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ABSTRACT

Van Lieshout, J.F.T. (2006) Characterization and Engineering of Thermostable Glycoside
Hydrolases. PhD thesis. Laboratory of Microbiology, Wageningen University, The Netherlands.

Glycoside hydrolases form a class of enzymes that play an important role in sugar-converting
processes. They are applied as biocatalyst in both the hydrolysis of natural polymers to mono- and
oligo-saccharides, and the reverse hydrolysis or transglycosylation, by which oligosaccharides are
synthesized from mono- and disaccharides. The latter synthesis process requires high substrate
concentrations; to avoid technical problems (e.g. poor solubility, low diffusion rate, microbial
contamination) this process is best performed at higher temperatures. Specific oligosaccharides
(prebiotics) can stimulate the growth of so-called beneficial microorganisms in the gastro-intestinal
tract. The complexity of this ecological system requires a specific combination of oligosaccharides
which appears not to be present in currently available commercial preparations. Therefore, the
production of highly specific oligosaccharides is desired. Biocatalysts for such a synthesis
preferably need to have high catalytic specificity as well as high thermo-activity, and -stability. In
this context, the work described in this thesis is aimed to gain knowledge on (i) catalytic
mechanisms as well as stability strategies of thermostable glycoside hydrolases, (ii) state-of-the-art
engineering methods to optimize these features, and (iii) novel molecular strategies to enhance
protein production.

Three classes of glycoside hydrolases have been selected for detailed analysis: o-
galactosidase, B-glucosidase and B-glucanase. The a-galactosidase from the hyperthermophilic
archaeon Pyrococcus furiosus has been cloned, functionally produced and characterized. Successful
identification of its catalytic nucleophile allows for the future application of a synthase. The B-
glucanase from P. furiosus (laminarinase, LamA) has been converted into a glycosynthase by a
similar nucleophile mutation: glycosylation was observed with yields of up to 30% of
oligosaccharides. In addition, analysis of the molecular basis for the extremely high chemical and
thermal stability of LamA revealed an important role for calcium. The stability of LamA has also
been analyzed after immobilization. Remarkably, despite a slight loss in secondary structure, LamA
remained active upon adsorption to Silica and Teflon up to 130 °C. A mesophilic -glucanase from
Bacillus (lichenase LicA) has been successfully stabilized by an innovative method, in which its
polypeptide backbone was circularized by intein-driven protein splicing. Finally, we designed a
special cloning strategy to generate covalently closed circular messenger RNA (mRNA) that
encodes a PB-glucosidase from P. furiosus. Both in vivo and in vitro translation of the circular
mRNA resulted in functional enzyme. In cases where mRNA stability is limiting the efficiency of
protein production, the described engineering approach of transcript-cyclization may provide a
solution. In conclusion, the work described in this thesis contributes to establishing a toolbox that
may be instrumental for protein engineering in general, and for optimizing enzyme for oligo-
saccharide synthesis in particular.
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Preface and Outline of the Thesis

This thesis describes the research conducted in the course of the STW project “Biocatalysis of
specific non-digestible oligosaccharides”. Oligosaccharides are substrates for many intestinal
microorganisms, notably Bifidobacteria that are believed to be beneficial for human health.
Specific non-digestible oligosaccharides can therefore be used as so called prebiotics to promote
the growth of these potentially beneficial bacteria in the gastro-intestinal tract. However, the
present commercial preparations contain mixtures of different oligosaccharides, which are not very
selective in their stimulation of preferential growth of beneficial micro-organisms. Therefore, there
is a need to produce more specific oligosaccharides with the highest possible efficiency. The
synthesis of these oligosaccharides can be catalyzed by glycoside hydrolases. This class of enzymes
can not only be instrumental in the hydrolysis of natural polymers generating specific
oligosaccharides, but also catalyze the reverse hydrolysis or transglycosylation, using mono- and
di-saccharides as a starting substrate. In the latter synthesis process, product formation is highly
enhanced by high initial substrate concentrations. This can be achieved at elevated reaction
temperatures. Therefore, thermostable enzymes are most suitable for this process.

The goal of the research described in this thesis was threefold: (i) to isolate and characterize
thermostable glycoside hydrolases and their ability to be used as efficient biocatalysts in
oligosaccharide synthesis, (ii) to improve their properties with respect to catalysis and stability and
(ii1) to enhance the production of the biocatalysts.

Chapter 1 gives a general overview on glycoside hydrolases, including classification, reaction
mechanism, and protein stability, with special focus on thermostable variants and the methods that
are used to study this class of enzymes, like isolation, cloning and heterologous expression,
production, activity assays and thermal inactivation experiments.

Chapter 2 describes the isolation and characterization of a novel a-galactosidase (GalA) from the
hyperthermophilic archacon Pyrococcus furiosus. A comparison is made with other glycoside
hydrolases at a molecular level, and a molecular as well as a biochemical study is performed to
identify the catalytic nucleophile residue.

Chapter 3 reports on the engineering of a glycosynthase of the Pyrococcus furiosus laminarinase
(LamA) and its subsequent characterization. The catalytic nucleophile (Glu 170) was changed for
an alanine residue to suppress hydrolase activity. The synthesis of oligosaccharides by the mutated
enzyme was studied with respect to the specificity of both the substrates and the glycosidic bond
that was created.

Chapter 4 provides detailed insights into the stability aspects of LamA, which maintains residual
tertiary interactions and intact secondary structure elements under extreme denaturing conditions.
The effect of calcium in 7.9 M guanidinium chloride (GdmCl) was analyzed by circular dichroism
and fluorescence spectroscopy. Furthermore, structural interactions that might be responsible for
the stability of LamA are discussed by means of a three-dimensional model that was generated
based on homology.



Chapter 5 sheds light on the effect of immobilizing LamA on Teflon and silica. Immobilization of
an enzyme makes it a more efficient biocatalyst, because it facilitates the development of a
continuous reactor system and it leads to ease of removal from the reaction mixture and thus re-use
of the enzyme. The structural characteristics and enzymatic activity of the adsorbed endoglucanase
were studied and compared with those of the enzyme free in solution.

Chapter 6 focuses on the use of an unconventional method to stabilize enzymes. A covalent
linkage was generated between the N-terminus and the C-terminus of the polypeptide chain of the
lichenase (LicA) from the bacterium Bacillus licheniformis, to create circular variants with
increased thermostability.

Chapter 7 presents an engineering exercise to stabilize mRNA. Through a specially designed
cloning strategy, the self-splicing activity of the Tetrahymena thermophila ribozyme was applied
for the production of circular mRNA of the ce/B gene of Pyrococcus furiosus that codes for the [3-
glucosidase CelB.

Chapter 8 summarizes the results from the previous chapters and briefly discusses the importance
of the work described in this thesis.



Chapter 1

Isolation and Characterization of
Glycoside Hydrolases
from Pyrococcus furiosus

Parts of this chapter were adapted from:

Kaper, T., Verhees C.H., Lebbink, J.H., van Lieshout, J.F.T., Kluskens, L.D., Ward, D.E., Kengen,
S.W., Beerthuyzen, M.M., de Vos, W.M., and van der Oost, J. (2001) Characterization of beta-
glycosylhydrolases from Pyrococcus furiosus.

Methods in Enzymology 330, 329-346.
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Introduction

Enzymes from bacterial and archaeal hyperthermophiles have been studied extensively for their
catalytic properties and stability at extremely high temperatures, as well as for their
biotechnological potential as biocatalysts at elevated temperatures [1]. Considerable attention has
been given to sugar-converting enzymes from heterotrophic hyperthermophilic archaea, mainly in
members of the archaeal orders Sulfolobales (e.g. Sulfolobus solfataricus) and Thermococcales
(e.g. Pyrococcus furiosus). The aim here is to summarize relevant characteristics of enzymes that
catalyze the hydrolysis of sugars, the glycoside hydrolases (GHs). In addition, methods are
described that have been instrumental in the molecular and biochemical characterization of such
enzymes, with selected examples. The reviewed studies form an essential basis for a next
generation of experiments, the engineering of GHs for optimal exploitation of their potential.

Glycoside Hydrolases

Many organisms utilize carbohydrates as carbon and energy sources. Consequently, enzymatic
systems to hydrolyze these glycosides are of physiological importance. These systems comprise the
class of glycoside hydrolases (GHs). The diversity and complexity of carbohydrate stereochemistry
is reflected by a vast variety of GHs present in nature. Enzymes are highly specific for hydrolysis
of either the a- or the B-glycosidic bond. They can catalyze the hydrolysis of the glycosidic bond in
the middle of a poly- or oligosaccharide (endo-acting) or at the end of a saccharide molecule (exo-
acting). However, some glycoside hydrolases, particularly the exo-acting B-specific ones, show
broad specificities (CelB; BmnA;) [2]. This complicates a classification according to the Enzyme
Commission (EC) designations, which are based on specificity. To facilitate distinguishing,
Henrissat [3] proposed an alternative classification system that is based on amino acid sequence
and folding similarities. At present this system comprises 107 families that have been organized in
14 clans (http://afmb.cnrs-mrs.fr/CAZY/fam/acc_ GH.html) [4]. This classification has the
advantage that it puts (new) enzymes not only in a mechanistic, but also in a structural context.
Enzymes in each family share similarity of both polypeptide fold and reaction mechanism. Per
definition the catalytic residues (see below) are conserved within each family [5].

Pyrococcus furiosus is a strictly anaerobic Euryarchaeon that grows optimally at 100 °C.
Like many heterotrophic hyperthermophiles, P. furiosus can grow on several carbohydrates like
starch, maltose, cellobiose and laminarin because it possesses the enzymes required for their
degradation [5-7]. In addition, genome sequence analysis has revealed new genes encoding
glycoside hydrolases whose specificity and (physiological) function yet have to be determined.
Table 1.1 summarizes the glycoside hydrolases found in Pyrococcus species.
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Table 1.1. Glycoside hydrolases from Pyrococcus sp.

Family Organism Enzyme UniProt Accession number
1 P. furiosus B-glucosidase (CelB) Q51723
B-mannosidase (BmnA) PF1208*
B-glucosidase (BglA) Q9HHB3
B-mannosidase (BgIB) Q8U3U9
P. horikoshii  alkyl B-glycosidase (BgPh) 058104
B-mannosidase (BgIB) 058237
P. abyssi -mannosidase QIUYGS
-mannosidase Q9V058
P. woesei [-galactosidase 052629
5 P. horikoshii ~ Endo-glucanase (EgIB) 058925
P. abyssi Endo-glucanase (EgIB) Q9V052
12 P. furiosus Endo-glucanase (EglA) QI9V2TO
13 P. furiosus o-amylase/ cyclomaltodextrinase Q8TZP8
oa-amylase (AmyA) Q8U3I9
P. woesei o-amylase (AmyA) Q9PILO
16 P. furiosus Laminarinase (LamA) 073951
18 P. furiosus ChitinaseA Q8U1H4
ChitinaseB Q8UIHS
35 P. furiosus B-galactosidase (BglC) Q8U3U2
P. horikoshii ~ B-galactosidase (BglC) 058247
P. abyssi B-galactosidase (BglC) Q9UYH2
38 P. horikoshii ~ o-mannosidase 058565
57 P. furiosus 4-o-glucanotransferase (AmyA) P49067
Amylopullulanase (Apu) Q8TZQ1
a-galactosidase (GalA) Q9HHB5S
o-amylase PF1393*
P. horikoshii  a-amylase (AmyA) 057932
o-galactosidase 058106
o-amylase PH1386*
P. abyssi o-amylase (AmyA) Q9Vv298
amylopullulanase Q9V294
o-amylase PAB1857*
65 P. horikoshii ~ Trehalase 058512
? P. furiosus o-glucosidase/invertase PF0132%*

*gene number

Gene Cloning

A variety of methods have been used for the isolation of GH-encoding genes from P. furiosus and

related species. In the absence of either orthologs or paralogs, a classical reversed genetics

approach may be used. This is realized through biochemical enrichment of the activity, eventually

resulting in purification and the N-terminal sequencing of the enzyme of interest. Subsequently,
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oligonucleotide primers can be designed for screening phage- or plasmid-based genomic libraries,
as have been used for the identification of P. furiosus celB and lamA genes [6, 8]. Alternatively, a
genomic library is constructed in a heterologous host (usually an Escherichia coli strain) that is
plated on solid media and screened for selected activity. This approach has been applied for the
isolation of CelB- and BmnA-encoding genes [2]. When potential homologous sequences are
available, degenerate primers can be designed for cloning the counterpart by performing
polymerase chain reaction (PCR) on genomic DNA from the organism of interest. The latter
method has been used to screen 21 isolates that belong to the order Thermococcales, using primers
that were based on conserved regions of thermostable family 1 BGHs. As a result, a number of
homologous fragments were obtained that appear to form a subclass of GH family 1 (BgIB) [9].

At present, the genome sequences of 29 archaea have been completed and 56 archaeal
genome projects are ongoing (http://www.genomesonline.org/gold.cgi); three genomes are
available of the genus Pyrococcus: P. horikoshii, P. abyssi, and P. furiosus. ° This genomics era
has led to a spectacular increase in the release of sequence information in public databases and has
subsequently resulted in the identification of many more GHs in Pyrococcus spp. (GalA; Table 1.1)
[10, 11].

Enzyme Overproduction

Many of the genes that encode the P. furiosus GHs listed in Table 1.1 have been isolated, and
attempts have been made to overproduce them in E. coli using either pUC-derived vectors [12] or
the T7 expression system [13]. Stable overproduction of the P. furiosus p-glucosidase (CelB), (-
mannosidase (BmnA), and laminarinase (LamA) is obtained when their genes are amplified by
PCR using Pfu DNA polymerase and as Ncol-BamHI (celB, lamA) or BspHI-Blpl (bmnA)
fragments fused translationally to the T7 promoter of the pET9d vector (Novagen), which carries a
kanamycin resistance (Kan") gene. The resulting plasmids are transformed to E. coli BL21(DE3),
in which the gene coding for T7-RNA polymerase has been integrated in the chromosome under
control of the lacUV5 promoter [13]. In contrast to relatively instable derivatives of plasmids with
ampicillin resistance as the selective marker, enzyme production of the three pyrococcal BGHs
encoded by pET9d-derived vectors is stable in culture volumes of 1-8 liter. Optimal expression (50
mg/liter in rotating Erlenmeyer or 90 mg/liter in fermentor) is observed when cultures are grown
overnight, without the need of isopropyl-f-D-thiogalactopyranoside (IPTG) induction [9]. A
drawback of an expression system based on the strong T7 promoter may be the formation of
inclusion bodies, as was observed in the expression of the P. furiosus genes egld, bglA, and P.
horikoshii bglB, of which the majority of the protein (75-95%) is inactive and insoluble. In the case
of the P. furiosus bglA gene (coding for a B-glycosidase) and P. horikoshii bgIB gene (coding for a
B-mannosidase), a high level of expression is observed as well, but only 5% of the recombinant
protein is found in the soluble fraction of the cell-free extract. Optimization might be accomplished
by (i) cultivation at suboptimal conditions (e.g., lower temperature; lower aeration rate; minimal
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medium), [14] (ii) use of a low-copy T7 expression variant, [15] (iii) a different vector, such as
high copy (pUC-derivatives) or low copy (pBR322 derivatives), with the gene of interest under
control of a variety of inducible promoters (lactose, tryptophan/lactose, arabinose, rhamnose), [16-
19] and (iv) a different host/vector system.

For the application of enzymes in food, it is necessary to produce them in a food-grade
manner, i.e., nontoxic and safe. The lactic acid bacterium Lactococcus lactis has a long history of
safe use as a starter for industrial dairy fermentation and can be employed for the food-grade
production of enzymes. A nisin-controlled expression (NICE) system has been developed for this
organism [20-22]. In a pilot experiment CelB was cloned in L. lactis, and heterologous expression
was achieved. B-glucosidase activity was detected in cell extracts and the protein was revealed as a
major protein band by SDS-PAGE analysis. Under optimal conditions, CelB made up 2% of the
total cell protein (not shown).

Protein Purification

When the enzymes are produced in mesophilic hosts such as Escherichia coli, they can be purified
easily by employing their superior thermostability: heat incubation followed by centrifugation
usually results in at least 90% pure protein. In general, subsequent purification is performed by ion-
exchange chromatography and by either gel filtration or hydrophobic interaction chromatography.
LamA has been produced in a 1-liter culture of E. coli BL21(DE3) cells harboring pLUWS532
(lamA cloned in pET9d) in LB medium (16-20 hr). After harvesting, the LamA protein has been
purified from E. coli by resuspending the cell paste in 20 ml 150 mM sodium-citrate buffer (pH
5.0) and a threefold passage through a French Press (100 MPa). The cell-free extract is subjected to
a heat incubation (45 min at 80°C), after which the precipitated proteins are removed by
centrifugation (10,000g, 10 min). A heat incubation in citrate buffer is significantly more efficient
than one in a Tris buffer due to stabilizing properties of the latter (see below, Thermal Inactivation).
The resulting heat-stable, cell-free extract is dialyzed against 20 mM Tris-HCI (pH 8.0) and is
loaded on an anion-exchange column (Q-Sepharose Fast Flow; Akta-FPLC; Amersham
Biosciences) equilibrated with the same buffer. During a linear gradient of NaClI (0.0-1.0 M, in the
same Tris buffer), the active fractions (as determined by the DNS Method, see later) eluted around
0.5 M NaCl. Pooled LamA-containing fractions are concentrated (Centricon concentrator, 10-kDa
cut off; Amicon), and 0.5 ml is loaded on a gel filtration column (Superdex 200, Amersham
Biosciences), which removes traces of contaminating DNA. On this column, LamA migrates as a
31-kDa monomer. The P. furiosus enzymes CelB and BmnA could be produced in the same T7
expression system and are purified similarly. In a larger scale CelB or LamA production (8-liter
fermentor), the gel filtration step in the purification method is replaced by phenyl-Sepharose
chromatography. The contaminating DNA appears in the flow through, whereas CelB elutes from
the column at the end of a (NH4),SO4 gradient (1.0-0.0 M) [23].



Chapter 1

Reaction Mechanism of Glycoside Hydrolases

Even though the variety of glycoside hydrolases is enormous, and also the three-dimensional

structures reveal a remarkable structural diversity (14 clans with at least 7 different folds;
http://afmb.cnrs-mrs.fr/CAZY/fam/acc GH.html), hydrolysis of the glycosidic bond occurs only by
one of two mechanisms, either with retention or inversion of the anomeric configuration [24, 25].

Both mechanisms employ a pair of carboxylic acids in the active site. Inverting enzymes use

one residue as a general acid and the other as a general base catalyst, and are suitably placed, about
10.5 A apart, to allow both a substrate and a water molecule between them (Fig. 1.1A). In retaining
enzymes, on the other hand, one residue acts as a nucleophile and the other as a general acid/base
catalyst and are only 5.5 A apart (Fig. 1.1B).
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Figure 1.1. Mechanism of hydrolysis by (A) inverting and (B) retaining glycoside hydrolases after http://afmb.cnrs-mrs.fr/CAZY/fam/acc_ GH.html
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The inverting mechanism proceeds via a single displacement involving an oxocarbenium ion-like
transition state. By contrast, the reaction by retaining enzymes proceeds via a double displacement
mechanism involving a covalent glycosyl-enzyme intermediate. First, one of the carboxylic
residues functions as a general acid catalyst by protonating the glycosidic oxygen. The other
carboxylic residue acts as a nucleophile, by attacking the C1 atom of the glycosidic bond and
forming a covalent glycosyl-enzyme intermediate. In the next step, the carboxyl group that first
acted as an acid catalyst, now acts as a general base catalyst by deprotonating an incoming water
molecule which attacks at the anomeric center resulting in the release of the sugar molecule. For a
chitinase it has been demonstrated that the acetamido group at C-2 of the substrate can take over the
role of catalytic nucleophile, and thus shows substrate assisted catalysis [26]. Furthermore, a
distinct catalytic mechanism has been shown for a family of glycoside hydrolases in which NAD+
is used as a cofactor [27].

Whereas in thermodynamically controlled reactions reverse hydrolysis is possible with both
types of enzymes, only with retaining enzymes transglycosylation can be achieved in kinetically
controlled reactions, because of formation of the glycosyl-enzyme intermediate [25].

Activity Assay

A variety of methods are available for GH activity measurements, depending on the substrate
specificity as well as the level of purification [colony on agar plate, lysate on polyacrylamide gel,
or (partially) purified in solution] (Table 1.2). This section describes different techniques based on
either artificial chromogenic substrates or "natural" sugar compounds.

