficiency [37]. The SE pre-treatment process was thought to unlock the different
(cellulose, hemicellulose, lignhin) moieties constituting the wheat straw fibers, thus
facilitating enzyme access [38]. Indeed, our steam-exploded material had clear signs
of structural modifications, as predicted [25]. Therefore, we presumed that SE was
highly important as a physical mechanism that disrupted bonds in some of the
fibers, thus allowing (hemi)cellulose fractions to detach from the rigid parts of
cellulose and lignin. Our subsequent sugar release data clearly indicated that the
SEWS, as compared to the NTWS, had enhanced susceptibility to enzymatic
attack, enabling the release of significantly higher amounts of sugars (Figure 3a).
As optimal degradation of LCB depends on the synergistic action of different
enzymes [36] that can be found in lignocellulose-grown microbial consortia, we
included two metasecretomes produced from microbial consortia grown on wheat
straw  (NTWS and SEWS). As hemicellulolytic enzymes, ie. endo-1,4-beta-
xylanases (GH10), beta-xylosidases (GH43), alpha-L-arabinofuranosidases (GH43
or GH51) and alpha-L-fucosidases (GH95), may critically aid cellulases in the
degradation of wheat straw [11,32], secretomes were selected which predictably



had (hemi)cellulolytic enzymes of families GH43, GH16, GH3, GH51, GH10,
GH20, GH95, GH12 and GH67 [32]. However, none of the two secretomes was a

clear Celluclast enhancer, although SN'T and SSE did show some minor effects.

Figure 4. Experiment 2 and 3, Dinitro salicylic acid (DNS) colorimetric analysis a) Enzymes (P1,
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Table 2. Enzyme cocktail microassay 2: Different combinations of purified enzymes and
commercial enzyme celluclast

Sodium Protein 1/ Protein 2/ Protein 5/ Protein 6/

Celluclast/  Buffer (final

No Substrate azide 20pg 20pg 20pg 20pg 20pg volume)
1 20 mg SEWS 10 uL - - - - + Upto 1,5 mL
2 20 mg SEWS 10 uL + - - - + Upto 1,5 mL
3 20 mg SEWS  10uL - + - - + Upto 1,5 mL
4 20 mg SEWS 10 uL - - + - + Upto 1,5 mL
5 20 mg SEWS  10uL - - - + + Upto 1,5 mL
6 20 mg SEWS  10uL + + + - + Upto 1,5 mL
7 20 mg SEWS 10 uL + + - + + Upto 1,5 mL
8 20 mg SEWS  10uL + - + + + Upto 1,5 mL
9 20 mg SEWS 10 uL - + + + + Upto 1,5 mL
10 20mgSEWS  10uL + + + + + Upto 1,5 mL
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Table 3. Enzyme cocktail microassay 3: Different combinations of selected three purified

enzymes and commercial enzyme celluclast

Sodium  Protein 1/ Protein5/ Protein 6/ Celluclast/ Buffer (final
No Substrate

azide 20pg 20ug 20ug 20pg volume)
1 20 mg SEWS 10uL - - - + Upto 1,5 mL
2 20 mg SEWS 10 uL + + + + Upto 1,5mL
3 20 mg SEWS 10 uL + - + + Upto 1,5 mL
4 20 mg SEWS 10 uL + + - + Upto 1,5mL
5 20 mg SEWS 10uL - + + + Upto 1,5 mL

Secretomes of biodegrader microbial consortia are complex mixtures of
several secreted proteins, including a suite of different glycosyl hydrolases.
However, other microbial proteins may act as antagonists or degraders of the
secreted enzymes, and so the actual activities of key glycosyl hydrolases may have
been hampered. Given that the combination of secretome with Celluclast induced
the conversion rate of SEWS up to 12%, increasing the concentration of particular
secretome proteins in the Celluclast might increase the LCB degradative activity.
Another limiting factor may have been the adsorption of the enzymes to the
SEWS-exposed lignin and cellulose moieties [39]. The catalytic functions of the
enzymes involved are controlled by structural conformation [40], and
conformational modifications may come about as a result of the binding of small
molecules, such as amino acids or nucleotides. For example “allosteric inhibition”,
i.e. the binding of such a regulatory molecule, by changing the conformation of the
protein structure, can swap the shape of the catalytic site and affect catalytic
activity [40,41]. Such factors, although unstudied, may have reduced the activities
of the secretomes.

Collectively, our findings highlight that key gains in enzymatic activity of a
commercial enzyme preparation like Celluclast can be obtained by an educated
guess with respect to additional enzymatic activities that may be required. Thus,
the P1, P5 and P6 enzymes, when added to Celluclast, significantly increased the
hydrolytic activity on SE wheat straw. Importantly, enzyme P1, which belongs to
glycosyl hydrolase family 2 (GH2), was predicted to exert B-galactosidase activity,
and P5 (and P6) were predicted to have a-glucosidase activities [42]. Interestingly,
the B-galactosidase activity of P1, in concert with the Celluclast, appeared to sput
the release of extra glucose, but not of galactose. It might be that the raw wheat
straw has very low levels (e.g. 1-2%) of galactose, or that the prior steam explosion
had removed it [43]. A previous study showed that Celluclast constitutes an
effective enzyme mixture for cellulose and hemicellulose degradation, exhibiting
synergistic interaction that fosters the release of arabinose and xylose from soluble



wheat arabinoxylan [44]. Here, we hypothesized that the steam explosion
treatment of the wheat straw reduced the traffic of cellulose moieties; thus
Celluclast would easily attack the 1-4 linkage of D-glucose, releasing glucose. In
addition, Celluclast may have interacted with the hemicellulose moiety, e.g. the
xylan, on the b-1-4 link of D-xylose (main chain), thus releasing xylose as well as
arabinose from the xyloglucan backbone (side chain). The additive effect of
enzyme P1 (B-galactosidase) might be explained by its entering the hemicellulose
moiety, in which side chains of xylose-glucose (of xyloglucan) were broken,
increasing the release of xylose and glucose. Along with it, enzymes P5 and P6 (o
glucosidases) might have cleaved the region of 1—4 linked a-glucose residues to
release a-glucose molecules. Therefore, the above findings indicate that our
(hemi)cellulases assisted the Celluclast activity, enabling the release of enhanced
sugars by cleaving hemicellulose parts. On the other hand, the untreated wheat
straw consists of 19 to 21% xylan, and so (next to glucose) we recovered more
xylose (and arabinose) in the combination of P1 with P5 or P6 (Figure 5).
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Figure 5. HPAEC analysis a) chromatogram of released sugars b) amount of released sugars