Table 1.2. Activity assays of exo- and endo-glycoside hydrolases. X-gly, 5-bromo-4-chloro-3-indole-glycoside;
NP-gly, ortho/para-nitrophenol-glycopyranoside; Mb-gly, methylumbelliferyl-glycoside; glu-ox., glucose-oxidase;
DNS, dinitrosalicylic acid.

medium chromogenic oligo/di-saccharides poly-saccharides
substrates
agar plates X-gly congo red
solution NP-gly HPLC, glu-ox. DNS, HPLC
native PAGE Mb-gly congo red
X-Glycosides

The dye 5-bromo-4-chloro-3-indole oxidizes and precipitates as a blue complex when free in
solution. This dye is the coloring agent in all the X-linked substrates commonly used for the
detection of exoglycosidase activity in bacterial colonies on agar plates. The well-known blue-
white screening system for E. coli, based on cloning vectors with "a-complementation" of the
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truncated -galactosidase LacZ, makes use of the hydrolysis of X-fB-Dgalactopyranoside (X-Gal) to
discriminate between transformant colonies containing a plasmid with an insert (often white
phenotype) or without an insert (blue phenotype). Several derivatives of the X dye with different
colors are available, enabling simultaneous detection of different glycosidase activities (Biosynth,
Staad, Switzerland), e.g., in the case of P. furiosus B-glucosidase CelB and E. Coli B-glucuronidase
GusA [28]. The P. furiosus PB-glucosidase (CelB) has its optimum temperature for activity at 100
°C. Nevertheless, colonies of the LacZ-deficient host E. coli IM109(DE23) that are transformed with
a celB expression vector (see earlier discussion) turn blue when grown at 37 °C on agar plates
containing X-B- D-glucopyranoside [X-Glu, 0.16% (w/v)]. This feature has been used to construct
a library of E. coli cells that contains expression vectors with randomly mutagenized celB genes
[23]. In contrast to E. coli LacZ (GH family 2), the P. furiosus CelB has a broad substrate
specificity, capable of hydrolyzing X-Glu, X-Gal, and, to a lesser extent, X-B-xyloside. BmnA has
been characterized as a f-mannosidase, but when produced in E. coli, colonies turn blue on X-Glu-
or X-Gal-containing agar plates, which is in agreement with the generally broad substrate
specificity of family 1 GHs [2, 9]. Because LacZ specifically hydrolyzes X-Gal, even E. coli strains
that have an intact lacZ gene, such as BL21(DE3), can be screened for functional - glucosidase
activity by culturing on agar plates containing X-Glu. When selecting for mutant enzymes with
altered hydrolytic characteristics, however, the screening of glycosidase activity on X substrate-
containing agar plates by analysis of the color intensity should not be regarded as a quantitative
measure of mutant enzyme activity. In the case of celB variants, blue color formation after
overnight growth in general corresponds to initial enzyme activity, but discrepancies have been
noted for a significant number of clones [23].

Nitrophenol Glycosides

Nitrophenol is a commonly used chromogen in kinetic measurements with hydrolytic enzymes such
as glycosidases. Many different mono- and oligoglycosides are available as o-nitrophenyl (oNp)
and p-nitrophenyl (pNp) derivatives (Sigma). The substrates can be used in either discontinuous or
continuous assays at the elevated temperatures at which thermostable glycosidases operate. The P.
furiosus B-glucosidase (CelB) activity has been analyzed at 90 °C using both assays. Discontinuous
and continuous assays are performed in a 150 mM sodium citrate buffer of pH 5.0 (set at room
temperature; theoretically, the change in pH of the citrate buffer at 90 °C is expected to be less than
0.2 units [29]), the pH at which CelB has its optimum for activity. In the discontinuous assay, 495
ul citrate buffer with 10 mM pNp-B-D-glucopyranoside (pNp-glu) in a 1.5-ml Eppendorf reaction
vial is pre-heated for at least 2 min at 90 °C, after which the reaction is started by the addition of 5
pl enzyme solution. After a defined period of time, usually 15 min, the reaction is stopped by the
addition of 1.0 ml ice-cold 0.5 M Na,COs. This causes the pH to rise to about 9-10, which
terminates the reaction and enhances the specific absorption coefficient of the liberated nitrophenol
(see below). The absorption of the reaction mixture is measured at 405 nm. The measured activity

10
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should always be corrected for nonenzymatic hydrolysis of the substrate. The discontinuous assay
has been mainly used in assays with a fixed substrate concentration, such as pH optima
determination, qualitative assays in protein purification, and thermostability experiments. The
continuous assay has been used for the determination of kinetic parameters of P. furiosus CelB. The
liberation of nitrophenol in the reaction mixture is directly followed at 405 nm using a UV/VIS
spectrophotometer equipped with a temperature controller. After at least 2 min of preheating 995 ul
buffer with pNp-Glu (0.05-10 mM) at 90 °C in a quartz cuvette, the nonenzymatic hydrolysis of the
substrate is recorded for about 2 min. Then 5 pul of enzyme is added and the increase of absorption
is monitored for about 3 min. The activity is determined from the initial increase in absorbance and
is expressed as units per milligram, in which 1 unit (U) is defined as 1 pmol nitrophenol released
per minute. It should be emphasized that the specific absorption coefficient (¢) of nitrophenol
depends on both pH and temperature and that € is different for oNp and pNp. Therefore, € should
be determined for each nitrophenol derivative under the assay condition used. As an example, the
specific absorption coefficients for pNp at 90 °C have been determined at different pH values (Fig.
1.2A). When the pH is raised from 4 to 8, the specific absorption coefficient for pNp increases
more than 100-fold. This should be taken into account when determining pH optima for activity.
For example, the pH optimum for the P. furiosus B-mannosidase BmnA has been determined with
and without correction of the specific absorption coefficient. Without correction the pH optimum
appeared to be at a pH value that is about 2 units higher than the actual optimum (Fig. 1.2B).
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Figure 1.2. (A) Specific absorption coefficients (¢) for para-nitrophenol (pNp) at 405 nm in sodium-citrate, KP; and NaP; buffer (100 mM each) at
different pH values at 90°C. (B) pH optimum curve for BmnA for the hydrolysis of pNp-man with correction (triangles) and without correction
(squares) for pH.

Methylumbelliferylglycosides

Whereas 5-bromo-4-chloro-3-indole (X) and nitrophenol (Np) develop a color on hydrolysis, free
4-methylumbelliferone emits light with an optimum at 460 nm (fluorescent blue) after excitation
with UV light. This makes the dye more sensitive in activity staining in native PAGE gels
compared to X substrates and nitrophenol substrates. Again, mono- and oligoglycosides are
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available as conjugates with 4-methylumbelliferone (Biosynth). To detect B-glucosidase activity in
P. furiosus cell free extracts, a sample is loaded and run on a native PAGE gel. The gel (1.5 ml) is
soaked in 10 ml (1.7 g/liter) 4-methylumbelliferyl-B-D-glucopyranoside, preheated at 90 °C. After
15 min of incubation at 90 °C, the gel is analyzed under UV light (standard DNA visualizing
equipment), and activity is visible as bright spots on the gel.

Disaccharides

For reasons of convenience, the activity of exo-glycosidases is often measured using several
artificial substrates, but it is important to keep in mind that the hydrolysis of physiological
substrates (di- and oligosaccharides) can make quite a difference (see below). The activities of [3-
glucosidase CelB and B-mannosidase BmnA for the disaccharides cellobiose and lactose are
determined by incubation at 90 °C in 150 mM sodium citrate buffer (pH 5.0) with different
concentrations of lactose or cellobiose. Lactose and cellobiose could be dissolved to at least 250
and 500 mM, respectively. For the detection of free glucose in solution, several glucose oxidase
kits are available commercially, which can be used to measure the activity on glucose- containing
disaccharides, such as maltose, cellobiose, laminaribiose, lactose, and sucrose, or exoglucosidase
activity on glucose polymers, such as starch, pullulan, cellulose, laminarin, or lichenan. In
Eppendorf tubes, 495 ul of 0-300 mM lactose in 150 mM sodium citrate buffer (pH 5.0) is pre-
heated for 5 min at 90 °C. Next, 5 ul of a CelB or BmnA dilution is added and after 15 min the
reaction is stopped by cooling on ice. A 10-ul sample of the assay mix is transferred to microtiter
plate wells, which each contain 200 pl of the Peridochrom glucose GOD-GAP kit (Boehringer).
After 30 min, the developed color is analyzed at 492 nm in an Elisa reader (e.g. ATTC, SLT lab
instruments). A standard series of known glucose concentrations (typically 0-10 mM) is always
included and used to calculate activities. The signals of lactose, cellobiose, and galactose are
negligible in this assay. The kinetic parameters for the hydrolysis of cellobiose and lactose are
compared to those of their chromogenic counterparts pNp-Glu and pNp-Gal. In both cases, the
efficiencies of CelB for the hydrolysis of the disaccharides are about 40 to 80 times lower
compared to the pNp substrates. This was mainly because the affinity of CelB for cellobiose and
lactose is lower (high Km, Table 1.3). For BmnA, the difference in efficiency is smaller, as the
affinity of BmnA for pNp-Glu and pNp-Gal is just a little higher than for cellobiose and lactose (2-
to 15-fold difference). Hence, the activity on chromogenic substrates gives only an approximate
indication for the enzyme's hydrolytic efficiency of natural substrates.
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Table 1.3. Kinetic parameters of CelB and BmnA at 90°C on pNp-glu, pNp-gal, pNp-man,
cellobiose and lactose [9, 47]

CelB BmnA

pNp-glu Vmax (U/mg) 1800 486
K, (mM) 0.42 69
Keat/ K (mM™'s™) 3900 6.9
pNp-gal Vinax (U/mg) 2600 496
Ko (MmM) 5.0 29
Keat/Kin (mM's™) 480 16.8
pNp-man Vmax (U/mg) 72.4 190
K, (mM) 1.3 0.99
Kear/Kin (mM's™) 54.7 198
cellobiose Vimax (U/mg) 720 260
Ko (mM) 14 100
Kear/Ken (mM™'s™) 48 2.6
lactose Vimax (U/mg) 1500 101
Ko (mM) 120 89
Kea/Kin (mM's™) 11 1.1

Congo Red

Hydrolytic enzyme activity toward B-linked sugar polymers such as laminarin (3-1,3), lichenan (j3-
1,3-1,4), and carboxymethyl-cellulose (CMC; B-1,4) can be visualized qualitatively using Congo
Red. This red dye will attach to the polysaccharide and enzyme activity can be detected by the
appearance of clearing zones ("halo"). For the detection of P. furiosus endo-B-1,3-glucanase
(laminarinase, LamA), the assay is carried out on (granulated) agar plates that, just before
solidifying (50°C), are mixed with a sugar polymer solution (final concentration 3 g/liter) in 50 mM
phosphate buffer (pH 6.0). CMC can be added in concentrations up to 10 g/liter (final
concentration) due to a higher solubility. Subsequently, 5 ul of enzyme extract is applied onto the
plate and incubated at 55 °C for 2 hrs. Enzyme activity is visualized by staining the plates with 1
g/liter Congo Red in deionized water for 30 min and destaining twice with 2 M NaCl for 10 min.
For a sharper contrast of the clearing zones, 1 M HCI is added after destaining, which causes a
color shift from deep red to dark blue. Because of differences in substrate specificity, it is possible
to detect independently endo-B-1,3-glucanase LamA activity and endo-B-1,4-glucanase EglA
activity in concentrated culture supernatant or resuspended cell debris of P. furiosus cultures.
Laminarin is only hydrolyzed by LamA, whereas EglA activity could be detected using CMC [10].
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DNS Method

The action of endo-glucanases on sugar polymers results in an increase of sugar reducing ends. The
accumulation of sugars with reducing ends can be determined colorimetrically by the addition of
dinitrosalicylic acid (DNS), which results in a change of color from yellow toward brown and can
be detected spectrophotometrically [30]. The DNS reagent (per 100 ml: 1.6 g NaOH, 1 g 3,5-
dinitrosalicylic acid, 30g potassium sodium tartrate, 0.2 g phenol, 0.05 NaSOs) should be stored at
room temperature and protected from light. For P. furiosus LamA, a 5-mg/ml substrate solution of
laminarin and lichenan, respectively, is made in a 50 mM phosphate buffer of pH 6.0. Enzyme is
added and the solution is incubated at 80 °C for 30 min and subsequently transferred to 0 °C. A
100-ul aliquot of the enzyme reaction is added to 100 pul DNS reagent. As a standard, 100 pl of a
glucose dilution series is taken and assayed similarly. The samples are boiled for 5 min, after which
1 ml of MQ water is added. Color development is determined spectrophotometrically at 575 nm.

HPLC

High-performance liquid chromatography (HPLC) can be used to monitor reactions of glycoside
hydrolases both qualitatively and quantitatively. Depending on the column that is used, saccharides
with a different degree of polymerization (DP 1-20) are resolved. Because glycoside hydrolases
change the degree of polymerization of saccharides, HPLC is well suited to observe not only
changes in the amount of substrates and products, but also the range/variation of products. The [3-
glucosidase CelB and [(-glucanase LamA were tested for their single and combined ability to
hydrolyze the B-1,3-linked glucose polymer laminarin. A 0.5% (w/v) solution of laminarin is
incubated without enzyme, with 5 pg/ml CelB, with 5 pg/ml LamA, and with both 5 pg/ml CelB
and 5 pg/ml LamA for 4 hr at 80 °C. The reactions are stopped by adding H,S04 up to a final
concentration of 0.1 M. This causes the pH to lower to approximately pH 2, which terminates the
reactions and makes the mixtures suitable for loading on the HPLC column. Samples are run on an
Aminex HPX-87-H column (Bio-Rad) at a temperature of 30 °C with a flow of 0.6 ml/min in 0.01
M H,S0,. Eluates are analyzed by a refractive index detector. By calculating the relative peak areas

in the chromatogram, the amount of product formed and substrate converted are determined (Fig.
1.3) [6].

Protein stability
To be functionally active at high temperatures glycoside hydrolases from P. furiosus have to
maintain their native folded form. Generally they display tremendous stability towards extreme

thermal and chemical conditions (CelB; LamA; GalA) [7, 11, 31]. Even when they are
heterologously produced in mesophilic hosts this stability is demonstrated. This implies that
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Figure 1.3. Action of LamA and CelB on laminarin (0.5% (w/v). Laminarin was incubated for 4 hrs. at 80°C with 5 ng/ml LamA and/or 5 pg/ml
CelB. Samples were analysed by HPLC (modified after [6]).

stability is determined by the amino acid sequence. It has been shown that the residues Ala, Arg
and Tyr occur more frequently in thermostable proteins than in their mesophilic homologs, whereas
the appearance of the residues Asn, Gln and Cys is lower in the sequences of enzymes from
thermophiles than in those from mesophiles [32-34]. Despite this difference in amino acid
composition, high sequence similarities can be found between homologs from mesophiles and
thermophiles, and in essence even three-dimensional structures are virtually identical. However,
several small structural factors have been observed that contribute to a higher intrinsic
thermostability, and usually a combination of some of them can be found in thermostable enzymes.
Stabilizing features include reduced surface area, improved packing, hydrophobic interactions,
improved subunit interactions, (networks of) ion pairs and incorporation of metal ions like Ca®",
Co*", Mg*", Mn®" [31, 35-39]. Strategies to increase the stability of less-stable proteins are based
on the introduction of one or more of these stabilizing features [40-44].

Thermal Inactivation

Generally, thermostability of enzymes is indicated by a half life time of inactivation at a given
temperature. In this section, a method is described to determine this parameter of thermostability of
glycoside hydrolases from P. furiosus. Routinely, 200 ul of a 50-pug/ml CelB or LamA solution is
transferred to glass vials closed with a screw cap with a Teflon inlay. The vials are then submerged
in a silicon oil bath, set at 95 to 105 °C. At constant time intervals, a vial is transferred from the oil
bath and cooled down. Residual activity is subsequently determined, e.g., with pNp-Glu or
laminarin as a substrate using either the continuous or the discontinuous activity assay (see earlier
discussion). This kind of inactivation usually displays a first-order relationship with time. Half-life
values for thermal inactivation are obtained from data fits.

The chemical environment, such as buffer components, pH, and protein concentration, has a
significant  influence on the thermostability of enzymes. The buffers Tris
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[tris(hydroxymethyl)aminomethane], PIPES (1,4-piperazine- diethanesulfonic acid), and imidazole
have a stabilizing effect on B-glucosidase CelB [45]. The effect of pH on the thermostability of
enzymes has been investigated with P. furiosus B-glucosidase BglA. The enzyme is incubated at
100 °C in Mcllvain's buffer with different pH values (pH 4-8). Optimal stability is observed at pH 6
(Fig. 1.4), which is close to the optimal pH for activity (pH 5.0) [14]. The irreversible loss of
activity due to prolonged incubation at high temperatures is most likely caused by the irreversible
unfolding of protein; however, inactivation might also be the result of a limited, local effect.
Thermal inactivation experiments are, therefore, only an indication of the conformational stability
of a protein. Usually, the unfolding of peptide chains by high temperature or incubation in
guanidinium hydrochloride or urea is evaluated by analysis of the fluorescence spectrum or circular
dichroism absorption [46].

Incubations at 100 C in M buffer

——pH 4.0
—e—pH 5.0
—a—pH 6.0
—a—pH 7.0

—o—pH 8.0

Figure 1.4. Thermal stability of BglA at 100°C in Mcllvain-buffer at different pH values. Residual activity was determined with the continuous assay
at 90°C using pNp-glu.

Concluding Remarks

At present, many sugar-converting enzymes involved in the hydrolysis of either a- or B-linked
sugar substrates have been characterized genetically and biochemically, as well as biophysically.
An obvious next step is to gain knowledge concerning the molecular basis that determines the
substrate specificity as well as extreme thermal and chemical stability of this class of enzymes.
Two distinct approaches might give rise to a higher level of understanding the different features of
GHs: (i) screening for natural variants and (ii) optimization of currently available enzymes. The
latter approach can be divided into directed and random engineering. Currently, several P. furiosus
GHs are being engineered with a directed mutagenesis approach, a random method of "molecular
evolution," [23, 47] or a combination thereof. The obvious goal is to optimize the GHs in such a
way that they efficiently catalyze the conversion of a specific substrate at desired physical
conditions.
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Chapter 2

Abstract

An o-galactosidase gene from Pyrococcus furiosus was identified, cloned and functionally
expressed in Escherichia coli. It is the first o-galactosidase from a hyperthermophilic archacon
described to date. The gene encodes a unique amino acid sequence compared to other o-
galactosidases. Highest homology was found with a-amylases classified in family 57 of glycoside
hydrolases. The 364 amino acid protein had a calculated mass of 41.6 kDa. The recombinant o-
galactosidase specifically catalyzed the hydrolysis of para-nitrophenyl-a-1,4-D-galactopyranoside,
and to some extent that of melibiose and raffinose. The enzyme showed to be an extremely thermo-
active and thermostable a-galactosidase with a temperature optimum of 115 °C and a half-life time
of 15 hours at 100 °C. The pH optimum is between 5.0 and 5.5. Sequence analysis showed four
conserved carboxylic residues. Site-directed mutagenesis was applied to identify the potential
catalytic residues. Glul17Ala showed decreased enzyme activity, which could be rescued by the
addition of azide or formate. It is concluded that glutamate 117 is the catalytic nucleophile, whereas
the acid/base catalyst remains to be identified.

Introduction

Pyrococcus furiosus is a heterotrophic hyperthermophilic archaeon that can utilize carbohydrates as
a carbon and energy source. P. furiosus has initially been shown to grow on a-linked glucosidic
substrates like starch and maltose (Fiala and Stetter, 1986). Later it was demonstrated that growth
also occurred on [B-glucosides like cellobiose, laminarin and lichenan (Kengen et al., 1993,
Gueguen ef al., 1997). To date, no information is available on the capacity of P. furiosus to ferment
non-glucose (poly)saccharides. The saccharolytic capacity of an organism is reflected by its
production of glycoside hydrolases. The enzymes described to date comprise two o-amylases
(Laderman et al., 1993a, Laderman et al., 1993b, Jorgensen et al., 1997, Dong et al., 1997a), an
amylopullulanase (Dong et al., 1997b), an a-glucosidase (Costantino et al., 1990), two endo-3-
glucanases (Gueguen et al., 1997, Bauer et al., 1999) and four B-glycosidases with diverse/broad
substrate specificities (Bauer et al., 1996, Kaper et al., 2001, Kengen et al., 1993). Furthermore,
genomic analysis reveals two other putative ai-amylase-like genes as well as two chitinases and a 3-
galactosidase.