Conclusion
In this study, we searched for enzymes that would be able to significantly enhance
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the activity of the commercial enzyme mixture Celluclast on untreated versus
steam-exploded wheat straw. Cleatly, three enzymes denoted P1 (B-galactosidase,
Tm 50°C, pH- 8.0, highly stable for 120 min), P5 (a-glucosidase, Tm 50°C, pH-
10.0, highly stable for 120 min), and P6 (a-glucosidase, Tm 40°C, pH-10.0, highly
stable for 120 min), significantly enhanced the degradation of SE wheat straw
under the conditions (50 C; 24 h) used here. Thus the addition of the enzyme
mixes P1+P5 and/or P1+P6 to the Celluclast enhanced the release of xylose
(303%), arabinose (343%) and glucose (13%) from SE wheat straw, as compared
to Celluclast alone.
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1. Introduction

The objective of this study was to examine existing wheat straw (WS) degradation
strategies on the basis of traditional methods coupled to those developed on the
basis of metagenomics approaches. In order to do so, a first focus needed to be
placed on WS quality, as this was thought to strongly determine the type of
degradation strategy that might be optimal. Moreover, variation in WS quality was
deemed to be a key factor. In the following section, I will discuss the relevance of
WS quality and variability therein, with the implications for its degradability. Then,
I discuss my achievements with respect to physical pretreatment of WS,
metagenomics and the possibilities of the newly found enzymes.

2. Wheat straw — Quality, structure, composition and implications for
degradation

Wheat straw is produced in billions of tons every year throughout the world. It has
good utilization potential but has not been fully explored. Raw wheat straw (RWYS)
includes cellulose (30-50%), hemicellulose (15-33%) and lignin (5-26%) fractions,
next to other materials (such as pectin, sugars, acids and proteins) [1]. Here, I
opted for the use of WS harvested from a Dutch field as the target material for
degradation improvement.

2.1. Variation in chemical composition

WS has generally a high cellulose content, similar to rice straw (RS) and poplar.
The hemicellulose content of WS is approximately similar to that of rice straw but
1.45 times higher than that of poplar [2]. As is obvious from the ranges given in
the foregoing, a huge variation exists in the chemical composition of WS, as driven
by various factors such as cultivation conditions, cultivar type, climate, soil type
and location, as well as soil treatment (Table 1). For instance, WS from tropical
summer wheat is rich in cellulose and hemicellulose moieties (37-50% and 15-
33%, respectively) that are often harvested (at well-matured conditions) between
summer and autumn. On the other hand, winter WS of different wheat cultivars
showed variation in chemical composition even when grown under the same
climatic condition but at different geographical locations (around Denmark). In
the latter WS, lignin and ash content was different between pretreated and
unpretreated straw (Table 1; [3]). Moreover, it contained high (19-27%) lignin
contents, which provides structural strength and mechanical support to the plant
stem and leaf needed for often windy winter conditions. In comparison, summer
WS had a low level (5.6%) of lignin [4]. In addition, the physical parts of wheat
plants (internodes, leaf-sheath, leaf-blade, nodes and grains) also showed large
variation in the WS chemical composition [5]. Here, I opted for the use of a local
WS, which was predicted to have high (hemi)cellulose contents, but also nearly
22% of lignin. Such raised lignin contents are often difficult to remove from the
(hemi)cellulose matrix, impairing the degradation processes. Thus, to efficiently



degrade the (hemi)celluloses in our local WS, special treatment strategy had to be
designed. Overall, in the light of the huge variation and complexity of the
composition of WS, we are far from a thorough understanding of what would
constitute generally optimal WS degradation strategies.

Table 1: Variation in WS chemical composition
WS chemical Composition

Sampling  Plant

No Cellulose  Hemicellulose  Lignin Ash Others Country/Type season parts Ref
1 455 31.3 22.2 ND 1 The Netherlands Winter Straw [43]
2 316 16.2 18.5 17.2 16.5 China Summer Straw  [44]
3 413 28.2 21.4 ND 9.1 Denmark Autumn Straw [45]
4 416 18.7 22.2 ND 17.5 Germany Winter Straw [46]
5 312 21.7 234 8.1 15.6 China Summer Straw  [47]
6 371 23.5 15.8 8 15.6 Estonia Summer Straw [48]
7407 25.2 21.7 7.6 4.8 China Summer Stem [49]
8 351 27.5 14.2 11.3 11.9 China Summer Leaf [49]
9 433 31.7 17.3 ND 7.7 China Summer Straw [50]