In addition to glucosides, P. furiosus’ natural environment, a geothermally heated marine
sediment, most likely also contains a-linked galactosides, although an analysis of its chemical
composition has never been reported. However, a hyperthermophilic bacterium isolated from the
same site, Thermotoga maritima, has been shown to contain an o-galactosidase that liberates
galactose from 4-nitrophenyl-a-galactopyranoside (GalapNp) as well as from the disaccharide
melibiose (a-galactopyranosyl-1,6-a-glucopyranoside) and the trisaccharide raffinose (o-
galactopyranosyl-1,6-a-glucopyranosyl-1,2-B-fructofuranoside) (Liebl et al., 1998). Similar
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enzymes have been found in other hyperthermophilic bacteria, such as Thermus sp. (Koyama et al.,
1990, Fridjonsson et al., 1999, Berger et al., 1995) and Thermotoga neapolitana (King et al.,
1998). a-Galactosidases catalyze the hydrolysis of «-1,6-linked galactose residues from
oligosaccharides and polymeric galactomannans. Catalysis of transglycosylation has also been
observed, which makes these enzymes interesting for the production of specific oligosaccharides
that may have applications in the pharmaceutical and food industries, for instance as potential
prebiotic food additives (Van Laere et al., 1999). Moreover, a-galactosidases have been used to
eliminate D-raffinose from sugar beet molasses in order to increase the yield of sucrose (o-
glucopyranosyl-1,2-B-fructofuranoside) by facilitating its crystallization in the sugar industry
(Ganter et al., 1988). Also an application has been demonstrated in the treatment of soybean milk
to alleviate flatulence caused by raffinose and stachyose (o-galactopyranosyl-1,6-o-
galactopyranosyl-1,6-a-glucopyranosyl-1,2-B-fructofuranoside) (Sugimoto and van Buren, 1970,
Thananunkul et al., 1976). The application of thermostable a-galactosidases is desired to withstand
the elevated temperatures required in the respective biotechnological processes.

o-Galactosidases known to date have been isolated from a variety of eukaryotes and
bacteria and are classified in three different families of glycoside hydrolases according to Henrissat
(Henrissat, 1991). Most eukaryal a-galactosidases share a substantial amino acid sequence
homology and are classified in family 27. Bacterial and some fungal a-galactosidases are classified
in family 36 and have limited homology among them. This family comprises the aforementioned
thermophilic enzymes. Family 4 contains bacterial o-galactosidases along with p-phospho-
glucosidases and a-glucosidases. So far, no archaeal a-galactosidase has been described. However,
genomic analysis of Sulfolobus solfataricus predicted a putative family 36 a-galactosidase from
this Crenarchaeon (She et al., 2001). Analysis of the Pyrococcus furiosus genome revealed a
cluster of genes involved in the utilization of galactosides, of which the galactokinase and the -
glucosidase have been described in detail (Ettema et al., 2001, Kaper et al., 2001, Verhees et al.,
2002). A second glycoside hydrolase, with unknown specificity, was present in this cluster. In this
paper, the unknown glycosidase will be characterized as the first archaeal o-galactosidase. A
comparison with functional as well as with sequential/structural homologs is made, and
phylogenetic and physiological implications are discussed.

Materials and Methods

Bacterial hosts and vectors - The T7 expression vectors pET9d and pET24d were obtained from
Novagen. Escherichia coli XL-1 blue (Stratagene) was used as an initial host for cloning while E.
coli BL21 (DE3) (Stratagene) was used as an expression host for the pET-derivatives. E. coli was
grown in TY medium in a rotary shaker at 37°C. Kanamycin was added to a final concentration of

30 pg/ml.
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Cloning and expression of the gene - P. furiosus genomic DNA was isolated as described
previously (Sambrook et al., 1989) and used as template in a PCR reaction. A primer set with Ncol
and BamHI restriction sites, introducing an extra alanine after the initial methionine, was designed
(Table 2.1) to amplify gal4 by PCR on a Thermal Cycler (Perkin Elmer Cetus). In addition to 10 ng
of P. furiosus chromosomal DNA and 100 ng of each primer, the 100 pl mixture contained 0.2 mM
dNTP’s, Pfu buffer and 5 U Pfu DNA polymerase. The PCR product with the expected size was
digested and cloned into Ncol/BamHI-digested vector pET24d, resulting in pLUWS81. E. coli
XL1-blue and BL21(DE3) were transformed with this plasmid. Sequence analysis of pLUWS581
was done by the dideoxynucleotide chain termination method with a Li-Cor automatic sequencing
system (model 4000L).

Overexpression of the gal4 gene and purification of recombinant protein - A 5 ml culture of
freshly transformed E. coli BL21(DE3) cells with pLUWS581 was used to inoculate 1 liter of TY
medium containing 30 pg/ml kanamycin. When the ODg reached 0.5 the cells were induced with
50 uM IPTG and subsequently grown at 37 °C for approximately 16 hrs. Cells were harvested by
centrifugation (4000 x g for 10 min.) and resuspended in a 100 mM NaP; buffer containing 150 mM
KCI (pH 7.0). Cells were lysed by passing 2-3 times through a French Pressure cell at 1000 Psi.
After removal of the cell debris by centrifugation (48.000 x g for 30 min.) the supernatant was
incubated for 30 min. at 80 °C. The supernatant obtained after another centrifugation (48.000 x g
for 30 min.) was used for the enzymatic assays. For kinetic data a further purified enzyme was
used. Ammonium sulfate was added to the cell free extract up to 1 M. The sample was applied to a
Phenyl Sepharose column (Amersham Pharmacia). In a linear gradient towards 0 M (NH4),SO4
GalA eluted when the salt concentration reached zero. After dialysis against 20 mM Tris pH 8.0,
the sample was applied to a Q-Sepharose column (Amersham Pharmacia). GalA did not bind to the
column in contrast to most of the contaminating proteins. The flowthrough was concentrated and
passed over a Superdex 200 column (Amersham Pharmacia) in 20 mM Tris pH 8.0 containing 100
mM NaCl. GalA eluted in the void volume. As judged by SDS-PAAGE analysis, the protein
appeared to be more than 95% pure.

Table 2.1 Constructs that were used and primers that were used to make them.

Plasmid Description Primer” Primer Sequence’ Introduced Restriction Site

pLUWS81  GalA wildtype BG378 s  GCGCGCCATGGCAAGAGCACTAGTCTTTCATGGG Ncol
BG379 a  GCGCGGGATCCCTAATGTTTCCCATTTTCACTCC BamHI

pWUR14 E72A BG894 s  AGTGGCCTCATCGCGATTCTTGGAA Nrul
BG895 a  TTCCAAGATTCGCGATGAGGCCACT

pWURI1S5 E100A BG896 s AAAGAGATAGAGCAGTGAAAGAGAAC Btsl
BG897 a  GTTCTCTTTCACTGCTCTATCTCTTT

pWURI16 E117A BG898 s  GATTCTGGCTACCTGCATTGGCATAT BspMI
BG899 a  ATATGCCAATGCAGGTAGCCAGAATC

pWUR17 D139A BG900 s CTCTTCGCTGCAGGTGAGGCTATGC BspMI
BG901 a GCATAGCCTCACCTGCAGCGAAGAG

pWUR99 E193A BG1122 s CATAAATCTTGTCTTTIGCAGGAAAAGTCACAC CviRI

BG1123 a  GTGTGACTTTTCCIGCAAAGACAAGATTTATG

s = sense, a = antisense.
"Bases introducing the desired aminoacid mutations are in bold, introduced restriction sites are underlined with silent mutations in italic.
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Mutagenesis - The introduction of mutations was performed by overlap extension PCR (Ho et al.,
1989) using plasmid pLUWS581 as a template in the first step. For each mutation two PCR reactions
were done each with the use of a primer introducing the mutation (Table 2.1) and one of the
flanking primers. The purified overlapping PCR products were used in the second step both as a
template and as a primer. With the flanking primers this reaction yielded the ga/4 gene with the
mutation. In order to facilitate the detection of the mutants, a restriction site was created as
indicated in Table 2.1. The amplified DNA was cloned in pET24d as described above and checked
by restriction analysis as well as by DNA sequence analysis. E. coli BL21(DE3) cells were
transformed with the obtained plasmids (Table 2.1) for overproduction of the mutant o-
galactosidases.

Enzymatic assays - Standard enzymatic assays were performed at 90°C in Mcllvaine buffer (pH
5.0) containing 1 mM of pNp derivatives (405 pNp = 0.6 mM'cm™) as described elsewhere
(Kengen et al., 1993). Standard assays for polysaccharide hydrolysis were carried out at 90°C, for
30 min, using 0.2-1% (w/v) substrate in Mcllvaine buffer (pH 5.0). The reducing sugars were
detected by the dinitrosalicylic acid (DNS) method, with glucose as standard (Gueguen et al.,
1997). One unit is defined as the amount of enzyme required to release 1 pmol of reducing sugars
per min. Standard assay towards di/tri saccharides was determined by measuring the increase of
NADPH in an indirect coupled assay with glucose dehydrogenase with significant galactose
dehydrogenase activity from Thermoplasma acidophilum (Smith et al., 1989). First the pyrococcal
glycoside hydrolase was incubated in Mcllvaine buffer (pH 5.0) containing 10 mM substrate at
90°C for 30 min. A 30-ul aliquot was rapidly cooled down on ice and added to NaP; (pH 7.0)
containing 0.4 mM NADP" and 2 U T. acidophilum glucose dehydrogenase. The following assay
was performed at 50°C. The absorbance of NADPH was followed at 340 nm (¢ = 6.3 mM 'cm™).
One unit is defined as the amount of enzyme required to convert 1 umol of galactose/glucose per
min.

The pH dependence was determined in Mcllvaine buffer over pH 4-8 at 90°C. Buffers were
adjusted at room temperature. GalopNp was used as substrate. The reaction was stopped after 5
min at 90°C by placing the vials on ice followed by the addition of Na,COs3 (€495 = 5.3 mM lem™! at
room temperature). For the determination of the temperature optimum a 20-pl sample of the
produced pyrococcal glycoside hydrolases was injected into a crimp-sealed vial, containing 1 mM
GalapNp in Mcllvaine buffer (pH 5.5), which was incubated at the desired temperature. For
temperatures above 90°C, an oil-bath was used. After 5 min of incubation, the reaction was stopped
by placing the vials on ice. A 500-ul aliquot was added to 1 ml 0.5 M Na,CO; and the absorbance
at 405 nm was measured.

Thermostability was determined in 20 mM Tris-HCI1 (pH 8.5) by heating the enzyme in
small crimp-sealed vials, submerged in an oil bath. During a time series (0-20 h), 20-ul aliquots
were withdrawn and tested for remaining activity as described before.

Rescue of activity by azide and formate was performed by a discontinuous assay at 90 °C
with 4 mM pNp-o-galactopyranoside in a 100 mM sodium phosphate buffer pH 5.5 with the
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addition of 1 or 2 molar of sodium azide or 4 molar of sodium formate (final concentrations). After
the addition of 1 ml 0.5 M Na,COj to the 500 ul sample the absorbance at 405 nm was measured.

All activities were corrected for spontaneous hydrolysis and for hydrolysis by cell free
extracts of E. coli cells harboring pET24d without a gene insert.

Results and Discussion

Isolation of the P. furiosus gal gene cluster

In the course of the P. furiosus genome project (www.genome.utah.edu), a genomic clone was
deposited in the NCBI database, potentially encoding a glycoside hydrolase with significant
homology to family 1 glycoside hydrolases (accession number AAG28457). Molecular analysis of
the locus (AF195244) revealed a clustering of five open reading frames (ORFs) (Fig. 2.1). BLAST
searches of these ORFs revealed significant homologs in the GenBank/EMBL databases. The
complete cluster was found to exist in the closely related P. horikoshii as well, but not in P. abyssi
(Ettema et al., 2001). The average amino acid identity of the five gene products between the two
species is 85%. The first ORF (PF0445) was found to share high similarity with galactokinases
(39% identity with a galactokinase from Thermotoga neapolitana (AAC24222), and was named
galK. Heterologous expression in Escherichia coli resulted in a 40 kDa gene product showing
ATP-dependent galactokinase activity (Verhees ef al., 2002). The second ORF (PF0444) appeared
to resemble family 57 glycosidases (24% identity with an a-amylase from Dictyoglomus
thermophilum (P09961), and was named galA. The third ORF (PF0443) showed high similarity
with several hydrophobic sequences encoding secondary transport proteins (symporter/antiporter)
of the major facilitator super family (25% identity with a transporter (major facilitator superfamily)
from Aquifex aeolicus (AAC07232), and was named mfs4. From overlapping coding regions,
TATA-box and transcription termination sequences (van der Oost et al., 1998), it is concluded that
galK, galA and mfsA are most likely organized in an operon structure (Fig. 2.1). The fourth ORF
(PF0442) of the gal cluster closely resembled family 1 glycoside hydrolases (63% identity with 3-
glucosidase from Thermococcus sp. (£70242), and was named bgl4. BglA showed only 34%
identity with B-glucosidase (CelB) from P. furiosus. Recombinant BglA appeared to have highest
activity towards para-nitrophenyl-p-glucoside (Kaper et al., 2001). Unlike CelB (Kengen et al.,
1993), BglA did not hydrolyze lactose or cellobiose. A relatively high activity was found with the
hydrophobic substrates B-octyl-D-glucose and salicine. The study by Matsui et al. (Matsui et al.,
2000), claiming a novel substrate specificity of the ortholog BGPh from P. horikoshii, agrees well
with our findings. The fifth ORF (PF0441) showed high similarity with uridylyltransferases (42%
identity with a galactose-1-phosphate uridylyltransferase from Thermotoga neapolitana
(AAC24221), and was named galT.
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Figure 2.1 GalA gene cluster. Genetic organization of the gal locus in the genome of Pyrococcus furiosus. Putative TATA-boxes ([7) and
transcription termination sites () are indicated. The abbreviations used are as follows (Pyrococcus furiosus gene numbers are in straight brackets,
primary accession numbers are in parentheses): galK: galactokinase [PF0445] (QOHHBG6), galA: o-galactosidase [PF0444] (QOHHBS), mfsA:
putative sugar transporter [PF0443] (Q9HHB4), bgi4: B-glucosidase [PF0442] (Q9HHB3), galT: galactose-1-P uridylyltransferase [PF0441]
(QYHHBY).

GalA versus family 57 enzymes

The galA gene encodes a polypeptide of 364 amino acids. BLASTP analysis showed that GalA
shares highest homology (up to 24%) with enzymes classified in family 57 of glycoside hydrolases
(http://afmb.cnrs-mrs.fr/CAZY /index.html), whereas negligible homology (10%) was found on
family 36 a-galactosidases. The dendogram in Fig. 2.2A clearly shows the distance of GalA to
family 36 and its close relationship to family 57. Enzymes from the latter family originate from
hyperthermophilic bacteria and archaea. They comprise o-amylases (Fukusumi et al., 1988,
Laderman et al., 1993b) and amylopullulanases (Erra-Pujada et al., 1999, Dong et al., 1997b). The
oa-amylases have been shown to have transferase activity as well. In both the cases of
Thermococcus litoralis and of T. kodakaraensis transferase activity is even higher than the
hydrolytic activity and for that reason these enzymes have been named a-glucanotransferases (Jeon
et al., 1997, Tachibana et al., 1997). All enzymes from this family that have been characterized so
far act on a-1,6 and/or on a-1,4 linkages in glucose-polymers like pullulan, starch and amylose.
This, however, does not imply that GalA is active on similar substrates. The same feature is seen
for instance in family 4, which comprises not only a-glucosidases but also o-galactosidases and
even [-glucosidases.

The highest homology to family 57 enzymes was found to be located on the N-terminal part
of the protein. Closer inspection of the amino acid sequences of all these enzymes reveals that this
homologous domain characterizes the family (Fig. 2.2B, C). Most family 57 enzymes consist of
one or more additional domains as well. Strikingly, this conserved domain was also found to share
homology to parts of class 1 a-mannosidases classified in family 38. Alignment of the domain
sequences results in 25%-93% homology within family 57 members, 58%-77% within family 38
and 20%-32% between family 57 and family 38. A dendogram representing these homologous
sequences is shown in Fig. 2.2B. The size of the domain is arguable, as homology gradually
decreases between residues 200 and 260 of the GalA sequence (see also Fig. 2.3). It is clear in Fig.
2.3 that strongest conservation is found between residue 50 and 140 of the GalA sequence. In the
COG database the domain has been defined as COG1543, with unknown function
(www.ncbi.nlm.nih.gov/COG/). Recently a 3-dimensional structure of the 4-a-glucanotransferase
from Thermococcus litoralis was published (Imamura et al., 2003). The conserved sequence
appeared to be part of the catalytic domain, suggesting a role in the mechanism of catalysis.
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Figure 2.2 Pyrococcus furiosus o-galactosidase and related glycoside hydrolases. Dendograms of selected glycoside hydrolases classified in family
57 and 36 (A) and of the conserved domain in family 57 and 38 glycoside hydrolases (B). Dendograms are based on full length (A) and partial (B)
multiple sequence alignments created by ClustalX and Genedoc. Dendograms are made with Treeview. C is the schematic representation of domain
arrangement in various members of family 57 and 38. Domains of conserved sequences are depicted as shaded boxes. Same numbers and shades
represent homologous domains. The conserved domain shown in black boxes (i) corresponds to the domain represented by dendogram B. Length of
the protein sequences in C is indicated in amino acid residues by the bar underneath. The abbreviations used are as follows (primary accession
numbers are in parentheses): ag = a-galactosidase; aa = a-amylase; ap = amylopullullanase; am = a-mannosidase; gt = 4-o-glucanotransferase; A.ae
= Aquifex aeolicus VF5 (066934); A.ni = Aspergillus nidulans (013344); B.ad = Bifidobacterium adolescentis DSM 20083 (Q9XCX2); B.st =
Bacillus stearothermophilus (Q9X624); D.th = Dictyoglomus thermophilum (P09961); E.co = Escherichia coli K12 (P16551); M.ja = Methanococcus
Jannaschii (Q59006); P.ab = Pyrococcus abyssi (aa: QIV298, ap: QIV294); P.fu = Pyrococcus furiosus DSM3638 (aa: P49067, ag: QO9HHBS, ap:
030772); P.ho = Pyrococcus horikoshii OT3 (aa-1: 050094, aa-2: 057932, ag: 058106, am: O58565); P.pe = Pediococcus pentosaceus (ag-1:
P43467, ag-2: P43469); R.no = Rattus norvegicus (P21139); S.ce = Saccharomyces cerevisiae S288C (P22855); S.co = Streptococcus coelicor A3(2)
cosmid 9B10 (050520); S.mu = Streptococcus mutans (P27756); S.sp. = Synechosystis sp. strain PCC6803 (aa: Q55545, am: Q55528); T.al =
Thermococcus alcaliphilus (US patent 5958751); T.br = Thermus brockianus ITI360 (Q9X6CS5); T.et = Thermoanaerobacter ethanolicus (P77988);
T.hy = Thermococcus hydrothermalis (Q9Y818); T.ko = Thermococcus kodakaraensis (032450); T.li = Thermococcus litoralis (032462); T.ma =
Thermotoga maritima (033835); T.ne = Thermotoga neapolitana (Q9R7H1); T.pa = Treponoma pallidum (aa-1: 083377, aa-2: O83182); T.re =
Trichoderma reesei (Q92457); T.sp = Thermus sp.T2 (QOWXC1); T.th = Thermus thermophilus (Q9X6D2).
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Expression and characterization of GalA
To determine the functionality of GalA, its gene was amplified from P. furiosus genomic DNA and
cloned in the vector pET24d. The resulting plasmid, pLUWS581, was used to transform E. coli
BL21(DE3) cells. An overproduction of GalA of 15 - 30 % of total protein was achieved after
induction with 50 uM IPTG. The majority of GalA was present as insoluble, but at least partly
active, aggregates. Extensive variation in the growth temperature (10-37°C), the induction
conditions (0.0-0.4 mM IPTG), as well as the vector/host (pET9d/pET24d in BL21(DE3),
JIM109(DE3), C41(DE3) and C43(DE3) (Miroux and Walker, 1996) and pGEX2TK (GST-fusion)
(Amersham Pharmacia) in BL21(DE3) did not improve the fraction of soluble enzyme. However,
the amount of GalA in the soluble fraction was doubled by adding 150 mM KCI to the resuspension
buffer (data not shown). Extraction of soluble protein by hydrophobic solvents or solutes from
these aggregates, similar to what has been done with the pyrococcal a-amylase (Linden et al.,
2000), was unsuccessful. However, addition of 50% glycerol resulted in the extraction of 10-15%
of the enzyme activity from the insoluble fraction.