10 30.6 32.3 16.8 5 15.3 Portugal Summer Straw [51]
11 431 19.2 25 1.9 10.8 China Summer Straw [52]
12 352 222 221 7.4 13.1 Spain Summer Straw  [53]
13 50.8 15.9 5.6 12.5 15.2 Mexico Summer Straw [4]
14 354 21.6 22.6 4.4 16 Cary, NC Summer Straw [54]
15 385 31.6 20.8 ND 9.1 South Korea Summer Straw [55]
16 36.4 33.5 11.2 4.3 14.6 China Summer Straw  [50]
17 324 20.9 17.7 ND 29 Boulder, CO Summer Straw [57]
18 393 20.7 16.2 ND 23.8 France Winter Straw [58]
19 359 23.9 19.3 4.1 16.8 Denmark Summer Straw  [59]
20 326 24.2 26.5 4.6 12.1 Sweden Winter Straw  [60]
21 371 27.6 20.9 3.7 10.7 cv Ambition,Denmark WWS Straw 3]
22 356 27.6 19.9 4.7 12.2 cv Hereford, Denmark WWS Straw [3]
23 364 27.2 19.9 5.2 11.3 cv Skalmeje, Denmark WWS Straw [3]
24 36.6 28.4 19.3 4.2 11.5 cv Smuggler, Denmark WWS Straw [3]
25 359 27 20.1 4.6 124 cv Frument, Denmark WWS Straw [3]

cv: Cultivar; WWS: winter wheat straw

2.2. Structural interconnectedness of WS chemical moieties

In WS, cellulose is coupled to hemicellulose by hydrogen bonds, whereas
hemicellulose is attached to lignin via a covalent bond. The most abundant homo-
polymer sugar is a linear chain of several hundred to ten thousand B-(1—4) linked
D-glucose units. The cellulose chains group together to form microfibrils and
these microfibrils together form cellulose fibers. Cellulose fibers have different
morphologies based on the variation in fibril structure [6]. The next major moiety,
hemicellulose, is a heteropolymer consisting mainly of xylans, xyloglucans,
glucomannans and mannans. Xylose is the main sugar unit for the first two
polymers, whereas mannose is the main backbone sugar for the latter two. The
xylose backbone is joined by B-1, 4 glycosidic bonds, often branched with other
sugats such as arabinose, glucose, galactose and fructose in -1 or B-6 positions.
Hemicellulose covers the microfibrils of cellulose, and therefore a significant
amount of hemicellulose has to be digested for efficient cellulose digestibility. A
third polymer, pectin, forms a dynamic structure of the wheat cell wall located
between the cellulose microfilaments. It is composed of hetero-polysaccharides
such as galacto uronic acid residues substituted by methoxyl esters. Pectin is
soluble and can be easily digested by enzymes. Finally, the WS lignin moiety is a
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multifaceted, hard, insoluble and heterogeneous mixture of polymers linked via a
variety of C-C and C-O ether linkages that protects the aforementioned
polysaccharides from microbial degradation. In order to obtain the desired end
products for bio-refineries, the removal or ‘loosening’ of lignin is an important key
step.

2.3. A combination of physical and enzymatic methods is needed for wheat
straw degradation

The wvariation in WS chemical composition combined with the structural
interconnectedness highly influences the degradation process. Therefore, selecting
a suitable WS degradation method is key to efficiently degrade any new WS. Most
currently used WS degradation methods involve a first (physical) pretreatment
followed by enzymatic hydrolysis. Table 2 extensively lists and compares the
efficiencies of different WS degradation methods, as described in the literature.

Table 2: Wheat straw: different pre-treatments

Pre-treatment (PT) Enzyme hydrolysis Glucose & EH rate

No methods PT Conditions (EH) EH Condition Xylose yield ) Ref
1 Steam explosion (SE) 210°C and 2.5 min and (4% (v/ v) NS50013, NS50010, 50 °C, 24 h 28.6&14.7g/L. 67/82% [§]
H>SO4, 120°C and 30 min) endoxylanase (XInC)
2 PHP (phosphoric acid 70.2 % HsPOu(w/m), 40 °C,2.0 h Celluclast 1.5L, 50°C,72h 946.2 mg/g 95% [44]
plus hydrogen peroxide) Novozyme 188
3 Hydrothermal 180 °C, 20 min Cellic CTec2, Cellic 50°C,96 h 24.9 & 7.4¢g 72% [54]
pretreatment HTec2
4 Organosolv 0% (w/w) aqueous EtOH, 210 °C, Accellerase 1500 50°C,72h 814.9 mg/g 82% [61]
0 min
5 Dilute alkaline 2% (w/7) NaOH, 121 °C, 30 min NS50013, NS50010, 50 °C, 72 h 775 mg/g 78% [62]
NS50030
6 Wet explosion 35 % (/1) HaOs, 180185 °C, 15 min  Celluclast 151, 50°C, 72 h 741.6 mg/g 7420%  [63]
Novozyme 188
7 Steam explosion Soaked for 18 h at 45 °Cin 0.9 % Celluclast 1.5L, 50°C,72h 761.6 mg/g 76% [64]

(w/w) HaSO4 or water, 180 °C, 10 min ~ Novozyme 188

PT: Pre-treatment; EH: Enzyme hydrolysis;

2.3.1. Pretreatment

A major hindrance in WS degradation is due to the problem of ‘recalcitrance’, i.e.
the natural resistance of the plant cell wall to microbial and enzymatic
deconstruction. To overcome this recalcitrance, pre-treatment is highly required, in
order to 7) disrupt the cell wall structure, 7) remove the lignin moieties and )
improve the access of the enzymes to the sugar polymers. Pre-treatment
specifically breaks down the macroscopic rigidity of WS and decreases the physical
barriers to mass transport. Various pre-treatment methods have been concocted,
which are biological, physical (mechanical comminution, extrusion), chemical
(alkali, acid, ozonolysis, organosol, ionic liquids) and physico-chemical (steam
explosion, liquid hot water, ammonia fiber explosion, wet oxidation, microwave
pretreatment, ultrasound, CO2 explosion) in nature. An extensive overview of
different studies revealed up to five methods to be promising for WS (Table 3).
The optimal pre-treatment method has to elevate the sugar yields of the
subsequent enzymatic hydrolysis. Also, it has to minimize the degradation level of