Based on the deduced amino acid sequence, the molecular weight of GalA was calculated as
41.6 kDa. SDS-PAGE analysis of the purified GalA resulted in a single band of 44 kDa. Highest
activity of GalA was detected with GalopNp (1.61 U/mg), and only little activity with melibiose
(0.145 U/mg) and raffinose (0.006 U/mg). No GalA activity was measured with the
polysaccharides carrageenan, ara-galactan, galactomannan and stractan. Neither on GluapNp nor
on starch any activity could be detected, proving the non-amylolytic identity of GalA. Like the a-
galactosidase of Thermotoga maritima (Liebl et al., 1998), no stabilizing effect was observed upon
addition of NAD+, DTT, and various metals/cations. Highest activity of GalA was observed at a
pH of 5.2. The protein showed to be a very thermo-active and thermostable enzyme (Table 2.2). An
extremely high optimal temperature was found of 115 °C. At 100°C in a 20 mM Tris-HCI (pH 8.5)
buffer, GalA showed a half-life time of 15 hours. The thermostability was dependent on pH and
decreased dramatically below pH 5.

Table 2.2 Biochemical characteristics (A) and substrate specificity (B) of P. furiosus GalA. Kinetic parameters have
been determined at 90 °C and pH 5.5 with pNp-a-galactopyranoside as a substrate.

A Topt 115°C
pHopt 50-55
ty, at 100 °C 15 hrs
Km 0.25 mM
Vmax 880 U/mg

B Substrate GalA relative

activity in %
GalapNp 100
GlcapNp, ManapNp, RhaapNp, GalBpNp nd
Melibiose 9
Raffinose 4
Carrageenan, ara-Galactan, Galactomannan, Stractan, nd
Starch
GalopNp = para-nitrophenyl-o-galactopyranoside, GlcapNp = para-nitrophenyl-a-glucopranoside, ManopNp = para-nitrophenyl-o-

mannopyranoside, RhaopNp = para-nitrophenyl-o-rhamnopyranoside, GalBpNp = para-nitrophenyl-B-galactopyranoside. nd = not detected (activity
>0.3 %)
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Regarding hydrolysis of GalapNp, GalA showed Michaelis-Menten kinetics at 90 °C under further
optimal conditions. The affinity for the substrate is high, reflected by a Km of 0.25 mM, which is
very common among (thermophilic) a-galactosidases (Liebl ef al., 1998, Leder et al., 1999). The
calculated Vmax of 800 U/mg is comparable to that of related glycoside hydrolases as well (Kaper
etal.,2001).

Identification of catalytic residues

Glycoside hydrolases act either via a double or single displacement mechanism releasing products
with net retention or inversion of the anomeric carbon respectively (Sinnott, 1990, McCarter and
Withers, 1994). Both mechanisms employ a pair of carboxylic acids in the active site. In retaining
enzymes one residue acts as a nucleophile and the other as an acid/base catalyst. Inverting enzymes,
on the other hand, uses one residue as a general acid and the other as a general base catalyst. In
contrast to the inverting mechanism, the retaining mechanism involves a glycosyl-enzyme
intermediate, allowing transglycosylation.

When GalA was incubated for 2 hrs at 80°C with 40% melibiose or 20% raffinose some
transgalactosylation products (besides the hydrolysis products) were detected by HPLC analysis
(results not shown). This indicates that the enzyme must use a retaining mechanism, which has
previously been reported for the other members of family 57 as well as for a-galactosidases from
family 27, 36 and 4.

To get further insight into the catalytic mechanism of GalA, a study was performed to
identify the catalytic residues. In the classification system introduced by Henrissat (Henrissat,
1991) all enzymes in the same family share completely conserved catalytic amino-acid residues.
Sometimes conservation is also observed between different families, within a clan, with ambiguity
towards the nature of the catalytic residue itself. A conserved catalytic glutamate in one family can
be homologous to a conserved catalytic aspartate in another. To identify the catalytic nucleophile
and acid/base we made a multiple alignment of the amino acid sequences of various members of
family 57 as well as of family 38 (Fig. 2.3). The alignment shows four more or less conserved
carboxylic acids within family 57 enzymes. Glutamate 72 is well conserved within the enzymes of
family 57. On the other hand, no carboxylic acid appears to be present at the corresponding site in
family 38. At position 100 a glutamate is present in some family 57 a-amylases, which is also
conserved in the amylopullullanases (not shown). An invariant glutamate at position 117 is in a
region of the sequence that has highly conserved residues among family 57 enzymes. This
glutamate has recently been identified as the catalytic nucleophile in 4-a-glucanotransferase from
Thermococcus litoralis (Imamura et al., 2001). In family 38 a-mannosidases an invariant aspartate
is found at the corresponding position instead of a glutamate. It is this aspartate that has been
identified as the catalytic nucleophile in the a.-mannosidases from Jack Bean (Howard ef al., 1998)
and bovine kidney lysosomes (Numao et al., 2000) as well. The aspartate at position 139 is also
consistent within family 57 and variable within family 38.
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gtiT.li IMVAGEY|HPVLAAT PKEDRL KSIERE EYVVVDDYHIBMSAGLSKE 157
gt_T.ko 1YY PVLASIPKEDRI KSERA. DYVIVDDYHIBMSAGLSKD 157
aa P.fu HVAGIRYIZ PVLASI PKEDRIE] VKTIBKE SEDYVIVDDYHE@MSAGLSKE 158
aaiP.ho AGYI2PILVATI PEEDRVE] VKT IERE EYVILDDYHIBMSAGLSKE 157
aa_P.ab 13 PVLAATI PKEDRLE] KTIERE EYVVVDDYHEMSAGLSKD 157
aaiD.th IPILPIIPDKDKV(Q KYJMAE EYVVVDDAHIBFSVGLKEE 159
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agiP.fu MLFESNHLNS-----—-— KPIKPLYPHLMKAQ-RGEGLVYIENYLLGLRELKKABNLVFEGKV-———— TLEAVKEI--—---- 204
agiP.ho MLESNHLNS------— KSEEKPLYPYLIMKAQ-RGEGFVYENYLLGLRELKKANMNLT FGGRV—----— TLEAVKDI------ 204
agiT.al MLESAHLNS------— KPIlKPL-PHLUKAQ-REKRFRYMSYLL-LRELRKAMKLVFEGKV----— TL-KVKDI--—---- 194
gtiT.li ELFWPMYTEDGGEVIT\YFPIDEKLRYLIPFRPVKKTIEYI®E SLTSDDPSKVANMFHDDGEK IHGTYEWVYEKGWL--- 234
gt T.ko ELFWPMYTEDGGEVIT\YFPEDEKLRY LIIPFRPVDKTLE YI®H SLDDGDESKVANMFHDDGEKFEVWIHGTYEWVYEKGWL - —— 234
aaiP.fu ELYWPMYTEDGGEV I FPIDEKLRYLIPFRPVDKVLE YI#H SL,T DGDESKVAMFHDDGEKFE IWEGTYEWVY EKGWL - —— 235
aa_P.ho ELFWPMYTENGGEAT FPIRDEKLRYLIPFRPVNETLEYIFH SLADEDESKVAMEFHDDGEKFEAWIHGTHELVYERGWL - -~ 234
aaiP.ab QLFWPMYTEDGGEVIT\YFPEDEKLRYLIIPFRPVDKVISYIEHSLASEDESKVANFHDDGEKFEIWHMTYEWVYERKGWL - -~ 234
aa D.th : DLEGYMLMEEQGYKLAWEFPISMKLRYLIPFADPEETITYMDKFASEDKSKIAMLFDDGEKEELWIEDTYRTVYEEGWL- -~ 236
am S.sp. : HGAFHIRSPD-GTEIFTVMSPPNLAGVMDNQ-PLPMANYANRWQEQTGLKECIEWLPGVGDHEGGESRDMWEMKERWQ-—— 391
amﬁP.ho : YHIFRWKSRS-GEEVLAYSTPGSYSDY] SDI——KRILWNTEQQREKQEIPVI QVFGRGDHEGGHEETIEVONVKKWM - —— 234
am_A.ni HTTEQVALDGSQ-- CHMPPSETYTAEAH—FGDLKRSHTQHKSLDKDNTS LVFGKGDGEGGETFEHLEKLRRCRGLS 412
am_S.ce HSTENWAGIDGSQ--LISTHUPPGNTYTADSH-FGDVLRTAKQONKTPEYYGSGIHMLY GKGDGEGGIETEEMLOKMRR IRSMN 413
am_R.no HHTFFJEGLDGSQ-- HFPPGDSYGMQGS—VEEVLKTETNNRDKGRTNHSGFLFGFGD GGIETQTMLDRLKRLG--- 399

— all  }— B0 H a2} [ a3 }— 014 ol5
agiP.fu P E PVWV S| TAV--—-- M--L----GAGRFPEMNPKKVAKW---VKEKDE--ILLYGTDIE--FLGYRDIAG 259
agiP.ho P E PVWV S| IAT-———- M--L----GAGRFPIEMSPKRVAN---IKGKDE--ILLYGTDIE--FLGYRSIAG 259
agiT.al e E PVWV. TAV-——-- M--L----- IGRLPIEMNPKKVAS---IEDKN---ILLYGTDIE--FIGYRDIAG 247
gt T.1li —-—-RE-FFDANT SNE LMTYSE-YLSKF-TPRGLVYLPRASYFEMSERSLPAKQAKLFVEFVEQIEKEEGKFEKYRVFVR 309
gtiT.ko —--RE-FFDRWYSSDERMNLMLYSE-YLORF-RPRGLVYLPIASYFEMSERSLPARQAKLFVEFVEEIRKKENKFDRYRVEFVR 309
aa_P.fu --RE-FFDRIIS SDE LMLYTE-YLEKY-KPRGLVYLPIASYFEMSERS LPAKQARLFVEFVNEEKVKGIFEKYRVFVR 310
aa_P.ho —--KE-FFDRIS SDD LMLYSE-YLSKF-RPKGLVYLPIASYFEMSERSLPARQAKLFFEFIKKIEKELNLFEKYRIFVR 309
aa_P.ab —--RE-FFDRYS SDE IMLYSE-YLOKF-KPKGLVYLPHASYFEMSERSLPAQQAKLFVEFVEKIEKELNMFERYRVEFVR 309
aaiD.th —-—ET-FVSKEKENFLIEVTPVNLY TYMQORV-KPKGRIYLPTASYREMMEVLFPEAQKELEELVEKIEKTENLWDKFE SPYVK 312
am_S.sp. -NSE-FEFPT TAKAEHFLAGIKQKLQSD-QSFPIWEREIRY LELHRGCATVHADQKLYNRQCEHLIEYEAELWS SEANWLG 468
am_P.ho --EE-YKGRIEELIASGMDEFFDYVREHYL-KDLPIFEDEMY LEFHRGITTGAWIKRFNRLNEHLIELOQVEKLYSLLKILY 310
am_A.ni DKTG—LLPRATMGTSEDDFFAKLEKKAADGTKFATWYGELYFELHRGTYTTQANNKRNNRRAEFLLRELEFLATIASITR 491
am_S.ce NRNGNVIPKIEQVGITYDEFYDDI LKRTNQGHDLPTWSGERY FEFHRGTMT SQAQTKKLMRLSEIKIEHDLEWIAAKTSVLY 493
am_R.no -NTD-GQPRWOLSSPGQLFTALE-RDSGQ---LCTWVGEMFLELHNGTMT THAQLKKGNRECEQIIHDVELLSSLALARS 473

Figure 2.3 Multiple sequence alignment of selected glycoside hydrolases classified in family 57 and 38. Alignment shows the part of the sequences
representing the conserved domain and was created using ClustalX and GeneDoc. The secondary structure of the Thermococcus litoralis 4-o.-
glucanotransferase is shown above the sequences. Conserved residues are shaded. Arrows indicate the catalytic residues identified in previous studies
(see text). Residues of GalA that have been studied by site-directed mutagenesis are marked by asterisks. The abbreviations used are as follows
(primary accession numbers are in parentheses) or identical to those used in Figure 2: ag_T.al = Thermococcus alcaliphilus o-galactosidase (US
patent 5958751); aa_P.ho = Pyrococcus horikoshii OT3 putative a-amylase (057932).
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These four putative catalytic residues were changed into alanine residues. Hydrolytic activity of the
mutants E72A, E100A and D139A was reduced ten- to forty-fold (Table 2.3). The remaining
activity of the E117A variant was only 0.5 % compared to the wild-type enzyme. This suggests that
glutamate 117 could be the catalytic nucleophile or acid/base although the reduction is less severe
than might be expected for a mutation of one of the catalytic residues (Wang et al., 1994, Viladot et
al., 1998, Moracci et al., 1998). However, the remaining activity might be due to background
activity of contaminating wild-type enzyme as has been reported before (Wang et al., 1994,
Moracci et al., 1998). Moreover, most studies in which a 10° to 10® fold reduction has been
reported, were performed with B-glycoside hydrolases. To date only a few studies have described
the identification of the catalytic residues of a-glycosidases by means of mutagenesis. The
nucleophile or acid/base mutants of these family 51 a-L-arabinofuranosidases and a family 67 a-
glucuronidase showed reduced activities ranging between 5 x 107 and 10~ (Zaide et al., 2001,
Debeche et al., 2002, Shallom et al., 2002a). Only the nucleophile mutant of the Geobacillus
stearothermophilus enzyme appeared to have a 10® reduced activity (Shallom et al., 2002b). It is
not unlikely that the behaviour of a-glycosidases is different from p-glycosidases when the
catalytic residues are changed. Therefore, care must be taken when activities are compared between
the two types of enzymes. Chemical rescue by small external nucleophiles is considered to be a
more important method to identify the catalytic residues, and has been successfully applied to many
glycoside hydrolases (Ly and Withers, 1999). With this strategy, again, a-glycosidases showed a
different tendency than [-glycosidases. Enzymes belonging to the former group could be
reactivated 1.2 to 67 fold whereas those belonging to the latter are reported to show a reactivation
of up to 10° fold, almost back to wildtype level (Debeche et al., 2002, Shallom et al., 2002a,
Shallom et al., 2002b, Wang et al., 1994, Viladot et al., 1998, Moracci et al., 1998).

Upon addition of azide or formate the activity of E117A was recovered up to 6.8 %,
whereas the wild-type activity was reduced with at least 20%. On the other hand, the activity of
E72A, E100A and D139A did not change in the presence of azide or formate. This 13.6 fold rescue
of activity by the addition of external nucleophiles provides further support that glutamate 117 is a
catalytic residue. Since no other carboxylic acid residue was completely conserved according to our
alignment, a prediction of the other catalytic residue was only possible after the elucidation of the
3-dimensional structure of the 4-a-glucanotransferase from Thermococcus litoralis (Imamura et al.,
2003). In the structure of the enzyme-acarbose complex it became evident that aspartate 214 of this
enzyme is the acid/base catalyst, whereas glutamate 123 acts as the nucleophile. Based on our
sequence alignment, 219 N-terminal residues of the GalA sequence were modelled against the
catalytic domain of  the structure, using  the program SWISS-MODEL
(http://swissmodel.expasy.org/). The sequence identity in that part is 18%, whereas homology is
34%. The model showed two carboxylic residues in close proximity of glutamate 117 (not shown).
At 8.3 A and 9.5 A distance from the proposed nucleophile aspartate 139 and glutamate 193 were
proposed as putative acid/base catalyst respectively. As the first proposed residue was not
supported by our experimental results the latter was studied by mutagenesis as well. However, the
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alignment shows that the direct region of glutamate 193 is not highly conserved between the o-
amylases and the a-galactosidases. Moreover, there is a shift of one residue between position 188
and 195. This has been observed in a more obvious fashion in for instance family 16, where a
missing methionine marks the difference between endo-p-1,3-1,4-glucanases and endo-B-1,3-
glucanases (Gueguen ef al., 1997). In the tertiary structure this might be overcome by a twist of the
B-strand or a beta-bulge (Hahn et al., 1995, Richardson et al., 1978).

E193A resulted in an enzyme with 12.6 fold decreased activity (Table 2.3). The addition of
azide or formate caused no increase of activity. This suggests that glutamate 193 is probably not the
acid/base catalyst in GalA. Moreover, this would imply that of two different glycoside hydrolases
from the same family the role of acid/base catalyst is played by a different carboxylic residue. This
is not in agreement with the classification criteria as defined by Henrissat (Henrissat, 1991). On the
other hand, it might be considered to classify GalA, and its orthologs from P. horikoshii and
Thermococcus alcaliphicus, in a new family that forms a clan with families 57 and 38.

Table 2.3 Relative activities of wildtype P. furiosus GalA, and mutants under standard conditions and upon addition of
azide or formate as external nucleophiles. Activities are given in percentages, with 100 % activity for the wildtype
GalA under standard conditions as stated in the materials and methods section. Assays are performed with heat stable
cell free extracts. Activities are corrected for spontaneous hydrolysis and hydrolysis by cell free extracts of E. coli cells
harboring a pET24d vector without gene insert.

standard + 1M azide +2M azide + 4M formate
GalA Wildtype 100 51.3 79.14 74.28
E72A 9 9.5 ND ND
E100A 2.5 2.75 ND ND
E117A 0.52 4.74 4.84 6.78
D139A 7 6.75 ND ND
E193A 7.91 ND 2.33 4.30

ND = not determined.

In conclusion, the GalA from Pyrococcus furiosus functions as a bacterial-like o-galactosidase,
however, without the capacity to hydrolyze polysaccharides. Since it is the first study of an a-
galactosidase from a hyperthermophilic archaeon it is not surprising that GalA is the most thermo-
active and thermostable a-galactosidase described to date. This is reflected by an optimum
temperature of 115 °C and a half-life time of activity of 15 hours at 100°C. The uniqueness of GalA
is its amino acid sequence. It shows no homology to other a-galactosidases, but rather to o-
amylases from family 57. Based on our results and recent work from Imamura and coworkers
(Imamura et al., 2001) we conclude that glutamate 117 is the catalytic nucleophile. Furthermore,
we could not support the hypothesis that acid/base catalysis is performed by glutamate 193, which
makes classification within family 57 arguable. Finally, our results show that the glutamates at
position 72, 100 and 193 and the aspartate at 139 are not one of the catalytic residues, but play an
important role in catalysis.
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Chapter 3

Abstract

Pyrococcus furiosus laminarinase (LamA, PF0076) is an endo-glycosidase that hydrolyzes -1,3-
gluco-oligosaccharides, but not -1,4-gluco-oligosaccharides. We studied the specificity of LamA
towards small saccharides by using 4-methylumbelliferyl B-glucosides with different linkages.
Besides endo-activity, wild-type LamA has some exo-activity, and catalyzes the hydrolysis of
mixed-linked oligosaccharides (GlcB4GIcP3GIc-MU (Gle = glucosyl, MU = 4-
methylumbelliferyl)) with both B-1,4 and B-1,3 specificities. The LamA mutant E170A had
severely reduced hydrolytic activity, which is consistent with Glul70 being the catalytic
nucleophile. The E170A mutant was active as a glycosynthase, catalyzing the condensation of -
laminaribiosyl fluoride to different acceptors. The best condensation yields were found at pH 6.5
and 50 °C, but did not exceed 30%. Depending on the acceptor, the synthase generated either a [3-
1,3 or a -1,4 linkage.

Introduction

For the biocatalytic production of oligosaccharides, glycoside hydrolases are of interest because of
their generally simple heterologous production and the availability of low-cost substrates. Synthesis
of oligosaccharides is achieved by thermodynamically controlled reverse hydrolysis and kinetically
controlled transglycosylation, which both require high substrate concentrations and low water
activity, often achieved by elevated temperatures and the addition of organic solvents. Final yields,
however, do not exceed 50% because the product is a substrate of the enzyme’s hydrolase activity.
Increased yields have been obtained at higher temperatures with thermophilic enzymes (Boon et al.
1998, Kaper et al. 2001). Currently, a maximal yield can be accomplished only by using
glycosynthases, glycoside hydrolases in which the catalytic nucleophile has been replaced by a
small non-catalytic amino acid residue (Mackenzie et al. 1998). Glycosynthases couple activated
glycosyl donors, which have the opposite anomeric configuration to that of the normal substrate, to
a range of acceptors. Because these enzymes cannot hydrolyze the product, they carry out
transglycosylation efficiently (Fig. 3.1). Typical product yields are 65-80%, but some studies have
reported yields of up to 100% (for reviews, see Moracci et al. 2001, Planas and Faijes 2002,
Williams and Withers 2002). The glycosynthase strategy has now been applied to five exo-
B—glycosidases (Mackenzie et al. 1998, Trincone et al. 2000, Nashiru et al. 2001, Jakeman and
Withers 2002, Perugino et al. 2003), four endo-B-glucanases (Malet and Planas 1998, Fort et al.
2000, Hrmova et al. 2002, Jahn et al. 2003) and an exo-o-glucosidase (Okuyama et al. 2002). The
combination of two endo-glycosynthases resulted in the efficient synthesis of hexasaccharides
through the sequential transglycosylation of different disaccharides (Faijes et al. 2001).

The B-glucansynthase from Bacillus licheniformis is an efficient enzyme, mainly because of
its very strict regio- and stereospecificity (Malet and Planas 1998, Faijes et al 2003), traits that are
also observed in the original wild-type hydrolase (Malet and Planas 1997, Planas 2000). The endo-
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B-1,3-1,4-glucanase hydrolyzes the B-1,4 glycosidic bond in a 3-O-substituted glucopyranosyl unit
of mixed-linked glucans (Planas 2000). The enzyme is classified in Family 16 of glycoside
hydrolases (Henrissat 1991), which also comprises endo-§3-1,3-glucanases. Both types of Family 16
enzymes have an amino acid homology of 15-30%. The endo-B-1,3-1,4-glucanases, also called
laminarinases, hydrolyze mixed-linked glucans such as lichenan, but prefer B-1,3-glucans such as
laminarin, in contrast to the endo-B-1,3-1,4-glucanases, or lichenases. Therefore, we were
interested in the behavior of a laminarinase, not only as a hydrolase, but also as a glycosynthase,
particularly with respect to its specificity and efficiency.

The laminarinase (LamA, PF0076) from Pyrococcus furiosus is an extremely thermostable
(t, 100 °C = 16 h) and thermoactive (To, = 100-105 °C) endo-B-1,3-glucanase (Gueguen et al.
1997, Chiaraluce et al. 2002) that has been reported to hydrolyze laminarin-oligosaccharides, but
not cello-oligosaccharides and polysaccharides (Driskill et al. 1999). Hydrolysis of mixed linked
oligosaccharides has never been reported. However, polysaccharides containing both 3-1,3 and [3-
1,4 linkages are hydrolyzed by LamA to a certain extent, but the glycosidic linkages of the products
have not been identified (Gueguen et al. 1997). The same holds true for products generated in
glycosylation reactions with laminarin-oligosaccharides (Driskill et al. 1999). Therefore, it is still
unclear whether the enzyme hydrolyzes or synthesizes -1,3 glycosidic linkages only or also B-1,4
bonds. Here we report on the hydrolytic specificity of LamA towards a series of small synthetic 4-
methylumbelliferyl (MU) glucosides. In addition, the glycosynthase activity of a LamA nucleophile
mutant was studied and compared with the activity of 1,3-1,4-B-glucansynthase from B.
licheniformis.
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Figure 3.1 Transglycosylation and glycosynthase reactions catalyzed by retaining glycosidases. (A) Transglycosylation or hydrolysis (R = hydrogen)
catalyzed by a wild-type glycosidase. (B) Glycosynthase reaction catalyzed by a nucleophile mutant glycosidase.
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Material and Methods

General - NMR spectra were recorded on a Varian Gemini-300 spectrometer (Varian, Palo Alto,
CA) in deuterium oxide (D,0). Chemical shifts (8 in ppm) were referenced to residual DMSO (0y
2.49) or dsDMSO (8¢ 39.7) as internal standards for 'H or °C NMR, respectively. Mass spectra
were recorded on a VG Autospec spectrometer (Waters-Micromass Technologies, Milford, MA) by
the fast atomic bombardment (FAB) technique with an NaCl matrix.

Enzymes - The LamA mutant, E170A, was prepared by overlap extension polymerase chain
reaction (PCR) (Ho et al. 1989) with the primers BG892, 5-
AAATTGTGGAGCGATCGACATATGGAGT-3’, (sense) and BG893, 5’-
ACTCCATTATGTCTATCGCTCCACAATTT-3’, (antisense). Both recombinant wild-type and
E170A mutant LamA proteins were expressed in Escherichia coli BL21 (DE3) (Stratagene, La
Jolla, CA) and purified as previously reported (Gueguen et al. 1997, Kaper et al. 2001). The purity
of the enzyme preparations was greater than 95% as judged by SDS-PAGE, according to Laemmli
(Laemmli 1970). Enzyme concentrations were determined by UV spectrometry based on an €5 =
83,070 M'em™ and a molecular weight of 30,085 g mol™, as calculated by ProtParam (Gill and
Von Hippel 1989).

Substrates - Substrates used in this study are shown in Fig. 3.2. 4-Methylumbelliferyl -
laminaribioside (1), 4-methylumbelliferyl 3-O-B-cellobiosyl-B-D-glucopyranoside (2), and 4-
methylumbelliferyl 3-O-B-cellotriosyl-B-D-glucopyranoside (3) were synthesized as reported
previously (Malet et al. 1995). 4-Methylumbelliferyl B-cellobioside (4) was obtained as described
by Van Tilbeurgh et al. (1982), and 4-methylumbelliferyl B-D-glucoside (5) was obtained from
Fluka (Buchs, Switzerland). o.-Laminaribiosyl fluoride (6) was prepared as described by Malet and
Planas (Malet and Planas 1998) by reacting laminaribiose peracetate with hydrogen fluoride in
pyridine, followed by de-O-acetylation with sodium methoxide in methanol.

OH
OH OH OH o
H 1) 10) HO
% ”8&0 0.0 HoL7~d Ho R
N OH
OH | OH OH
4
1 n=1
3 n=3 OH o Hg )
_ Hojsg;s _ :S;,;ﬁ
5 n=0 OH OH
6

Figure 3.2 Substrates for wild-type and E170A LamA used in this study: 1 = 4-methylumbelliferyl B-laminaribioside (GlcB3GlcB-MU); 2 = 3-O-B-
cellobiosyl-B-D-glucopyranoside (Glc4GleB3Glef-MU); 3 = 3-O-B-cellotriosyl-B-D-glucopyranoside (Glef4Glef4GleB3Glef-MU); 4 = 4-
methylumbelliferyl B-cellobioside (GlcB4Glef-MU); 5 = 4-methylumbelliferyl B-D-glucoside (Glcf-MU); 6 = o-laminaribiosyl fluoride
(GlcB3GlcoF).
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Hydrolytic activity of wt and E170A enzymes

Kinetics with laminarin as substrate - Reactions were performed with 0.5% laminarin in 100 mM
sodium phosphate buffer, pH 6.5, and 0.02 uM wild-type enzyme or 1 uM E170A mutant, at 80°C.
Aliquots of the reaction were withdrawn at 10-min intervals, and the increase in reducing power
was determined by the dinitrosalicylic (DNS) method (Miller 1959), with glucose as the standard.

Kinetics with 4-methylumbelliferyl glycoside substrates - Kinetics with Substrates 1 and 2 were
performed by measuring changes in UV absorbance at 365 nm due to the release of 4-
methylumbelliferone with a Varian Cary 4 spectrophotometer with a Peltier temperature control
system. Rates of enzyme-catalyzed hydrolysis were determined by incubating the substrate (0 - 8
mM) in phosphate buffer(100 mM, pH 6.5) for 5 min in a thermostated cell holder at 80°C,
followed by addition of the corresponding enzyme (0.02 uM for wild-type or 1 uM for E170A) and

monitoring the absorbance change at A = 365 nm (molar extinction coefficient, Ae = 4452 M'cm™).

High performance liquid chromatography (HPLC) - Reaction mixtures containing the substrate
(4 mM) and wild-type LamA (20-200 nM) in phosphate buffer (100 mM, pH 6.5) were incubated at
80°C. Aliquots were taken at different time intervals and analyzed by HPLC in a Nova-Pak C18
column (4um, 3.9x150 mm) (Waters, Milford, MA) The flow rate was 1| mL min”, with 16%
MeOH in 50 mM phosphate buffer (pH 6.5) as the mobile phase, and detection at 316 nm. Only
products containing the 4-methylumbeliferyl chromophore were detected at this wavelength. Yields
were calculated from the peak areas based on the corresponding response factor determined for free
4-methylumbellyferone (8770 area mM™) and for 4-methylumbelliferyl glycosides (7603 area mM
1, respectively. Chromatographic peaks were identified by co-injection with independent standards.

Glycosynthase activity of E170A LamA - o-Laminaribiosyl fluoride (6) (1 mM) and different
glycosyl acceptors (5 mM) were dissolved in phosphate buffer (100 mM, pH 6.5) and pre-incubated
for 5 min. The E170A mutant (2-7.5 uM) was added and the reactions were incubated at 35, 50 or
76°C). Aliquots were taken at different time intervals, diluted with H,O and analyzed by HPLC as
described previously (mobile phase 16-18%MeOH). New chromatographic peaks were first
tentatively identified by co-injection with independent standards. Control reactions without enzyme
were performed to assess the absence of any uncatalyzed condensation. The thermal stability of o-
laminaribiosyl fluoride (6) was analyzed in phosphate buffer (100 mM, pH 6.5) by monitoring
fluoride anion release with a fluoride selective electrode (Sentek, Essex, U.K.), interfaced with a
CiberScan Bench pH/ion meter (Eutech Instruments, Nijkerk, The Netherlands) as previously
reported (Faijes et al. 2003).

Preparative glycosynthase reactions - o-Laminaribiosyl fluoride donor (6) (10.6 mg, 0.031
mmol, 1 equivalent), acceptor 1 or 2 (5 equivalents), and E170A LamA mutant (0.6 mg) were
dissolved in phosphate buffer (100mM, pH 6.5, 5.5 ml) and incubated at 50 °C for 2 days. Samples
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(10 uL) were withdrawn, diluted 1:10 with H,O and analyzed by HPLC (Nova-Pak C18, MeOH
18%). During the reaction, more donor was added (final conditions: 6.9 ml, 40 mg donor). After
centrifugation to remove traces of precipitate, the reaction mixture was loaded directly onto a
reverse-phase Lichoprep RP-18 Lobar-A column (Merck, Whitehouse Station, NJ) and eluted with
an H,O:MeOH gradient from 0 to 25%. Fractions were freeze-dried.

a) GlcB3GlcaF (6) + Glcf-MU (5) glycosynthase reaction - Unreacted acceptor was eluted first.
Then, the trisaccharide GlcB3GlcB4GlcB-MU was obtained: m/z (FAB) 685 [M+Na]". 'H NMR
(D;0, 30 °C) § 2.42 (s, 3 H, CH3), 3.34-4.08 (m, 18H, H-2"", H-3"" H-4"" H-5"" H-62"" H-
6b'™™), 4.60 (d, J,= 8.1 Hz ,1H), H-1", 4.80 (d, 1H, H-1"), 5.23 (d, J,,= 7.5 Hz, 1H, H-1"), 6.22
(s, 1H, H-3"), 7.04 (s, 1H, H-8"), 7.10 (d, Js ¢= 9.6 Hz, 1H, H-6"), 7.69 (d, Js» = 9.0 Hz, 1H, H-
5%). *C NMR (D,0, 30 °C) §18.6 (CH3), 60.4-61.4 (C-6"""), 68.7, 70.2(C-4""), 73.2-76.6 (C-2"™",
c-3- M c-5Mhy) 78.8 (C-4Y), 84.7 (C-3"), 100.2-104.2 (C-1"™, C-8°),111.9 (C-3°), 114.5 (C-6"),
116.0 (C-4a’), 127.3 (C-5’), 154.5 (C-4’), 156.8 (C-12’), 160.1 (C-7), 165.2 (C-2°).

The third fraction was a minor compound tentatively assigned as the trisaccharide
Glc3Gle3GleB-MU. It was treated with wild-type LamA and the disaccharide Glcf3Glcp-MU was
detected by HPLC.

(b) GlcB3GlcaF (6) + Glef3GleB-MU (1) glycosynthase reaction - First, unreacted acceptor was
eluted, followed by the tetrasaccharide GlcB3GlcB3GlcB3GlcB-MU: m/z (FAB): 847.251 [M+Na]"
(calculated 847.248). '"H NMR (D-0, 30 °C) & 2.42 (s, 3 H, CHs), 3.34-4.01 (m, 24H, H-2""V, H-3"
YV H-4"Y H-5"Y, H-6a"", H-6b""), 4.76-4.87 (3H, H-1"™), 5.23 (d, J.,= 7.5 Hz, 1H, H-1"), 6.23
(s, 1H, H-3"), 7.06 (s, 1H, H-8"), 7.10 (d, Js¢= 9.6 Hz, 1H, H-6"), 7.69 (d, Js ¢= 9.0 Hz, 1H, H-
5%). BC NMR (D,0, 30 °C) §18.7 (CHs), 61.0, 61.3 (C-6""), 68.4-70.5, (C-4""), 73.2-76.6 (C-2"
Vo c-3Y, c-5'Y), 84.4-84.8 (C-3""), 100.0-104.2 (C-1"", C-8%), 111.8 (C-3°), 114.4 (C-6"), 115.8
(C-4a’), 127.2 (C-5"), 154.3 (C-4"), 156.6 (C-1a’), 159.9 (C-7°), 164.9 (C-2").

A second condensation product corresponding to  the tetrasaccharide
GlcB3GIcB4GIcP3GIcP-MU was isolated: m/z: calculated for C;sHss0,3Na: 847.250; found:
847.248. "H and >C NMR are identical to those reported in Faijes et al. (2003).

Results and discussion

Hydrolase activity and specificity of wild type LamA

The glucoside 5, and the cellobioside 4 were not hydrolyzed by wild-type LamA, whereas the 4-
methylumbelliferyl laminaribioside 1 and the mixed-linked oligosaccharides GlcB4GlcB3Glcf-MU
(2) and GlcB4GlcP4GIcP3GIcf-MU (3) were substrates. Cleavage specificity was determined by
HPLC (Figures 3A-C). Only chromophoric products (free MU and MU-glycosides) were analyzed
(UV detection at 316 nm), and identified by co-injection with independent standards. Reactions
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were performed at low enzyme concentrations to extend the time course and allow the detection of
transient intermediates.

Hydrolysis of 4-methylumbelliferyl laminaribioside (GluB3GIuf-MU) (1) by LamA produced an
MU concentration of up to 70% of the initial substrate concentration, and 15% GlcB-MU (5) was
formed after 400 min (10% GlcB3GlcB-MU substrate was not hydrolyzed). Therefore, we
concluded that the laminaribioside 1 was hydrolyzed at the glycosidic bond with the aglycon and at
the B-1,3 bond with a cleavage ratio of 4.5 to 1. The disaccharide isomer, Glcf4Glc-MU (4), was
not hydrolyzed by LamA, indicating that the enzyme does not accept -1,4 linkages between the
glucosyl units in subsites -1 and -2, but accepts B-1,3 linkages in this position. (Enzyme subsites are
defined as the set of amino acid residues in the binding site (cleft) that interact with a
monosaccharyl unit of the oligomeric substrate, and are numbered as -1, -2, ..., -n, for subsites on
the non-reducing end, and +1, +2, ..., +n, on the reducing end of the saccharide ligand from the site
of cleavage (scissile glycosidic bond).)
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With the GlcB4GlcB3GlcB-MU (2) substrate (Fig. 3.3B), Glcf3Glc-MU (1) was initially formed

(up to 3%), but was then hydrolyzed, and Glc-MU (1%) and MU (85%) were the final hydrolysis
products after 400 min of reaction (10% of the substrate was not hydrolyzed). Because GlcB4Glcp-
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MU (4) was not hydrolyzed, the Glcf-MU formed as the final product was unlikely to have been
formed by cleavage of the B-1,3 bond of the trisaccharide, but was likely formed by hydrolysis of
the initial disaccharide product 1. Formation of this transient disaccharide indicates that the enzyme
can also hydrolyze the B-1,4 glycosidic bond of the B1,4-1,3-trisaccharide substrate. Finally, the
tetrasaccharide Glcf4GlcB4GlcB3GlcB-MU (3) was hydrolyzed with the release of MU (Fig. 3.3C),
and no other shorter chromophoric oligosaccharides were detected.

Even though LamA is an endo-glycosidase, as previously established for the enzyme-
catalyzed hydrolysis of B-1,3-glucans (Gueguen et al. 1997), the cleavage pattern for Glc3Glcp-
MU (1) and GlcB4GIcB3GlcB-MU (2) shows that it has some detectable exo-activity on simple
oligosaccharides, with both B-1,4 and B-1,3 specificity. Comparison with other laminarinases
indicates that this behaviour is unique. However, it should be noted that studies on substrate
specificity of laminarinases are not as extensive as those on lichenases from Family 16. LamR from
Rhodothermus marinus has endo-activity on laminarin, but shows some exo-activity on
oligosaccharides (Petersen et al. 2000, Borriss et al. 2003). Additionally, both B-1,3 and B-1,4
specificities have been reported fro LamR; the enzyme hydrolyzes mixed-linked -1,3-1,4 glucans
with B-1,4 glycosidic bonds with higher specific activity than -1,3 glucans. Moreover, activity on
cello-oligosaccharides, but not on polysaccharides, has also been reported (Petersen et al. 2000).
Hydrolysis of B-1,4 bonds of carboxymethyl cellulose has been observed with the putative
laminarinases GluA and GluC from Lysobacter enzymogenes (Palumbo et al. 2003). However, the
lichenase Licl6A from Clostridium thermocellum hydrolyzes lichenan and barley B-glucan, but
with B-1,3 cleavage specificity (Fuchs et al. 2003). These examples illustrate that the specificities
of laminarinases and lichenases in Family 16 of glycoside hydrolases cover a broad spectrum and
require reclassification based on sequence similarity and substrate specificity criteria.

The substrate Glcf3GIcB-MU (1) was selected as the reference substrate for the wild-type
LamA glycosidase activity because it is preferentially hydrolyzed with release of the chromophoric
aglycon, MU. The reaction follows Michaelis-Menten kinetics (Fig. 3.4) with ke, = 4.22 £ 1.69 st
and Ky =0.93 £0.79 mM.

4_
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o 2]
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0_| T T T T
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Figure 3.4 Kinetics of hydrolysis of GlcB3Glc-MU (1) catalyzed by 0.02 uM wild-type LamA from Pyrococcus furiosus in 100 mM phosphate
buffer, pH 6.5, at 80°C. Abbreviations: v, = initial velocity; [E] = enzyme concentration; and [S] = substrate concentration.
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Hydrolase and Glycosynthase activity of E170A

Residue Glul70 of Pyrococcus furiosus laminarinase is proposed to act as the catalytic nucleophile
(Gueguen et al. 1997), based on sequence similarity with other family 16 glycosyl hydrolases for
which the catalytic residues have been experimentally identified (Juncosa et al. 1994, Viladot et al.
1998, Planas 2000). The Glul70 rsidue was replaced by alanine to produce the mutant LamA,
E170A, to confirm the role of Glul70 as an essential catalytic residue in the hydrolytic mechanism,
and to evaluate its potential as a glycosynthase.

Table 3.1. Hydrolase activity of wild-type and E170A LamA on laminarin and 4-methylumbelliferyl B-glycosides.
Reactions took place at 80°C in 100 mM phosphate buffer, pH 6.5, containing 0.5% laminarin, or 4 mM MU-glycoside.
Activity was determined by the DNS method or as release of the chromophoric aglycon (MU = 4-

methylumbelliferone).
Substrate Wild-type E170A
Laminarin 832 Umg” 0.46 Umg’
GlcB3GlIcp-MU (1) 3755 410%™
GlcB4GIcB3GlcB-MU (2) 0.41s" 1.5:10% s
GlcB4GleB-MU (4) <10*s <10*s"
GleB-MU (5) <105 <10*s!

The hydrolase activity of the E170A mutant was measured with laminarin and several 4-
methylumbelliferyl B-glycosides as substrates, and compared with the hydrolase activity of the
wild-type enzyme (Table 3.1). With laminarin, the E170A mutant retained only 0.05% activity
relative to the wild-type enzyme, whereas a 10°-fold reduction was obtained with the
laminaribioside substrate 1. This effect is consistent with Glul70 being the catalytic nucleophile.

Table 3.2. Glycosynthase-catalyzed condensations of o-laminaribiosyl fluoride donor (6) with acceptors 5 and 1.
Conditions: 100 mM phophate buffer, pH 6.5, 50 °C, [donor] = 1 mM, [acceptor] = 5 mM, [enzyme] = 7.5 uM. Yields
were determined by HPLC after 24 h reaction. Boldface numbers indicate the linkage formed in the condensation
reaction.