sugars as well as the formation of inhibitory compounds (5-HMF and furfural). I
summarized the findings in Table 2. From the collective data, and placing a focus
on WS, I distill that steam explosion can be superior in many aspects (Table 3).
Moreover, it is performed with no chemicals and is economic and fairly energy-
efficient [7]. The in-house steam explosion method that we developed was found
to clearly disrupt many of the cell walls of the WS material and enhanced the
break-down of cellulose fibres. This was evident when released sugars were
quantified, as the steam-treated WS yielded 6 times more sugar than untreated WS
(1.2 mg/ml versus 0.2 mg/ml) (Chapter 5). At the same time, outr in-house
method still revealed reduced levels of total sugars in the liquid fraction (1.2 g/L)
when compared to a previous study (5.8 g/L) [8]. This suggested that major
fractions of steam exploded WS material remained in the solid fraction, which was
to be subjected to enzymatic hydrolysis treatment. However, a well-known
problem is the generation of inhibitory compounds during WS steam explosion
that affect any subsequent enzymatic treatment. Therefore, there is an increasing
demand for new enzymes to effectively degrade the (hemi)cellulose moieties as
well as tolerant to inhibitory compounds.

Table 3: Different pre-treatments and their effect on lignocellulosic biomass (wheat straw)

SE Acid Alkaline | Oxidative | AFEX Lime
Increases accessible surface area H H H H H H
Cellulose decrystallization - - - nd. H nd.
Hemicellulose solubilization H H L M M
ILignin removal M M M M H H
Generation of toxic compounds H H L L L M
Lignin structure alteration H H H H H H

H: High); M: Medium; L: Low; n.d: not determined; -: not detected; SE: Stem explosion;
AFEX: ammonia fibre expansion

2.3.2. Enzgymatic hydrolysis

Following steam explosion, enzymes are required to efficiently decompose the
loosened up WS moieties into their primary components. Most likely, enzymes in
the classes cellulases, hemicellulases, putative accessory enzymes and even
laccases/ligninases are essential. Cellulases involve endo-1, 4-B-glucanases (EG)
that cleave internal bonds and exo-1,4-B- glucanases that cleave two to four units
from the ends of cellulose strands. Furthermore, cellobiohydrolase cleaves the
disaccharide cellobiose into two glucose moieties. As discussed above, given its
intimate linkage to cellulose, enhanced attack on hemicelluloses may offer major
improvements in total degradation success. Various enzymes may be needed for
this. Thus, de-branching enzymes like B-xylosidase, arabinofuranosidase, feruloyl
esterase, acetylxylan esterase, and a-glucuronidase may be required to degrade side
chains. When the side chains are degraded, the main xylan backbone is unlocked
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for xylanases to act. The unlocked xylan will be hydrolyzed to xylobiose moieties

that can be attacked by B-xylosidase, thus releasing xylose monomers. It also
cleaves the end of the xylo-oligosaccharide (xylan backbone) to release more
xylose [9]. Finally, the lignin moiety appears to pose the main obstacle to
degradation due to its aromatic nature and highly branched polymer network. The
key issue here is the optimal loosening of the lignin from the other moieties,
allowing enzymatic access to the latter. Several commercial enzyme cocktails
(Celluclast 1.5L, CTec2, Spezyme CP, Novozymes 188) are currently available for
the enzymatic hydrolysis of WS. These commercial enzymes are complex mixtures
of approximately 80 to 200 proteins [10], with the specific function of each
individual protein in the complex mixture being unclear [11]. In general, such
enzymes are mined from microorganisms such as bacteria and fungi. For example,
Celluclast 1.5L has been produced from the biodegradative fungus Trichoderma
reesei. 1t contains five different endoglucanases (EG; Cel7B, Cel5A, Cell2A,
Cel61A, and Cel45A, respectively), two cellobiohydrolases (CBH; CBHI (Cel7A)
and CBHII (Cel6A)) and several xylanases [12]. In our work, steam-treated WS
with commercial enzyme cocktails (Celluclast 1.5L) yielded relatively increased
amount of glucose by ~180-200 % than treated WS alone [13]. Therefore,
Celluclast 1.5L cocktail is best in recovering almost 80% of glucose (cellulose
moiety) but less efficient in extracting (hemicellulose moiety) xylose (56%) [14].
Thus, more opportunities exist with respect to the exploration of efficient
hemicellulases by metagenomics approach.

3. Metagenomics to get improved WS degrading enzymes

Metagenomics involves the direct extraction of DNA from microbiomes from
environmental samples, often producing a metagenomics library. Such DNA
encompasses genes that may be impossible to get at by cultivation-based methods.
The metagenomic DNA thus obtained is sequenced and analyzed for genes of
interest. Thus, selected genes for, for instance, biocatalysts can be singled out from
the metagenomic DNA and cloned to obtain ‘clean’ production systems.
Subsequently, the new biocatalytic enzyme activity will be tested. The overall
method is defined as ‘functional or function-directed metagenomics’.

3.1. Functional screening of metagenomic libraries for identification of gemes
encoding novel engymes

Metagenomics applied to WS degrader consortia has great potential to uncover
genes for (hemi)cellulolytic enzymes [15]. The fed-batch set up with RWS used by
us was supposed to select bacterial communities that enhance the prevalence of
genes that encode key target enzymes [16] (Figure 1). Here, fosmid-based libraries
were produced from 10-fold selected WS degrading microbial consortia. Our
functional screening relied on the ready expression of the gene of interest detected
by activity screening with specific substrate. Thus, activity-based screening was



successfully used as described by Ekkers et al (2012) [17] and van Elsas et al (2008)
[18]. The screening method primarily focussed on the degradation of a specific
substrate (mimicking bonds in WS moieties) which resulted in a colour change of a
substrate, (Figure 2) finally allowing us to pre-select (hemi)cellulolytic clones.
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Figure 1: Strategies used in this thesis: Screening enzymes to impact in wheat straw degradation

3.1.1. Substrate specificity - To address glycosidase activities, more than 15
distinct chromogenic and fluorimetric substrates were employed; varying levels of
success were found [19]. For example, bromo-4-chloro-3-indolyl-B-D-
galactopyranoside, the common substrate for [-galactosidases, produced the
lowest positive hit rate of 1:700,000 [20] while azurine hydroxyethyl cellulose (for
endo-celluloses) yielded high hit rates of 1 per 108 clones screened [21]. In
Chapter 2, we give full details of the screens for genes encoding (hemi)cellulolytic
enzymes in a fosmid library. Briefly, we adopted two screening strategies:

1) High-throughput screening using mixed chromogenic substrates, and,

2) Detection of enzyme activity in cell lysates (crude extracts).

The innovative approach consisted of an integration of a maximum of six
substrates into the screening medium, thus enhancing hit rates as compared to the
use of single substrates. This methodology yielded a total of 71 positive hits
(fosmid clones), being 50 from RWS (untreated wheat straw) and 21 from TWS
(heat-treated wheat straw). This corresponds to, respectively, 1 hit per 440-
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screened clones (RWS), and 1 hit per 1,047 screened clones (TWS). To date, most
similar screens revealed consistently low incidence rates with respect to
lignocellulolytic enzymes [22]. Such hit rates are dependent on multiple
contributing factors, including the enzyme activity being sought (Chapter 3), the
metagenomics source and host organism, the DNA extraction method and the
choice of cloning vector (Chapter 3 to 5). In addition, the sensitivities of the
substrates and the screening conditions (such as pH, Tm, stability and addition of
ions) also play vital roles in the approach (Chapter 2).

Positive clone with specific substrate

I Fosmid library clones |

Screening methodology: Substrates
integrated media

Figure 2: Activity screening of fosmid clones using chromogenic substrate

3.2. Targeted synthetic metagenomics for engyme production

Genes cloned directly from metagenomes may not be optimally suited for
expression in the cloning host E. ¢/ due to codon usage incompatibilities [23].
Thus, the codon usage of a gene of interest may have to be adjusted. However,
codon swapping has possible disadvantages that are related to a fast depletion of
the precise cognate tRNAs in the host organism. An exact “smart mix” of major
and minor codons appears to be necessary, which may be gene- and host-
dependent. However, it is often unclear to what extent a novel protocol can
optimize gene expression. We applied synthetic gene technology using a
preconceived optimal codon mix for the expression of gene XylM1989 in E. co/i.
In chapter 4, I report this novel bi-functional hemicellulolytic enzyme produced
in E. cli. The homology-modelled structure of XylM1989 displayed an
architecture that was predicted to have a catalytic triad and a substrate-binding site,
which are responsible for the two activities shown for the enzyme (B-xylosidase/
a-arabinosidase). This type of constellation of active sites resulting in two different
catalytic activities has been described for enzymes similar to XyIM1989 [24]. The



bi-functional enzyme is thus predicted to work on the hemicellulose moiety of the
WS, specifically attacking side chains [25]. It is likely that such bi-functional
enzymes will find their way into innovative WS degraded strategies.

4. Selection and biochemical characterization of enzymes

I here described the identification of several genes for novel proteins with catalytic
function. A good biocatalyst must meet particular criteria to be suitable for
biotechnological industry applications. In particular, the pH characteristics, Tm,
stability, kinetics, response to additives and general condition tolerance have to be
known and optimal [26]. In this thesis, I mined seven selected fosmids that were
predicted to encode diverse (hemi)cellulases (chapter 2). From these, eight glycosyl
hydrolase family genes were selected. Four of the predicted enzymes (P1, P2, P5,
and P6) and one bi-functional hemicellulase XylIM1989 (Chapter 4) showed
significant hemicellulolytic activities (Chapter 3), and were thus taken on for
further exploratory work.

The enzymes P1 and P2 worked efficiently under thermo-alkaliphilic
conditions. Such thermo-alkaliphilic tolerance (without any additives) recently
improved industrial needs [27] and so these enzymes are highly recommended, for
instance for pulp bleaching processes. In this respect, enzymes P1 and P2 showed
high homologies with protein (1) a B-galactosidase (74%, Enterobacter hormaechei)
and protein (2) a B-xylosidase (84%, Enterobacter mori); they were identified as
responsible for the thermo-alkaliphilic glycosidase activities of extracts of cultures
of E. cli carrying the respective fosmids (chapter 2). P1 showed elevated
enzymatic activity with increased Tm, pH and was highly stable when compared
with previously known [B-galactosidase (BglA); it released high amounts of p-
nitrophenol (58.7 U/mg) [28]. I foresee that enzymes like P1 and P2 may play vital
roles in the food industry, hydrolysing for instance lactose. P2 showed an
interesting bi-functional (B-xylosidase/ a-arabinosidase) activity (pH9.0; Tm

50°C), which was found to be higher than that of other B-xylosidase enzymes
(Rubgx1 and XynB5) [29,30].

4.1. Unexpected engymatic activity in proteins P5 and PG, initially predicted
to be a diguanylate cyclase and an aquaporin

Proteins P5 and P6 were anticipated as a diguanylate cyclase (79% with Enterobacter
¢loacae) and an aquaporin (60%, Hyphomonas neptuninm), respectively. Remarkably,
both showed similar activities on pNP-a-D-glucopyranoside at pH 4.0 — 6.0 under
the same conditions. They were also highly stable for 120 min. Maximal activity
was tevealed with a release of 107.63 U/mg of p-nitrophenol at pH 10.0. This
enhanced activity under alkaline conditions might relate to the excess OH ions
altering the enzyme shape or active site. Thus alkaline conditions might alter the
pattern of substrate binding, in consistency with the “induced-fit” theory of
enzyme action. The theory states that the active site of an enzyme does not
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necessarily match the shape complementary to that of substrate; rather, when the
substrate binds to the enzyme, the active site of the enzyme assumes its shape.