Acceptor Product Yield (%)

GlcB-MU (5) GlcB3GleB4GlcB-MU (7) 20
GIcB3GleB3GlcB-MU (8) 3

GIcB3GleB-MU (1) GlcB3GleB4Glep3Glef-MU (9) 2
GlcB3GleB3GleP3Glef-MU (10) 25
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Because a laminaribiosyl unit binds productively in subsite -2/-1 (as deduced from hydrolysis of
GlcB3GIcB-MU (1) by wild-type LamA), o-laminaribiosyl fluoride (6) was used as the glycosyl
donor to determine whether the E170A mutant has glycosynthase activity with different acceptors.
Reactions were monitored by HPLC to detect MU-glycoside products. With GlcB-MU (5) as the
acceptor and a reaction temperature of 35°C, a trisaccharide product (yield = 2% after 3h reaction)
was obtained. When the reaction was performed at 50°C, the same trisaccharide was produced with
a maximum yield of 20% at 24 h (4.5% after 3h reaction). The yield did not increase with longer
incubation or with an increase in temperature to 76°C, at which the enzyme is probably more active
because of its thermophilic nature. The initial rate of condensation was higher at 76°C (17.7 x 10™
s) than at 50 °C (5.7 x 10 s™), but the yield of condensation product did not exceed 10% at the
higher temperature, most likely because of spontaneous hydrolysis of the a-glycosyl fluoride donor
(Faijes et al. 2003). The reaction at 50°C was performed on a semi-preparative scale (10 mg of
donor, 0.6 mg enzyme, two equivalents of acceptor) (Table 3.2). Two main products were isolated
after chromatographic separation of the reaction mixture. The first (20% yield, as determined by
HPLC) was identified as GlcB3GlcB4GlcB-MU (7) by NMR spectroscopy: a new signal at 6 4.60
ppm (J = 8.1 Hz), characteristic of H-1 for a B-1,4 glycosidic bond, was observed in the 'H NMR
spectrum, whereas the °C NMR spectrum showed the 4' and 3" carbons involved in glycosidic
linkages at & 78.8 and 84.7 ppm, respectively. This product was identical to that reported for the
glycosynthase reaction of the E134A mutant of Bacillus licheniformis endo-1,3-1,4-B-glucanase
with the same donor and acceptor molecules (Malet and Planas 1998). A second product (3% yield,
as determined by HPLC) was isolated; it was also a trisaccharide, tentatively assigned as
GIcB3GIcB3GIcP-MU (8), because addition of wild-type LamA to the glycosynthase reaction
mixture yielded Glcf3GlcB-MU (1) as well as Glc4GlcB-MU (4), resulting from hydrolysis of 8
and 7, respectively.

The reaction with E170A and GlcB3GlcB-MU (1) acceptor was also analyzed at 50°C
(Table 3.2). Two tetrasaccharide products were detected by HPLC with an overall initial rate
(vo/[E]) of 16.1 x 107 s and 27% yield after 10 h (Fig. 3.5A). To elucidate the regioselectivity of
the glycosynthase reaction, the mixture was digested with two glycosidases: LamA (1,3-B-
glucanase) and LicA (endo-1,3-1,4-B-glucanase from B. licheniformis), which only hydrolyzes [3-
1,4 glycosidic bonds on 3-O-substituted glucosyl units (Planas 2000). Analysis by HPLC revealed
that LicA degraded only the minor tetrasaccharide product of the glycosynthase reaction (Fig.
3.5C), indicating that the newly formed glycosidic bond was B-1,4 (GlcB3GlcB4GlcB3Glcf-MU
(9)). In contrast, LamA degraded the major tetrasaccharide product (Fig. 3.5D), which was then
assigned to GlcB3GlcB3GlcP3GIcB-MU (10). The structure of both tetrasacharides was confirmed
by 'H and >C NMR spectroscopy. Tetrasaccharide 9 was identical to the product reported for the
glycosynthase reaction of the E134A mutant 1,3-1,4-B-glucanase (Faijes et al. 2003). The major
tetrasaccharide 10 (25% yield) was unambiguously identified: the three signals corresponding to H-
1 in inter-glucosidic bonds were in the & 4.76-4.87 ppm region in the 'H NMR spectrum
(characteristic of B-1,3 bonds), whereas the '>’C NMR spectrum showed that three C-3 carbons were
involved in glycosidic bonds (& 84.4-84.8 ppm).

48



Endo-1,3-BGlucanase: Hydrolase and Glycosynthase

1
/ 2
A 5
3
' 4
| A~
1 3
/
B
5
| AN
1
/ 2
C 5
4

\m
.~
S

D

L UJRC R

0 5 10 15 20 25 30 35 40 45

retention time (min)

Figure 3.5 The HPLC analysis of reaction products. (A) glycosynthase reaction of E170A LamA with o-laminaribiosyl fluoride (6) and
GlcB3BGleB-MU (1); (B) glycosynthase reaction of E134A (endo-B-1,3-1,4-glucanase from B. licheniformis) with o-laminaribiosyl fluoride (6) and
GlceB3BGleB-MU (1); (C) digestion of the reaction mixture A with wild-type endo-B-1,3-1,4-glucanase from B. licheniformis; (D) digestion of the
reaction mixture A with wild-type LamA. Peaks in the chromatogram were identified by coinjection with independent standards. Peak labels: 1.
GlcB3Gle-MU (1) with retention time, tg = 17.2 min; 2. GleB3Glef3GleB3Gle-MU (10), tr = 31.1 min; 3. GleB3GlcB4Glef3Gle-MU (9), tr = 29.5
min; 4. MU, tg = 38.8 min; 5. GlcBf-MU (5), tg = 10.5 min; 6. unidentified hydrolysis product, tz = 20.1 min.
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In conclusion, LamA hydrolyzed mixed-linked oligosaccharides, confirming that the laminaribiose
moiety is the preferred substrate unit; however, the enzyme also showed exo-activity, hydrolysing
both B-1,3 and B-1,4 linkages. The E170A LamA mutant possessed glycosynthase activity,
catalyzing the condensation of o-laminaribiosyl fluoride (6) donor with Glcf-MU (5) and
GIcB3GlIcB-MU (1) as acceptors. The reaction was not regiospecific because both -1,3 and B-1,4
glycosidic bonds were formed; with the monosaccharide acceptor 5, a 7:1 ratio of B-1,4 to B-1,3
was obtained, whereas a 1:17 ratio was observed with the disaccharide acceptor 1. These results
contrast those reported for a Family 17 1,3-B-glucanase from barley (Hrmova et al. 2002), in which
the corresponding glycosynthase mutant (E231A) is regiospecific for B-1,3 glycosidic linkages.
Family 16 laminarinases seem to include a wider range of specificities. Transglycosylation
catalyzed by wild-type laminarinases from Oerskovia sp. and Spisula sachalinensis exclusively
produced B-1,3 linkages (Borriss et al. 2003), wherecas LamR from R. marinus catalyzed the
synthesis of both -1,3 and B-1,4 bonds (Krah et al. 1998). The efficiency of E170A LamA as a
glycosynthase is rather poor, at least with o-glycosyl fluoride as the activated donor, with
preparative yields not exceeding 30% in condensation products (yields not optimized). This is
probably a consequence of the hyperthermophilic nature of LamA from Pyrococcus furiosus. The
maximum temperature for hydrolase activity of wild-type LamA is 100-105 °C, and activity drops
to 10% at 50°C (Gueguen et al. 1997). The a-glycosyl fluoride donor is labile at high temperature
and is readily hydrolyzed above 50°C. Therefore, the temperature used in this study is a
compromise between donor stability and enzyme activity that renders conditions far from optimal.
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Chapter 4

Abstract

The family 16 endo-B-1,3 glucanase from the extremophilic archaeon Pyrococcus furiosus is a
laminarinase which in 7.9 M guanidinium chloride (GdmCl) maintains a significant amount of
tertiary structure without any change of secondary structure. The addition of calcium to the enzyme
in 7.9 M GdmCI causes significant changes to the near-UV CD and fluorescence spectra,
suggesting a notable increase in the tertiary structure which leads to a state comparable, but not
identical, to the native state. The capability to interact with calcium in 7.9 M GdmCl with a
consistent recovery of native tertiary structure is a unique property of this extremely stable endo-3-
1,3 glucanase. The effect of calcium on the thermodynamic parameters relative to the GdmCl-
induced equilibrium unfolding has been analyzed by circular dichroism and fluorescence
spectroscopy. The interaction of calcium with the native form of the enzyme is studied by Fourier
transformed infrared spectroscopy in the absorption region of carboxylate groups and by titration in
the presence of a chromophoric chelator. A homology-based model of the enzyme is generated and
used to predict the putative binding site(s) for calcium and the structural interactions potentially
responsible for the unusual stability of this protein, in comparison with other family 16 glycoside
hydrolases.

Introduction

Laminarinase endo-B-1,3 glucanase (E.C. 3.2.1.39) from the hyperthermophilic archaeon
Pyrococcus furiosus (pfLamA) maintains residual tertiary structure and intact secondary structure
elements in 7.9 M guanidinium chloride (GdmCI) [1]. The presence of residual tertiary interactions
under such extreme denaturing conditions is a peculiar property of this protein which makes it an
attractive model to investigate the role played by non-covalent interactions as structural
determinants of protein stability.

pfLamA belongs to family 16 glycoside hydrolases [2] (see URL http://afmb.cnrs-
mrs.fr/~cazy/CAZY/index.html). The enzymes in this family show a number of catalytic activities
and are characterized by a similar -jelly roll fold, which is better conserved than primary structure.
A similar fold has also been demonstrated in proteins that have been classified in different families
of glycoside hydrolases [3]. A considerable number of primary structures of family 16 are
available, however among the few crystal structures solved, detailed structural information on the
laminarinase subfamily is lacking [4].

The presence of at least one metal binding site is one of the common features in the crystal
structures of family 16 glycoside hydrolases [2, 4] and calcium has been reported to protect
pfLamA from heat-induced inactivation [5]. Indeed, previous sequence comparisons of the deduced
pfLamA primary structure have revealed that those residues presumably involved in metal binding
are conserved, in particular Asp-287 which is present in most of the family 16 enzymes, as well as
residues Glu-170 and Glu-175 which are involved in catalysis (pfLamA amino acid numbering
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used throughout manuscript) [5]. However, despite the sequence similarities with all the enzymes
of family 16, the unusual resistance to structural loss in 7.9 M GdmCl is a peculiar property of
pfLamA. To gain more information about the possible structural determinants of the unusual
stability of pfLamA, we performed multiple sequence alignments by applying Hidden Markov
Model using the SAM-T02 web pages [6]. pfLamA was found to be closely related to the
mesophilic k-carrageenase from Pseudoalteromonas carrageenovora (pcCar) (EC 3.2.1.83), a
family 16 glycoside hydrolases enzyme which cleaves the internal B (1 —4) linkages of
carrageenans, a linear polymer of galactopyranose residues linked by alternating o (1 —3) and 3 (1
—4) linkages, and whose crystal structure has been solved at 1.54 A resolution [2, 7]. The
homology to pcCar allowed us to use it as a template for molecular modeling of the pfLamA
structure. Interestingly, k-carrageenase in crystals binds seven cadmium ions, indicating that this
fold has several potential binding sites for metals [7]. Here we describe that in 7.9 M GdmCl
pfLamA interacts with calcium with a consistent regain of tertiary structure, as indicated by near-
UV CD and fluorescence spectra, without any change in the far-UV CD spectrum. The interaction
of calcium with the native form of pfLamA becomes evident by Fourier-transformed infrared
(FTIR) spectroscopy in the absorption region of carboxylate groups. We analyzed the binding of
the metal to the native enzyme in the presence of a chromophoric chelator, and present a structural
model of the protein that reveals potential binding sites for metals and that may provide clues about
the structural interactions potentially responsible for the extreme stability of pfLamA.

Materials and methods

Data collection - The three-dimensional crystal structures of a lichenase, the hybrid 1,3-1,4-B-D-
glucanase from Bacillus amyloliquefaciens and Bacillus macerans (b1,3-1,4Glc; PDB code:
2AYH), and of the catalytic domain of pcCar (PDB code: 1DYP) were taken from the Brookhaven
Protein Data Bank (PDB) [8]. The two structures were superimposed with the program CE [9] and
a sequence alignment was derived from the structural consensus. The alignment was manually
corrected to optimize the arrangement of insertions and deletions. The sequence of the 1,3-B-
glucanase from pfLamA was then lined up with the two sequences of the structural alignment, by
the program CLUSTALW [10]. The alignment obtained was manually modified to take into
account the structural information such as the observed and predicted secondary structural
elements, the structurally and functionally conserved amino acids, and the position of insertions
and deletions in the structures. The program HOMOLOGY in the package InsightIl [11] was used
for the processing of alignments and structures.

A search for B-glucanase structures displaying homology with pfLamA for a comparative
analysis was conducted in the PDB databank using PSI-BLAST [12] with two iterations. All the
hybrid and circularly permuted structures were rejected. The final selection consisted of two
lichenases: the 1,3-1,4-B-glucanases from Bacillus licheniformis (bl1,3-1,4Glc; PDB code: 1GBG)
and from B. macerans (bm1,3-1,4Glc; PDB code: IMAC).
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Model building - The three-dimensional structures of 51,3-1,4Glc and pcCar were used as
templates for the construction of a homology-derived model of pfLamA. Homology modelling was
based on the multiple sequence alignment constructed as described in the “Data collection” section.
Protein models were built with the MODELLER-4 package [13]. Ten different models at the
highest optimization level were built for the target protein. The model displaying the lowest
‘objective function’ value, which measures the violation of constraints from the template structures,
was selected [14]. Construction of slightly different models of the same protein structure can be
used as an indicator of the most variable and, therefore, less reliable regions in the folding. The
calcium ion was taken from the b1,3-1,4Glc structure and included in the model as a rigid body.
The quality of the final model was assessed with the programs Prosall [15] and PROCHECK [16].

Contact surface area for apolar atoms was calculated with the program PDB_ NP CONT [17]
that computes pair wise atom contact areas between apolar atoms from structural data. The program
is based on classification of points located on an interaction sphere around each atom and use a
method similar to that described by Connolly [18]. The total contact surface was then normalized
by the number of residues of the protein considered.

Ion pairs - lon pair interactions were determined using the program WHAT IF [19]. Two atoms of
opposite charge separated by a distance less than a defined threshold are defined as an ion pair. The
distance limits of 4.0 A, the value usually accepted [20], and 6.0 A were selected to identify,
respectively, “strong” and “weak” ion pairs. Atoms with positive charge were considered the side-
chain nitrogens in Arg and Lys. Atoms with negative charge were the side-chain oxygens of Asp
and Glu. Results with and without His residues are reported for completeness, however the
assignment of protonation state of such residue in a protein may be difficult.

Chemicals and buffers - GdmCI, 8-anilinonaphthalene-1-sulfonic acid ammonium salt (ANS),
1,4-dithio-DL-threitol (DTT), EDTA and laminarin were from Fluka. 3°,5 dinitrosalicylic acid was
purchased from Sigma. 5,5’-Br,-BAPTA was from Molecular Probes Europe BV (The
Netherlands). Buffer solutions were filtered (0.22 pm) and carefully degassed. All buffers and
solutions were prepared with ultra-high quality water (ELGA UHQ, U.K.). Buffers for calcium
titrations were prepared as described in [21].

Enzyme preparation and assay - pfLamA was functionally produced in Escherichia coli
BL21(DE3) with pLUWS532 and purified according to Kaper ef al. [22]. The protein concentration
was determined at 280 nm using a &30 = 83070 M x em™ calculated according to Gill and von
Hippel [23]. Enzyme activity was determined by measuring the amount of reducing sugars released
upon incubation in 0.1 M sodium phosphate buffer, pH 6.5, containing 5 mg/ml of laminarin, at 60
or 80 °C for 10 min, as described by Kaper et al. [22]. Calcium-depleted protein was obtained by
extensive dialysis with 100 uM EDTA and 100 uM EGTA in 10 mM Tris/HCI, pH 7.4. All the
precautions required to prevent Ca®” contamination were followed during the preparation and
storage of protein and buffer solutions [21]. Calcium-loaded protein refers to the protein in the
presence of 40 mM CaCl,.
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Spectroscopic techniques - Intrinsic fluorescence emission and 90° light scattering measurements
were carried out with a LS50B Perkin Elmer spectrofluorimeter using a 1.0-cm pathlength quartz
cuvette. Fluorescence emission spectra were recorded at 300 - 450 nm (1 nm sampling interval) at
20 °C with the excitation wavelength set at 290 nm. 90° light scattering was measured at 20 °C
with both excitation and emission wavelength set at 480 nm to check for the presence of aggregated
particles.

Far-UV (180 - 250 nm) and near-UV (250 - 320 nm) CD measurements were performed at 20
°Cin a 0.1-0.2 cm and 1.0-cm pathlength quartz cuvette, respectively. CD spectra were recorded on
a Jasco J-720 spectropolarimeter. The results are expressed as the mean residue ellipticity ([®])
assuming a mean residue weight of 110 per amino acid residue. In all the spectroscopic
measurements at pH 7.4, 100-250 uM EDTA was always present unless otherwise stated.

FTIR spectra were recorded on a Nicolet Magna 760 spectrometer (Nicolet) equipped with a
liquid nitrogen-cooled mercury-cadmium-telluride solid-state detector. Attenuated total reflectance
(ATR) spectra in solution were measured in a CIRCLE cell (Spectra Tech, Madison, WI) at 20 °C.
Protein samples (130 ul) of a 8 mg/ml protein solution in 20 mM Tris/HCl at pH 7.4, in the absence
or in the presence of 40 mM CaCl,, were placed in the CIRCLE cell with a ZnSe crystal rod. For
exchange of amide protons with deuterons, pfLamA was lyophilized and dissolved twice in D,O
buffer at 20 °C before measurements. A total of 512 interferograms at 2 cm™ resolution were
collected for each spectrum, with Mertz apodization and two levels of zero filling. The sample
chamber of the spectrometer was continuously purged with dry air to avoid water vapor
interference on the bands of interest. The background spectra were collected immediately before
the sample measurements and under the same conditions with the cell filled with everything but
protein. At the end of the measurements, after prolonged washing, a spectrum of the cell was
recorded to check for protein adsorption on the crystal rod [24]. Water vapor spectra were collected
by reduction of the dry-air purge of the clean cell. Difference spectra were normalized to an equal
protein content by normalizing spectra measured in H,O to an amide II absorbance of 0.04
(difference in absorbance between 1545 and 1490 cm™) and spectra measured in D,O to an amide
I’ absorbance of 0.06 (difference in absorbance between 1706 and 1636 cm™). The analysis of raw
spectra was performed with GRAMS.

Experiments with the fluorescent dye anilinonaphtalene-8-sulfonic acid (ANS) were performed
at 20 °C by incubating the protein and ANS at 1:10 molar ratio. After 5 min, fluorescence emission
spectra were recorded at 400 - 600 nm with the excitation wavelength set at 390 nm. The maximum
fluorescence emission wavelength and the intensity of the hydrophobic probe ANS depend on the
environmental polarity, e.g. on the hydrophobicity of the accessible surface of the protein [25].
Fluorescence quenching was carried out by adding increasing amount of acrylamide (0-100 mM )
to pfLamA solution (40 pg/ml) in 7.9 M GdmCl in the absence or in the presence of 40 mM CacCl,.
Emission spectra (300-450) were recorded at 20 °C, 10 min after each acrylamide addition with the
excitation wavelength set at 290 nm. The effective quenching constants were obtained from

modified Stern-Vollmer plots by analyzing Fo/AF vs 1/[acrylamide] (25 data points) [26].
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GdmCl induced unfolding and refolding - For equilibrium transition studies, pfLamA (final
concentration 40-50 pg/ml) was incubated at 20 °C at increasing concentrations of GdmCl (0 - 8
M) in 20 mM Tris/HCI, pH 7.4, containing 100 uM DTT and 100 uM EDTA and, when indicated,
40 mM CaCl,. After 24 h equilibrium was reached and intrinsic fluorescence emission and far-UV
CD spectra (0.2-cm cuvette) were recorded in parallel at 20 °C. To test the reversibility of the
unfolding, pfLamA was unfolded at 20 °C in 7.8 M GdmCl at 0.8 mg/ml protein concentration in
25 mM Tris/HCI, pH 7.4, containing 100 uM DTT and 100 pM EDTA, in the presence and absence
of 40 mM CaCl,. After 24 h, refolding was started by 20-fold dilution of the unfolding mixture, at
20 °C, into solutions of the same buffer used for unfolding containing decreasing GdmCl
concentrations. The final enzyme concentration was 40 pg/ml. After 24 h, a time that was
established to be sufficient to reach equilibrium, intrinsic fluorescence emission and far-UV CD
spectra were recorded at 20°C.

Data analysis - Far-UV CD and near-UV CD spectra from GdmCl and Ca®" titrations were
analyzed by the singular value decomposition algorithm (SVD) [1, 27] using the software
MATLAB (MathWorks, South Natick, MA). SVD is useful to find the number of independent
components in a set of spectra and to remove the high-frequency noise and the low-frequency
random error. CD spectra in the 210-250 nm region or in the 250-310 region (0.2 nm sampling
interval) were placed in a rectangular matrix A of n columns, one column for each spectrum
collected in the titration. The A matrix is decomposed by SVD into the product of three matrices:

A = UxS+V" where U and V are orthogonal matrices and § is a diagonal matrix. The columns of U
matrix contain the basis spectra and the columns of the V matrix contain the denaturant or the Ca**
dependence of each basis spectrum. Both U and V columns are arranged in terms of their
decreasing order of the relative weight of information, as indicated by the magnitude of the singular
values in S. The diagonal S matrix contains the singular values that quantify the relative importance
of each vector in U and V. The signal-to-noise ratio is very high in the earliest columns of U and V
and the random noise is mainly accumulated in the latest U and V columns. The wavelength
averaged spectral changes induced by increasing denaturant or Ca>* concentrations are represented
by the columns of matrix V, hence the plot of the columns of V versus the denaturant or Ca*"
concentrations provides information about the observed transition.