4.1.1 Newly identified protein P5

Remarkably, protein P5, predicted to have diguanylate cyclase activity, showed o-
glucosidase activity. This in spite of the fact that no such activity was detected
from its mother fosmid clone 10BT (chapter 2). In the presence of multiple
substrates, this fosmid clone had shown some activity, presumably with pNP-xyl.
The expression of the a-glucosidase encoding gene may have been suppressed at
the (fosmid) genomic level, but might be expressed from the inducible promoter
of the used vector expression system (chapter 3). Also, protein P5 was found to
clearly belong to the “GGDEF” domain protein family [31]. This domain was first
identified in a response regulator involved in cell differentiation of C. crescentus [32].
It was also observed in Salmonella enterica enzymes involved in cellulose
biosynthesis and biofilm formation [33]. For more than 20 years, all GGDEF
domain family enzymes have been classified as diguanylate cyclases and/or
phosphodiesterases [34]. The former enzyme produces cyclic di-GMP (cdiG), a
messenger that regulates the bacterial lifestyle transition from a motile to a sessile,
biofilm-forming state [35]. Most bacterial genomes have genes that encode a range
of GGDEF domain proteins [33], allowing functional diversity across them. As
yet, the function of most GGDEF domain proteins has not been experimentally
demonstrated [36]. Surprisingly, the GGDEF domain family protein P5 revealed
100 % a-glucosidase activity in the context of (hemi)cellulose degradation.
Detailed structural studies should be performed that address the dynamics of such
glycoside hydrolase activities at varying pH values in WS degradation processes.
Moreover, protein P5 was found to have a motif “GDSL” by CDART prediction.

4.1.2 Newly identified protein P6

Remarkably, protein P6 (presumptively identified as an aquaporin) was identified
to have two different conserved motifs, denoted NPA and GDSL. The NPA motif
is a key structural feature of proteins that plays a crucial role in water transport
across membranes. Surprisingly, the GDSL hydrolase family domain
(encompassing esterases/lipases) of protein P6 had no shared sequence homology
with any of the glycosyl hydrolases. In general, aquaporins are partially-
hydrophobic integral transmembrane proteins involved in a wide variety of
biological processes including photosynthesis, respiration, signal transduction,
molecular transport (water), and — finally — also catalysis [37]. In fact, membrane
proteins often cause experimental problems, as they are unstable and difficult to
express in aqueous solution. However, P6 was successfully expressed and was
soluble, with good stability (95% of activity/120 min/ 50°C); this stands in
contrast to the predicted properties of aquaporins. Therefore, our findings suggest
that P6 might not be a typical trans-membrane protein but belong to a new family



of glycosyl hydrolases with a-glucosidase activity. A closer scrutiny of the available
information revealed that this GDSL family subgroup was categorized as a so-
called SGNH hydrolase. Thus, our protein P6 might belong to this subgroup. The
SGNH family of hydrolytic enzymes involves a wide range of catalytic functions
such as lipase, protease, carbohydrate esterase, (thio)esterase, aryl esterase and
acyltransferase activities [38]. The newly-identified carbohydrate esterase family 3
(CE3) gene axe2 product (acetyl xylan esterase) has a GDSL motif, which removes
acetyl groups from acetylated xylan [39]. Although untested, such activity might
likely enable protein P6 to hydrolyze substituents on the xylan backbone, aiding in
the degradation of hemicellulose [40].

4.2. Engymes showed high tolerance to inhibitors (5-HMEF and furfural)

The tolerance to inhibitory compounds, such as 5>-HMF and furfural, that are
often generated during WS steam explosion, is not often studied [41]. According
to a previous study, the amount of 5-HMF and furfural released from WS during
steam explosion was 0.2 and 0.7%, respectively [8]. I here tested the activities of
the selected enzymes against different concentration of 5-HMF and furfural.
Interestingly, enzymes P1, P5, P6 and XyIM1989 all showed 40 to 60% tolerance
to 0.5% (w/v) 5-HMF and furfural. Unfortunately, enzyme P2 showed 100%
inhibition. To conclude, three of the novel enzymes showed approximately 50%
tolerance. Therefore, we speculate that these are superior accessory enzymes to
include in enzyme cocktails for LCB degradation processes.

5. Application of novel enzymes to improve the LCB degradation activity of
existing (commercial) enzyme preparations

In recent studies, activities of commercial cocktails have been enhanced by
supplementation with accessory enzymes. For example, supplementing AFCel (A.
Jfumigatus cellulase) with Spezyme CP on corn straw consistently increased the sugar
yield when compared with Spezyme CP alone [42]. Celluclast 1.5L is a so-called
“efficient enzyme cocktail” that is widely used for cellulose degradation. Here, we
speculate that admixture to it of our novel accessory enzymes enhances WS
hydrolytic activities.

5.1 Do the new engymes act as a complement for commercial cocktails to
break (hemi)cellulose moieties?

We evaluated the synergistic activity of Celluclast 1.5L and our hemicellulases P1,
P2, P5, and P6 on SE WS (in different combinations) by measuring the final sugar
yield (chapter 5). Noticeably, the addition of enzymes P1+P5 and/or P1+P6 to
the Celluclast 1.5L produced significantly raised amounts of xylose (303%),
arabinose (343%) and glucose (13%) when compared to Celluclast 1.5L alone. This
clearly showed that the added enzymes, with Celluclast 1.5L, worked extensively
on the hemicellulose moieties, increasing the yield of xylose and arabinose. We
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speculate that the action of the Celluclast 1.5L/enzyme mixture on the
hemicellulose moiety might be on the xylan, the main chain of f-1-4 link of D-
xylose. Thus, xylose and arabinose were primarily released from the xyloglucan
backbone (Chapter 1, Figure 3). Also, the effects of enzyme P1 (B-galactosidase)
might have been on the side chains of xylose-glucose (of xyloglucan), thus
increasing the release of xylose and glucose. Later, enzymes P5 and P6, which are
a-glucosidases, might have cleaved 1—4 linked a-glucose residues to release a-
glucose moieties. To conclude, in a presumably joint and spatially-explicit action,
our (hemi)cellulases were — together - effective in enhancing the activity on SE WS
of the commercial Celluclast 1.5L.

6. Outlook and recommendations for further work

This study applied metagenomics to lignocellulolytic microbial communities bred
(from soil) on WS, in order to produce a suite of novel enzymes with
biotechnological potential. Clearly, several new (hemi)cellulases were enriched,
selected, produced and characterized from the WS degrading microbial consortia.
When microbial populations undergo enrichments on wheat straw as the single
driving carbon and energy source, the (spatial) conditions in the system are
modulated so as to favour those organisms that function well under wet and well-
mixed conditions. With the deliberate choice of this strategy, the organisms and
enzymes that come to prevail may actually be less relevant in their natural soil
habitat. Clearly, the approach in my thesis was tuned to biotechnological
applications via increasing the prevalence of promising organisms that might serve
as the best potential sources of LCB degrading enzymes. However, finding the
best enzymes is still fraught with uncertainties that derive from choices in the
technologies used. For instance, in the construction of metagenomic library,
Escherichia coli is a commonly used, but not always optimal, host. . Transfer of
cloned DNA from E. cw/i to alternative hosts systems offers a promising
perspective in future efforts to enhance frequencies. However, this was beyond the
scope of the current study. In future studies one might adopt broad-host-range
plasmid systems for cloning and subsequent spread across different hosts, in order
to maximize the potential of successful expression and detection of the genes
being targeted.

6.1. Improvement of engyme cocktails

As discussed above, a key prerequisite for most plant biomass saccharification
processes is LCB pre-treatment. Here, we opted for SE pretreatment of WS. 1
found that sugars released during SE entered the liquid fractions of the substrate.
In future endeavors, this released sugar has to be captured and included in the
preparation, by adjusting the steam explosion process. Though our newly
identified P5 and P6 enzymes worked effectively on the SE WS hemicellulose
moieties, we still ignore their exact action on the substrate. Hence, I posit here that



crystallization structure analysis is important to understand the catalytic
mechanism involved in the reaction. Optimal characterization of the enzyme
characteristics and its mode of action is always mandatory in order to sustain our
understanding of efficient enzyme cocktails for complex substrates. Therefore, the
required dosage of our enzyme has to be understood. It will then need to be
standardized to supplement the commercial cocktails. Furthermore, the degree of
enzyme loading is important in industrial processes. Less enzyme loading at a
similar degradation rate practically implies that these enzymes are active and
effective in WS degradation. In this thesis, we adopted only one commercial
enzyme cocktail (Celluclast 1.5L) to test our enzymes. For future work, I suggest
to evaluate different commercial cocktails with our enzymes (with different
dosage), in order to improve the global efficiency of cocktails for (hemi)cellulose
hydrolysis. The Dutch (summer) wheat used was found to have high lignin content
(22.2%), whereas for maximal degradation of hemicellulose, lignin is mainly a
blocking module. Though the steam explosion applied was able to alter the lignin
structure, the amount of lignin loosened up or removed is still unknown.
Therefore, a robust evaluation of lignin removal might fine tune the enzyme
dosage that has to be applied for effective degradability. Moreover, the generation
of enzyme inhibitors during steam explosion is a hindrance to subsequent
enzymatic hydrolysis approaches. Therefore, measuring the concentration of
inhibitors provides valuable information regarding the types of enzymes required,
and their dosage. The enzyme biochemical characteristics such as stability,
tolerance to inhibitors and recovery from the conversion reaction, are important
parameters for industrial purposes. In addition, other ‘conditions’ such as medium
ionic strength, pH, temperature and buffer strength, also play important roles in
ILCB conversion, and therefore the effects of these factors have to be
characterized.
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Summary

Microbiomes in different ecosystems, like soil, are diverse and highly complex.
They have served, and continue to serve, as one of the largest and useful sources
for multifold enzymes. The genetic information present in soil microbiomes has
long remained cryptic as a result of the lack of cultivability of many microbes.
Hence, establishing the methods necessary to unlock uncultivable microbes is of
vital importance to foster applications of novel enzymes. Here, metagenomics-
based approaches are appropriate to unlock the bio-catalytic potential of microbial
genomes. Multi-species microbial consortia grown on target carbon sources offer
key sources of such biocatalysts. In this study, soil-derived microbiomes that
encode essential enzymes required for the degradation of wheat straw were
explored. In chapter 2, I screened the system for (hemi)cellulolytic genes using
fosmid libraries and applying functional metagenomics. Further, I developed a
novel functional screening (multi-substrate) method to investigate the specific
(hemi)cellulolytic clones; thus the hit rate of the screens was enhanced when
compared to previous studies. This method, in combination with classical
screening (using single substrate) and metagenomic sequencing, revealed the
presence of 18 enzyme-encoding predicted genes. These enzymes belonged to
twelve different glycosyl hydrolase (GH) families. Most of the genes were
associated with similar ones from Klebsie/la- related organisms. Three clones were
identified that encoded putative thermoalkaliphilic enzymes (xylanase,
galactosidase and glucosidase). In chapter 3 and 4, I characterized the activities of
selected (hemi)cellulolytic enzymes based on parameters such as temperature, pH,
stability and tolerance to nocious substances. One of the selected GHs (Protein
P2), which was previously believed to have single B—xylosidase activity showed
dual, i.e. B —xylosidase and a—arabinosidase activities. In addition, two more GH
family enzymes (Proteins P5 and P06) showed thermotolerant a—glucosidase
activities. Iz silico structure prediction revealed that these two enzymes belong to a
new family of a-glucosidases. Another gene, denoted xyIM1989, was also retrieved
from the wheat straw-degrading microbial consortia. In chapter 4, I investigated
the function of xyIM1989 in detail, produced by targeted synthetic metagenomics.
XyIM1989 showed B-xylosidase and a-arabinosidase (GH43 family) activities and
resembled a  Sphingobacterinm  sp. protein. Furthermore, five features make
XyIM1989 a good candidate for industrial plant biomass saccharification: 7) high
activity at alkaline pH, 7) high reaction speed (1), #) tolerance to lignocellulosic
hydrolysate derived inhibitors (i.e. furfural and 5-hydroxymethylfurfural), )
tolerance to high concentration of xylose in the presence of Ca®’, Mg®" and Mn*"
salts and ») release of sugars from complex polysaccharides such as xylan from
beechwood, oat spelt xylan, and arabinoxylan. Finally, I addressed the effect of the
novel enzymes as adjuvants to commercial enzyme cocktails in wheat straw
degradation assays. Chapter 5 describes the efficiency of the enzymes in these
assays. Here, selecting the proper plant biomass pretreatment method, as well as
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the composition of the enzyme cocktail play a determining role in the efficiency of
enzymatic hydrolysis. Here, I opted for an in-house-developed steam explosion
method for the pretreatment of wheat straw. The three (hemi)cellulases (P1, P5
and PO6) identified in chapter 3 efficiently enhanced the activity of a commercially