GdmCl-induced equilibrium unfolding was analyzed by fitting baseline and transition region
data to a two-state linear extrapolation model [28] according tq

H O
AGunfolding: AG 2 + myg [deCl] =-RT anunfolding (Eq 1)

where AGunfolding 1S the free energy change for unfolding for a given denaturant concentration,

AGHZO is the free energy change for unfolding in the absence of denaturant and m, is a slope term
which quantitates the change in AGuafolding Per unit concentration of denaturant, R is the gas
constant, 7" is the temperature and Kynfolding 15 the equilibrium constant for unfolding. The model
expresses the signal as a function of denaturant concentration:
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I+ m[X]+ O + mo[X])*exp[(-AG 2 -mg[X])/RT]
Yi= (Eq. 2)
1+ exp[(-AG 2 - mg[X]/RT]

where y; is the observed signal yn and yp are the native and denatured baseline intercepts, my and
mp are the native and denatured baseline slopes, [X]; is the denaturant concentration after the ith

addition, AGHZO is the extrapolated free energy of unfolding in the absence of denaturant, m, is the
slope of a G unfolding versus [X] plot, R is the gas constant and 7 is the temperature. The
[GAmCl]ys is the denaturant concentration at the midpoint of the transition and, according to
Equation 1, is calculated as:

H O
[GAmCl]os = AG 2/ mg (Eq. 3)

Calcium titrations and determination of binding constant - Calcium-depleted native pfLamA
(9-16 uM) was titrated with CaCl, in the presence of 24 uM of the chromophoric chelator 5,5’-Br;-
BAPTA [29]. 5,5’-Br,-BAPTA concentration was determined by measuring the absorbance at 263
nm using €395 = 1.6 x 10 M'x cm™ [21]. Titrations were performed at 20°C in 10 mM Tris/HCI
pH 7.5 by addition of 1-2 ul of CaCl, solutions ranging from 0.015 to 20.0 mM to a 1 ml protein
solution containing 24 uM 5,5’ Br,-BAPTA. Absorbance spectra were monitored between 200 and
450 nm after each Ca®" addition. To determine protein binding constants and number of binding
sites, the variation of 5,5’-Br,-BAPTA absorbance as a function of calcium addition was fitted by
non-linear analysis using the CaLigator software [21]. The quantity y* calculated by the program
was used as the measure of the goodness-of-fit. All the precautions required to prevent Ca’"
contamination were followed during the preparation and storage of protein and buffer solutions
[21].

Calcium titration of calcium-depleted pfLamA in 7.9 M GdmCl (25 mM Tris/HCI, pH 7.4
containing 200 uM DTT and 250 pM EDTA) was performed by addition of increasing CaCl,
concentrations (0-40 mM) under continuous stirring. 5 min after each CaCl, addition, near-UV CD
(240-320 nm, 22 uM protein concentration) and fluorescence (300-450 nm, 1.2 uM protein
concentration) spectra were recorded at 20°C. The spectral changes observed after each CaCl,
addition were not affected by longer incubation time. The concentration of unchelated Ca*" was
calculated by wusing the program WinMaxc Version 240 [30] (see URL
http://www.stanford.edu/~cpatton/maxc.html).
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Chapter 4

Results

Effect of calcium on pfLamA in 7.9 M GdmCl

Addition of CaCl, to calcium-depleted pfLamA in 7.9 M GdmCl, 25 mM Tris/HCI, pH 7.4,
containing 200 uM DTT, 250 uM EDTA, at 20 °C, causes significant changes in the enzyme
tertiary structure, as indicated by near-UV CD and intrinsic fluorescence emission spectra (Fig.
4.1A, B). At 40 mM CaCl, the 295 nm band of Trp, which is significantly reduced in 7.9 M
GdmCl, is restored with a concomitant regain of the negative ellipticity signal and of the fine
structure in the 260-270 nm region (Fig. 4.1A). The regain in aromatic chirality is accompanied by
a 1.5-fold decrease in fluorescence intensity at 342 nm and a blue shift from 357 to 343 nm in the
maximum fluorescence emission wavelength, a value close to that measured at 342 nm for the
native state (Fig. 4.1B). The far-UV CD spectrum in 7.9 M GdmCl, which is the same as that
measured in the absence of denaturant [1], is not affected by the addition of CaCl, (data not shown).
A titration of the enzyme in 7.9 M GdmCl with increasing amount of CaCl,, from 0.2 nM to 35
mM unchelated Ca*", and the analysis of the aromatic CD spectral changes at 295 nm indicates
that, above 120 uM of unchelated Ca>" concentration, no further changes are observed (Fig. 4.2).
The near-UV CD ellipticity changes at 295 nm induced by increasing CaCl, concentration (Fig.
4.2) were analyzed after removal of the high-frequency noise and the low-frequency random error
by SVD. The global changes in the spectral region 250-310 nm were analyzed by SVD that
indicates that only two spectral components contribute to the near-UV CD spectra. The most signif-
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Figure 4.1 Effect of calcium on the spectral properties of pfLamA in 7.9 M GdmCl. (A) Near-UV CD spectra were recorded in a 1 cm quartz cuvette
at 0.6 mg/ml protein concentration and (B) fluorescence spectra were recorded at 40 pg/ml protein concentration (290 nm excitation wavelength). All
the spectra were recorded at 20 °C after 24 h incubation of the protein in 20 mM Tris/HCI (pH 7.4) (- — ——) and in 7.9 M GdmCl at pH 7.4 in the
) and presence of 40 mM CaCly (-« ).
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icant singular values are 4.7 x 103, 1.0 x 103, and 0.1 x 10°. All the other singular values are well
below 10% of the largest singular value and progressively decrease approaching to zero. The first
and the second columns of the V matrix (V; and V;) show a similar dependence upon increasing
Ca”" concentration and both confirm that saturation occurs above 120 uM (data not shown). The
[@]9s data were analyzed by nonlinear regression analysis to define two limiting slopes,
intersecting at a value which suggests that essentially 2 moles of Ca*" per mole of enzyme are
necessary to reach an apparent saturation effect (Fig. 4.2). The intrinsic fluorescence emission
quenching at 342 nm measured upon unchelated Ca’" addition from 0.2 nM to 35.0 mM remains
unchanged above 120 uM Ca®", similarly to what observed for the near-UV CD ellipticity changes
(Fig. 4.2). The dependence of the spectral changes upon increasing Ca’" concentration is
hyperbolic, suggesting that binding of two Ca”" essentially produce the same signal changes either
on the decrease of the intrinsic fluorescence emission at 342 nm or on the regain of negative
ellipticity at 295 nm. A comparable result is obtained from the plot of the changes of the maximum
fluorescence emission wavelength (data not shown).
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Figure 4.2 Interaction of calcium with pfLamA. [@],s (O, 22 uM pfLamA in 7.9 M GdmCl) and fluorescence intensity at 342 nm (O, 1.2 pM
pfLamA in 7.9 M GdmCI) were measured from near-UV CD and fluorescence spectra (290 nm excitation wavelength) recorded at 20 °C, 5 min after
each Ca®" addition. [@],s is reported after removal of the high-frequency noise and the low-frequency random error by SVD. The two limiting
slopes, calculated by non-linear regression analysis to the [@],s data at 22 uM pfLamA, intersect at a point corresponding to [Ca®* unchelated] /
[pfLamA] = 2. The reported unchelated Ca>* concentrations, calculated according to [30], are 0.2 nM-35.0 mM and 0.2 nM-1.82 mM for [©]s and
fluorescence changes, respectively. The inset shows a plot of the decrease in 5,5’-Br,-BAPTA absorbance at 263 nm towards [Ca®"] in the absence
(@) and presence of 10 uM (M) and 20 uM ( A) native pfLamA in 10 mM Tris/HCI (pH 7.5), at 20 °C. The solid lines represent fitting of the data by
non linear analysis using the CaLigator software [21].
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Effect of calcium on the native pfLLamA

The near and far-UV CD spectra, as well as the intrinsic fluorescence emission spectrum of the
calcium-depleted native pfLamA, in 25 mM Tris/HCI, pH 7.4, containing 200 uM DTT and 250
uM EDTA, are not affected by addition of CaCl, up to 0.5 M (data not shown). The interaction of
calcium with the native enzyme was therefore studied by titration of pfLamA with CaCl, in the
presence of the chromophoric chelator 5,5’-Br,-BAPTA. The effect of calcium chelation on the
absorbance spectra of 5,5’-Br,-BAPTA is characterized by a decrease of the absorbance at 263 nm
accompanied by an increase in absorbance around 239 nm, with an isosbetic point at 247 nm [29].
A plot of the decrease in 5,5’-Br,-BAPTA absorbance at 263 nm towards [Ca®] gives a titration
profile, progressively shifted to the right in the presence of increasing pfLamA concentration (Fig.
4.2, inset). This indicates the affinity of the native protein for the cation that was quantitatively
analyzed by Caligator software [21]. At all protein concentrations tested, best fits of the
absorbance data (x> = 9.8 x 107) were obtained with two calcium binding sites and two
corresponding binding constants of 5.0 x 10’ M and 2.6 x 10° M, respectively, were found.
Fitting the data according to only one calcium binding site gave a single binding constant of 3.3 x
10’ M and a 3-fold higher x* value.

The effect of calcium on native pfLamA was also investigated by FTIR spectroscopy, in H,O
and in D,0, in the amide I, amide II and in the spectral region where the side chains of Asp and Glu
are known to exert their contributions [31, 32] (Fig. 4.3). In the presence of 40 mM Ca®', FTIR
absorbance spectra in H,O show an amide I region almost identical to that observed in the absence
of the cation, with the same maximum at 1634 cm™, and a shift of the amide II maximum from
1542 to 1544 cm™ which is accompanied by an increase in the amide II intensity (Fig. 4.3A). In
D,O, FTIR absorbance spectra of pfLamA in the presence and absence of calcium show a
maximum centred at 1632 cm™ and a band at 1560 cm™ (Fig. 4.3B). Similarly to what observed in
H,O0, the presence of the cation does not significantly affect the amide I’ region, in agreement with
the lack of any measurable change induced by the cation on the far UV CD spectrum. In D,O, a
decrease of the intensity in the amide II region and a shift of the amide II to 1455 cm™ are also
observed (Fig. 4.3B), similarly to what reported for other proteins upon deuteration [33, 34].
However, in the presence of Ca*" the decrease in intensity of the amide II’ region at 1544 cm’
observed in D,O is less pronounced (Fig. 4.3B, C), thus suggesting a reduced hydrogen-deuterium
exchange indicative of a more compact structure [35].

The region of antisymmetric stretching vibration (v,) COO™ mode of the unprotonated carboxyl
groups (1595-1550 cm™) and the region 1430-1390 cm™ corresponding to the symmetric stretching
vibration (vs) COO™ mode of the unprotonated carboxyl groups were explored [32, 36]. FTIR
difference absorption spectra were obtained by subtracting the absorption spectrum of the calcium-
depleted from that of the calcium-loaded form of pfLamA. Hence, positive peaks in the difference
spectrum correspond to increase in the intensities of the absorption spectrum upon calcium binding,
and vice versa (Fig. 4.3C). In DO, the binding of calcium gives rise to a main positive band
centred at 1547 cm™ and a minor peak at 1594 cm™ (Fig. 4.3C). In H,0, the difference spectrum is
comparable to that obtained in D,0, with a main positive peak centred at 1550 cm™, accompanied
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by a shoulder at about 1575 cm™ (Fig. 4.3C). The regions of the v; COO™ mode in H,O and in D,0
are also very similar, with a main positive peak at 1408 and at 1410 cm™, respectively. Besides the
Vas and vy COO™ (1595-1550 and 1430-1390 cm'l), in H,O two positive peaks are evident at 1466
and at 1385 cm™ similarly to the large shoulder at about 1468 cm™ and to the positive peak at 1380
cm” observed in D,O (Fig. 4.3C). Above 1610 cm™, in the amide I and amide I’ regions, both the
difference spectra are similar, without any significant change in the presence of calcium, thus
confirming the lack of changes in the secondary structure elements induced by the cation (data not
shown). The 1800-1700 cm™ region, corresponding to the C=0 mode of protonated carboxyl
groups, is not affected by the presence of calcium (data not shown).

Resolution enhancement by second derivative analysis of the FTIR spectra confirms the changes
observed in the difference spectra (Fig. 4.3D, E). Below the Tyr ring mode, which in D,O is down-
shifted from 1516 to 1514 cm™, the effect of calcium is evident, particularly in H,O, as an upshift
from 1396 to 1403 cm™ which is comparable to the upshift from 1400 to 1403 cm™ observed in
D,0. In the vy (1595-1550 cm™), the frequencies of the bands are not shifted by the presence of
calcium, neither in H,O nor in D,0, and an increased resolution of the band in the 1575-1550 cm™
interval is observed in H,O. In the presence of calcium, changes are observed also in frequencies
regions apparently not directly related to the v,s and vi COO’, such as a downshift from 1475 to
1468 cm™ and an upshift from 1377 to 1386 cm’ in H,0O, and a downshift from 1385 to 1382 cm’™!
n DzO.
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Figure 4.3 Effect of calcium on the IR spectra of pfLamA. Solution ATR- FTIR spectra of 8 mg/ml pfLamA were measured at 20°C in 20 mM
Tris/HC1 (pH 7.4) in a CIRCLE cell with a ZnSe crystal rod. A total of 512 interferograms at 2 cm’ resolution were collected for each spectrum.
Absorbance spectra of amide I and II in H,O (A) and in D,O (B) in the absence ( ) and in the presence of 40 mM CaCl, (- ).
Deconvolution of the amide I’ spectrum was used to identify the individual components in the amide I’ region by curve-fitting of the raw spectrum
(B). Inset in (B) shows the difference between the fitted curve and the original expanded 20 times. (C) Difference spectra in H,O (; , left axis)
and in D,O (- - — - — -, right axis) were obtained by subtracting the spectrum recorded in the absence of calcium from that in the presence of 40 mM
CaCl,. (D, E) Second derivative of the raw spectra in the amide II region measured in H,O (D) and in D,O (E) in the absence ( ) and in the
presence of 40 mM CaCl, (- ).
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Effect of calcium on the equilibrium transition in GdmCl

Incubation of pfLamA at increasing GdmCl concentrations (0-8 M) in 20 mM Tris/HCI, pH 7.4,
containing 100 uM DTT, 100 uM EDTA, and 40 mM CaCl, for 20 h at 20 °C results in a
progressive increase in the intrinsic fluorescence emission intensity at 342 nm (Fig. 4.4), with a
fluorescence maximum emission wavelength still centered around 342 nm (Fig. 4.4, inset). The
process follows a two-state mechanism without any detectable intermediates, as indicated by the
sigmoidal transition profiles shown in Fig. 4.4, similarly to what observed in the absence of Ca*". A
plot of the relative fluorescence intensity at 342 nm as a function of GdmCI concentration shows a
transition midpoint at 6.0 M GdmCl in the presence of Ca’" and at 6.7 M GdmCl in the absence of
Ca”". The enzyme, which is inactive in 7.9 M GdmCl in the presence and absence of CaCl,, was
fully reactivated upon dilution of the denaturant. The fluorescence changes were reversible and the

H O
AG 2 and m, values were calculated by nonlinear regression fitting of the data reported in Fig. 4.4,

according to Equation 2 and Equation 3. The AGHZO and mg values were 41.8 kJ/mol and 6.99
kJ/mol/M and 61.5 kJ/mol and 9.20 kJ/mol/M in the presence and absence of Ca”’, respectively,
suggesting an apparent decrease in protein stability in the presence of the cation. In the presence of
Ca®’, the analysis of pfLamA far UV CD spectra in the 210-250 nm region revealed no changes
upon increasing GdmCI concentration (data not shown), similarly to what has been reported for the
enzyme in the absence of Ca*" [1]. This result was confirmed by the reconstitution of the spectra
after SVD data analysis and by the random variation in magnitude and sign of the two most
significant columns of the V matrix as a function of denaturant concentration.

The fluorescence emission spectrum measured upon incubation in 7.9 M GdmCl and 40 mM
CaCl, is comparable to that resulting from the progressive addition of CaCl; to the protein in 7.9 M
GdmCl (Fig. 4.4, inset).

ANS fluorescence and Acrylamide quenching

The accessibility of hydrophobic residues upon incubation of pfLamA in 7.9 M GdmCl in the
presence and absence of Ca>" was compared by the analysis with the fluorescent probe ANS. The
fluorescence emission spectrum of ANS shows a modest, two-fold increase in intensity in the
presence of the protein in 7.9 M GdmCl, either in the presence and absence of 40 mM CaCl,,
without any change in the maximum fluorescence emission wavelength (data not shown). This
suggests that in 7.9 M GdmCI the hydrophobic surface area of the protein is not significantly
exposed.

The uncharged fluorescence quencher acrylamide was used to probe the accessibility of the
hydrophobic core and the dynamic properties of pfLamA in 7.9 M GdmCl in the presence and
absence of Ca’" in comparison with that of the native enzyme. Effective acrylamide quenching
constants from the modified Stern-Vollmer plots for the protein in the absence and presence of Ca*"
were 13.0 and 11.4 M in 7.9 M GdmCl and 7.9 and 6.9 M for the native enzyme, respectively.
These results suggest that Ca’" causes a decreased accessibility of protein fluorophores to the
quencher both in the native and in the 7.9 M GdmCl state.
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Figure 4.4 Effect of calcium on the GdmCl-induced fluorescence changes of pfLamA. Relative fluorescence emission intensity at 342 nm (290 nm
excitation wavelength) were recorded at 20 °C after 24 h incubation at varying denaturant concentration, in the absence (@, left axis) and presence of
40 mM CaCl, (M, right axis), as described in the text (see Materials and Methods). Continuous lines are the non-linear regressions to Equation 2 of
the fluorescence data. The reversibility points (empty symbols) were not included in the non-linear regression analysis. (Inset) the intrinsic
fluorescence emission spectra of pfLamA in 7.9 M GdmCl and 40 mM CaCl,: , the spectrum measured after 24 h incubation in 7.9 M GdmCl
in the presence of 40 mM CaCly; -+ , the spectrum resulting from the progressive addition of CaCl, to the protein after 24 h incubation in 7.9 M

GdmCl; — — — —, the spectrum of the native pfLamA in 20 mM Tris/HCI (pH 7.4). All the spectra were recorded at 20 °C.