available cellulase cocktail.
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Samenvatting

Microbiomen in verschillende ecosystemen, zoals de bodem, zijn divers en zeer complex.
Zij vormen één van de belangrijkste bronnen voor een scala aan enzymen. De genetische
informatie die aanwezig is in bodemmicrobiomen is lang cryptisch gebleven als gevolg van
het gebrek aan kweekbaarheid van veel microben. Derhalve is het nu van vitaal belang dat
metagenomica-gestoelde methoden voor het ontgrendelen van de onkweekbare microben
worden toegepast om de ontdekking van nieuwe enzymen te bevorderen. Multi-species
microbiéle consortia gekweekt op specificke (plant-afgeleide) substraten offreren
belangtijke bronnen van dergelijke biokatalysatoren. In deze studie werden de consortia
die essenti€le enzymen coderen nodig voor de afbraak van tarwestro, onderzocht. In
hoofdstuk 2 heb ik het systeem gescreend op (hemi) cellulolytische genen in fosmid-
bibliotheken, via een functionele metagenomica aanpak. Verder ontwikkelde ik een nieuwe
functionele (mulitsubstraat) screeningsmethode om de specificke (hemi) cellulolytische
klonen te onderzoeken. Zo werd de ‘hit rate’ verbeterd in vergelijking met die van eerdere
studies. Deze methode, in combinatie met klassicke screening (met behulp van enkel
substraat) en metagenoom sequentiebepaling, onthulde de aanwezigheid van 18
enzymencoderende genen. Deze enzymen behoren tot twaalf verschillende
glycosylhydrolase (GH) families. De meeste genen waren geassocieerd met soortgelijke
genen uit Klebsiella-gerelateerde organismen. Drie klonen werden geidentificeerd die
vermeende thermoalkalifiele enzymen (xylanase, galactosidase en glucosidase) coderen. In
hoofdstuk 3 en 4 heb ik de activiteiten van geselecteerde (hemi) cellulolytische enzymen
gekenmerkt op basis van parameters als temperatuur, pH, stabiliteit en tolerantie voor
toxische stoffen. Een van de geselecteerde GH's (Proteine P2), die eerder werd geacht
enkelvoudige B-xylosidase activiteit te hebben, vertoonde twee, d.w.z. B-xylosidase- en o-
arabinosidase activiteiten. Daarnaast vertoonden twee andere GH familie enzymen
(Proteinen P5 en PO6) thermotolerante o-glucosidase activiteiten. In de in silico

structuurvoorspelling bleek dat deze twee enzymen tot een nieuwe familie van o-
glucosidasen behoren. Een ander gen, xyIM1989, werd ook gevonden in de microbiéle
consortia gekweekt vauit tarwestro. In hoofdstuk 4 heb ik de functie van xylM1989
gedetailleerd onderzocht, via gerichte synthetische metagenomica. XyIM1989 vertoonde B-
xylosidase- en o-arabinosidase-activiteiten (GH43-familie) en lijkt op een Sphingobacterium
sp. eiwit. Vijf eigenschappen maken XylM1989 een goede kandidaat voor industriéle
plantbiomassa saccharificatie: i) hoge activiteit bij alkalische pH, ii) hoge reactiesnelheid
(Vmax), iii) tolerantie voor lignocellulose hydrolysaat afgeleide remmers (dwz furfural en
5-hydroxymethylfurfural), iv) tolerantie voor een hoge concentratie xylose in aanwezigheid
van Ca?", Mg?" en Mn?" zouten en v) het vrijmaken van suikers uit complexe
polysacchariden zoals xylan uit beukenhout, haverspelt xylaan en arabinoxylaan. Tenslotte
heb ik het effect van de nieuwe enzymen getest, als adjuvantia in commerciéle
enzymcocktails, in de afbraak van tarwestro. Hoofdstuk 5 beschrijft de efficiéntie van de
enzymen in deze analyses. Hierbij spelen het kiezen van de juiste
voorbehandelingsmethode, evenals de samenstelling van de enzymcocktail een bepalende



rol in de efficiéntie van de enzymatische hydrolyse. Hier heb ik gekozen voor een in-house
stoomexplosiemethode voor het voorbehandelen van de tarwestro. De drie (hemi)
cellulasen (P1, P5 en P6) geidentificeerd in hoofdstuk 3 verhoogden de activiteit van een
commercieel verkrijgbare cellulase cocktail efficiént.
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