Structural analysis

Estimation of secondary structure

A structural model for pfLamA has been generated on the basis of an alignment of its amino acid
sequence with that of two family 16 enzymes that have established crystal structures and that share
the highest sequence similarity with pfLamA: b1,3-1,4Glc and pcCar (Fig. 4.5). The resulting
pfLamA model has been analyzed in an attempt to unravel details of its extreme stability, and of its
calcium binding site(s). The relative contribution of secondary structure elements on pfLamA
model was calculated by the program DSSP [37] and corresponds to a 42.4 % of B-sheets, 2.6 % of
a-helices, 12.4 % turns (including residues in isolated -bridges) and 42.6 % loops. This result was
compared with the deconvoluted FTIR amide I’ region in D,O (Fig. 4.3B) which reveals nine
individual peaks centered at 1620, 1630, 1642, 1651, 1658, 1662, 1672, 1682 and 1690 cm™. The
main peak at 1630 cm” and the minor peak at 1620 cm” can be assigned to P-sheets and
correspond to 40.0 % and 1.0 % of the total amide I’ area, respectively, which is in good agreement
with the model and with the secondary structure prediction given by the server SSpro [38]. The
peak at 1642 cm™, 29.8 %, can be attributed to unordered structures [39] as well as to flexible loops
[40]. The assignment to flexible loops seems to be more satisfactory since pfLamA folds like the
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concanavalinA-like lectins [41] and a comparable band has been reported upon deconvolution of
the amide I’ of lectins [42]. Furthermore, the comparative analysis of the ten generated pfLamA
models reveals that the most variable regions, potentially reflecting the most flexible elements of
the protein structure, correspond to loop regions for 29.7 % of the total sequence. The band at 1651
cm™, 3.0 %, may be assigned to a-helices. The peaks at 1658 cm™ is 10.2 % of the amide I’ area
and can be assigned to loops with dihedral angles close to a-helix [42]. Noteworthy, the
Ramachandran plot of pfLamA model calculated by PROCHECK [16] shows 12.4 % of residues
within the region corresponding to right-handed a-helix; hence, the exclusion of residues really
involved in a-helix structures (2.6 %) results in a remaining 9.8 % of residues which may
correspond to loop regions with a-helix dihedral angles. The peaks at 1662, 1672 and 1682 cm™' are
assigned to B-turns [31, 34, 42] and correspond to 4.5, 6.1 and 3.1% of the total amide I’ area. The
peak centered at 1690 cm™ can be referred to antiparallel p-sheets [42] and correspond to 2.3 % of
total amide I’ (Fig. 4.3B). The relative content of secondary structure elements in amide I’ is in
agreement with that determined by FTIR in H,O and far UV CD spectroscopy [1] and corresponds
to that determined from the homology model of pfLamA.
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Figure 4.5 Multiple sequence alignment of pfLamA (lama_pyrfu) with structural templates of 51,3-1,4Glc (lich_bacam) and pcCar (kcar_pseca).
Single-letter code has been used for the amino acids. Dots represent deletions. Numbers above the sequences represent sequence numbering of
pfLamA. Invariant positions are boxed in black; aligned columns displaying an amino acid identity in two of the three sequences are boxed, and the
most conserved residue is shown in boldface. Secondary structures of lich_bacam and kcar pseca are reported in the first and the last line of each
block respectively; a-helices and B-strands are shown as squiggles and arrows respectively. The figure was generated by using the program ESPript
2.2 [43].
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Ion pairs

The number of ion pairs responsible for strong interactions (distance threshold of 4 A) in the
pfLamA model is 11, slightly higher than that observed in the lichenases b/1,3-1,4Glc and bm1,3-
1,4Glc, where the ion pairs are 8 and 9, respectively, but lower than that observed in pcCar which
displays 15 ion pairs. The inclusion of weak ion pairs (distance threshold of 6 A) leads to a
significantly higher number of potential ion pairs in the hyperthermophilic pfLamA, some of which
are involved in the formation of salt bridge networks. With the 6 A threshold, the number of ion
pairs in pfLamA increases to 45, whereas that of 5/1,3-1,4Glc and bm1,3-1,4Glc reaches 21 and 30,
respectively. Instead, the number of ion pairs in pcCar increases more than those in the two
lichenases and arrives at 44. The inclusion of His in the calculation of ion pair interactions
increases the difference between the pfLamA and the two lichenases. The strong ion pairs increase
from 8 to 9 and from 9 to 10 in b/1,3-1,4Glc and bm1,3-1,4Glc, respectively, whereas they rise
from 11 to 18 in pfLamA, and from 15 to 22 in pcCar. If weak ion pairs are also considered, the
number of total interactions reaches 63 in pfLamA and 33, 39 and 72 in b/1,3-1,4Glc, bm1,3-1,4Glc
and pcCar, respectively.

Calcium ions

Calcium ion in the model is bound in the convex face of the molecule, to the backbone carbonyl
oxygens of Glu-53, Gly-97 and Asp-287 and to side-chain carboxylate oxygens of Glu-53 and Asp-
287 (pfLamA amino acid numbering) (Fig. 4.6). Residues Glu-53, Gly-97 and Asp-287 correspond,
respectively, to Pro-9, Gly-45 and Asp-207 in b1,3-1,4Glc. Gly-97 (45) and Asp-287 (207) are
conserved among most of the family 16 B-glucanases whereas Glu-53 is apparently conserved only
in B-glucanases from thermophilic organisms.

Glu-246

Figure 4.6 Schematic representation of pfLamA model. Calcium ions are represented as grey spheres. Amino acid residues putatively interacting
with calcium are labelled and represented as sticks. The figure was prepared with DS ViewerPro 5.0 (Accelrys, San Diego, CA, U.S.A.).
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The cadmium ions of pcCar were used to investigate further potential binding sites for the calcium
ions in pfLamA. The cadmium ion bound in the active site most likely reflects a crystallization
artefact [7]. Another cadmium ion is bound on the convex face of the enzyme in a position
corresponding to the binding site of the calcium ion, above mentioned, in pfLamA. The remaining
five cadmium ions are bound to carboxylate oxygens of surface-exposed acidic amino acid
residues. The residues of pfLamA at the corresponding positions of the alignment that was used to
build the model do not show acidic residues except for Glu-239 (corresponding to Glu-241 in
pcCar). This Glu residue does not seem to be conserved in the B-glucanases of the family 16, not
even in those from other thermophiles. However, residues Glu-246 and Ala-247 in pfLamA are in a
suitable position to interact through, respectively, one carboxylate and the carbonyl oxigens with
the same calcium ion potentially bound to Glu-239 (Fig. 4.6). Moreover, Glu-246 and Ala-247 are
located within a loop region that is the most variable in the model (see Experimental). It is possible
that such loop is provided of lower conformational restrictions so as to arrange Glu-246 and Ala-
247 in the right position for the interaction with a calcium ion. Noteworthy, the loop conformation
with the effective orientation of these two residues is that belonging to the model with the lowest
‘objective function’ value, i.e. the most reliable model.

Apolar contact surface

The extension of the apolar contact surface reveals some differences. b/1,3-1,4Glc, bm1,3-1,4Glc
and pcCar display a total hydrophobic surface of about 11959, 12301 and 14980 A?, respectively,
corresponding to a surface per residue of 55.9, 58.0 and 55.3 A% The apolar contact surface of the
LamA model reaches an area of about 15907 A%, corresponding to a surface per residue of 60.2 A%

Discussion

In 7.9 M GdmCl, pfLamA tertiary structure can be consistently regained upon calcium addition.
The spectral properties of calcium-depleted pfLamA in 7.9 M GdmCl indicate the integrity of
secondary structure elements [1] with the persistence of residual tertiary structure which shows
significant alterations, such as the solvent exposure of some Trp residues, indicated by the red-shift
of the fluorescence emission maximum wavelength, and the loss of the asymmetric environment for
the Trp residue(s) contributing to the 295 nm band of the near-UV CD spectrum. The changed
spectral properties of the protein in 7.9 M GdmCl induced by calcium addition, i.e. the blue-shift of
the intrinsic fluorescence emission wavelength to 343 nm and the recovery of the Trp 295 nm band
in the near-UV CD spectrum, suggest a notable increase in the tertiary structure which leads to a
state very close to the native one. In the presence of Ca*" in 7.9 M GdmCl, the structure of pfLamA
is almost completely recovered, as judged from the spectral properties and the accessibility of
hydrophobic core is comparable to that of the native state, as suggested by ANS fluorescence and
acrylamide quenching. However the lack of catalytic activity confirms that this state is comparable,
but not identical, to the native state.
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Amongst the 380 carbohydrate active enzymes of family 16 glycoside hydrolases [2] (see URL
http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html), 6 out of the 16 3D-structures available in PDB
presents calcium ion(s) bound to the crystal structures. The interaction with Ca®" is also common
amongst the lectin-like proteins [44, 45] that share a similar fold with family 16 glycoside
hydrolases. The stabilizing effect of calcium on proteins is well known, however the capability of
pfLamA in 7.9 M GdmCl to interact with calcium with a consistent recovery of native tertiary
structure is, to the best of our knowledge, unprecedented. In 7.9 M GdmCl, metal binding should
be, at least in principle, highly unfavoured since it requires the presence of several lateral chains
locked in the proper orientation and within the correct relative distance. In this report we suggest
that pfLamA in 7.9 M GdmCl may still preserve the correct position of the residues involved in
metal binding, despite the perturbation of its tertiary structure induced by the denaturant. Indeed, in
7.9 M GdmCl the interaction between pfLamA and Ca>" displays the specificity typical for a
protein-ligand interaction, e.g. the saturability. Interestingly, this interaction shows the same
hyperbolic dependence upon increasing calcium concentration, independent of the spectral probe
used to follow the tertiary structure changes, suggesting that the process of structural regain of
pfLamA does not proceed via any detectable structural intermediate.

The two-state GdmCl equilibrium transition of calcium-loaded pfLamA leads to a state
indistinguishable from that obtained upon the progressive addition of calcium to the calcium-
depleted protein in 7.9 M GdmCl; this suggests that in the presence of calcium the state of the
enzyme in 7.9 M GdmCl is the same, independently from the way it was formed. The spectral
properties of this state are very similar to those of the p/LamA native state. Interestingly, the AG™,°
value relative to the GdmCI induced fluorescence changes of the calcium-loaded protein is 41.8
kJ/mol, a value relatively high if one considers the close structural similarity between the native
state and the calcium-loaded state in 7.9 M GdmCIl. This observation points out the remarkably
high thermodynamic stability of pfLamA, as also supported by the AG™,° value of 61.5 kJ/mol
relative to the partial unfolding of the calcium-depleted pfLamA, and suggests that much higher
AG™,° values may reflect the complete unfolding of this 31 kDa monomeric protein. High values of
free energy of stabilization are not unprecedented, and have been reported for some oligomeric [46]
and for one large monomeric protein [47], however the thermodynamic parameters determined for
pfLamA are associated with a state which is only partially denatured. The difference in
thermodynamic parameters for the GdmCl-induced fluorescence changes in the presence and
absence of calcium could lead to consider the calcium-loaded protein less stable than the calcium-
depleted protein. The decrease in thermodynamic stability is only apparent, since in 7.9 M GdmCl
the spectral properties of the calcium-loaded state are more similar to those of the native state
compared to those of the calcium-depleted state.

The relevant stability of pfLamA, as well as the residual tertiary structure in 7.9 M GdmCl
capable to interact with calcium, can be related to some peculiar features deduced from the
comparison of its homology-based model with the structures of the mesophilic counterparts. The
pfLamA model indicates that the number of ion pairs is almost doubled in comparison with the
closely related mesophilic lichenases [7] and that the extension of the hydrophobic contact surface
is significantly increased. Interestingly, these structural features are reported to be important for
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increasing the stability of thermophilic proteins [48, 49] and may also contribute in maintaining
pfLamA’s residual structure in 7.9 M GdmCl [50].

The native state of pfLamA does not show any fluorescence or dichroic signal changes upon
Ca”" addition, however the decreased accessibility of the native protein fluorophores to acrylamide
in the presence of calcium suggests a more compact structure as supported by the reduced
hydrogen/deuterium exchange observed in the FTIR amide II region in the presence of the cation
[35]. The result of Ca®" binding to the native state can be directly monitored from the changes in
intensity of the FTIR signal in the region of the antisymmetric COO  stretching vibration of the
carboxylate moiety of the amino acid side chains of Glu and Asp residues accompanied by an
upshift of the corresponding symmetric bands. This evidence is in line with the possible
involvement of Asp and Glu predicted by the homology modelling of pfLamA. The quantitative
analysis of calcium binding by 5,5’-Br,-BAPTA titration indicates that two Ca’" interact with
native pfLamA with high affinity. A correlation between protein stabilization and in vivo calcium
concentration in P. furiosus is difficult to establish at the moment, also in consideration of the
variability of Ca’" concentration in the marine hydrothermal environment [51]. The effect of
different metals on the residual tertiary structure of pfLamA is in progress to make a comparative
analysis with the structural changes induced by calcium and to gain information about the
interactions of metals with non-native states of proteins.
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Abstract

The structural characteristics and the activity of a hyperthermophilic endoglucanase were
investigated upon adsorption. Silica (hydrophilic) and Teflon (hydrophobic) surfaces were selected
for the study. The materials were specially designed so that the interaction of the particles with light
was negligible and the enzyme conformation in the adsorbed state was monitored in-situ. The
adsorption isotherms were determined, and the adsorbed endoglucanase was studied using a
number of spectroscopic techniques, enzymatic activity tests, and dynamic light scattering.
Experiments were performed at pH values below, at, and above the isoelectric point of the enzyme.
It was shown that the enzyme adsorbed on the hydrophobic surface of Teflon with higher affinity as
compared to the hydrophilic silica nanoparticles. In all cases, adsorption was followed by (slight)
changes in the secondary structure resulting in decreased f-structural content. The changes were
more profound upon adsorption on Teflon. The adsorbed enzyme remained active in the adsorbed
state in spite of the structural changes induced when interacting with the surfaces.

Introduction

Hyperthermophiles thrive in natural superheated environments above 100°C in subterranean
geothermally heated biotopes and hydrothermally heated rocks in the deep sea and in artificial
settings such as hot outflows from power plants [1-4]. The stability of hyperthermophilic
microorganisms and of their biomolecules under such extreme conditions opened a challenging
research field with very promising applications [1]. In many biocatalytical and biotechnological
processes proper yields are reached only under extreme conditions of temperature. Most
microorganisms and enzymes lose activity in such immoderate environments, but
hyperthermophiles and hyperthermostable enzymes form an exception to this rule [4]. Increasing
the temperature in the production line results in higher rate constants and higher diffusion
coefficients that lead to more efficient processes. Moreover, working at high temperatures
minimizes the risk of microbial contamination.

Pyrococcus furiosus flourishes in the low depth marine sand surroundings of sulfurous
marine volcanic areas at temperatures ranging from 70 to 103°C and pH 5 — 9 [5]. A monomeric,
extracellular endo-/-1,3-glucanase (LamA) from the hyperthermophilic P. furiosus was isolated
and characterized [6]. LamA hydrolyzes f-branched polysaccharides such as laminarin, which is
the main storage product of various sea organisms such as algae [4-7]. It shows maximum
enzymatic activity at 104°C with a relatively long half-life of thermal inactivation. Calorimetric
studies have shown that LamA maintains its active conformation up to 135°C depending on pH and
interaction with surfaces [8,9]. Hence, LamA can be used in protein microarray technology to probe
various biochemical activities and in biotechnology as a biosensor and as a biocatalyst. Moreover,
LamA is a natural protein from a well-studied microorganism with a known metabolism, and,
therefore, its use can be easily certified. This is very important for the food industry. The high-
temperature enzymatic activity, efficiency, and selectivity of LamA can be used to improve the
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filterability and decrease the viscosity of the wort in the brewing industry or remove f-glucans
during wine processing and beverage production [10]. Furthermore, because microbial cell walls
contain f-glucans, LamA can aid in cell lysing and provide further sterilization in a high-
temperature environment used to recover specific cell products and pharmaceuticals [10,11].

In various industrial applications, the immobilization of the enzyme is required. Covalent
binding is such a means, but this method often induces structural perturbations that may result in
loss of the enzymatic activity. Physical adsorption, on the other hand, is a relatively mild method to
immobilize proteins on a carrier. Nevertheless, in most cases, proteins that are biologically active in
solution become inactive in the adsorbed state. Hence, for practical and economical reasons, it is
important to investigate the physical, chemical, and biological properties of surface-bound proteins
for process optimization. For this study two types of surfaces were selected: Teflon latex
(hydrophobic) and silica nanoparticles (hydrophilic) are well-characterized materials. Hydrophobic
surfaces have little or no tendency to adsorb water, and, hence, they are poorly wetted. Hydrophilic
surfaces exhibit an affinity for water which readily adsorbs and wets the surface, forming a film.
Both types of particles were specially designed so that they do not interact with light. Using these
particle suspensions made it possible to investigate the protein features in the adsorbed state
applying standard spectrophotometric techniques without interference from the particles.

We here report on LamA adsorption, emphasizing the relation between conformational
characteristics and enzymatic activity in the adsorbed state. Structural features of LamA adsorbed
at the solid/liquid interface are compared with those of the enzyme in solution. The effect of the
sorbent’s surface properties on the enzyme characteristics is discussed as well.

Materials and Methods

Purification of LamA - LamA was produced heterologously in Escherichia coli BL21(DE3) using
the T7 expression system and subsequently purified by fast protein liquid chromatography (FPLC)
as described in detail elsewhere [6-13]. The purity of the enzyme was verified by sodium dodecyl
sulfate  polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy (PerSeptive Biosystems
Voyager DE-RP mass spectrometer, using sinapinic acid crystallized on a gold-coated welled plate;
spectra were calibrated with protein standards). The isoelectric point (IEP) of LamA in solution is
at pH 4.4, as determined by isoelectric focusing. After purification the isolated protein was stored at
4°C in 0.01 M sodium phosphate buffer at pH 7.0 without the addition of azide or other
preservatives which might alter the physicochemical characteristics of the protein.

Sorbents - Negatively charged hydrophobic Teflon particles (copolymer of tetrafluoroethylene and
perfluorovinyl ether) were prepared by emulsion polymerization. The colloidal suspension was
stable in water owing to the sulphate groups on the surface of the particles originating from
potassium persulphate which was used as a polymerization initiator. The particles were free of
nonionic stabilizers and other contaminants. The surface charge provides colloidal stability to the
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particles. Electrokinetic measurements showed that the particles are negatively charged at the pH
values investigated. Monodispersity was confirmed by dynamic light scattering, DLS, and
transmission electron microscopy, TEM, (JEOL 1200 EX). From this data the average diameter of
the particles was calculated to be 215 nm. The specific surface area of the smooth particles is 12.5
m?/g as determined by N, adsorption triple-point BET method. The charged groups, providing
colloidal stability to the Teflon suspension, cover only a slight fraction of the surface area of the
particles. Consequently, Teflon is hydrophobic as shown from contact angle measurements of a
sessile droplet of 0.01 M sodium phosphate solution at pH 7.0 on pelletized particles. Microscopic
analysis revealed a contact angle of 96°.

Negatively charged silica particles (Ludox HS-40, Aldrich) are nonporous, smooth spheres
with a diameter of 13 nm, as accurately determined by TEM analysis. The suspension is
monodisperse as confirmed by DLS measurements. The specific surface area was estimated using
the triple-point BET method based on N, adsorption (220 m?*/g). At the experimental conditions
employed the surface is negatively charged (point of zero charge, pzc, is at pH 2.7) and highly
hydrophilic as shown from water contact angle measurements on pelletized particles; water droplets
spread on the surface and the contact angle was below 5°.

The particles used are suitable to study in-situ the structural characteristics of the protein in
the adsorbed state using standard spectroscopic techniques. The refractive index of the Teflon
particles in suspension is 1.35, which is close to the respective value of water (1.33), and moreover,
this preparation does not contain UV-absorbing groups. Hence, a low concentration of protein-
covered Teflon particles can be directly used for circular dichroism (CD) and fluorescence
measurements on the adsorbed protein without interference of light with the Teflon particles. The
extremely small size of the ultrafine silica nanoparticles allows for negligible scattering of light by
a highly dispersed particle suspension, which moreover, is characterized by large area/volume ratio
enabling high protein concentrations in the adsorbed state.

Adsorption experiments and desorption tests - The adsorption experiments were performed in
Eppendorf tubes each containing 1.2 ml of the sample. Each tube, which was previously tested and
did not give significant adsorption of LamA, contained different LamA concentrations in 0.01 M
sodium phosphate buffer at the desired pH and the same total sorbent surface area (i.e., 0.1 m® per
ml of solution), to give a series of samples with the same total volume. The adsorption experiments
were performed at different pH values below, at and above the IEP of LamA to investigate the
effect of pH on the adsorption process. The protein solution and the Teflon and silica suspensions
were first brought to the desired pH before mixing. The samples were incubated end-over-end
overnight at room temperature. This period of time was sufficient for adsorption to reach a steady-
state. The enzyme-covered particles were separated from unbound protein in the solution by
centrifugation. The concentration of LamA in the supernatant was measured with a
spectrophotometer from the absorption peak at 280 nm (the extinction coefficient €5, = 83,190 M

cm” was calculated according to Gill and von Hippel) [14]. The adsorbed amount per unit surface
area, I', was calculated from the difference of the protein concentration in solution before and after
adsorption, ceq, using mass balance considerations and the sorbent’s specific surface area. All data
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points in the adsorption isotherm represent an average of three experiments. After separation from
the supernatant the enzyme-covered particles were redispersed in the original buffer and used for
further analyses. Immobilization of LamA in the adsorbed state was tested by overnight incubation
of the redispersed enzyme-covered particles at room temperature and for 6 h at 90°C. The enzyme-
covered particles were redispersed in 2 mL of the original sodium phosphate buffer and after heat-
treatment were centrifuged again, and the supernatant was examined for desorbed protein with a
spectrophotometer at 280 nm.

Enzymatic activity measurements - The enzymatic activity of LamA free in solution and in the
adsorbed state was measured for 10 min at 80°C using the 3,5-dinitrosalicylic acid (DNS) assay
[15]. The method is based on the spectrophotometric determination of the amount of hydrolyzed
ends carried by the oligosaccharides after degradation of the substrate (i.e., laminarin, Sigma).
Glucose was used for the calibration. Comparison with a standard curve gave the specific
enzymatic activity expressed in moles of mono- and oligo-saccharides per gram of enzyme. The
specific enzymatic activities of LamA in solution and in the adsorbed state were then compared to
assess the effect of adsorption on the biological activity. Samples of adsorbed LamA were selected
along the adsorption isotherm. The Michaelis-Menten constant, K,,, of LamA for the hydrolysis of
laminarin is 2.8 mg ml" [6]. To test whether adsorption affected Ky, the enzymatic activities were
also measured using a range of 0.5 — 100 mg of substrate/ml.

Dynamic light scattering - The 5 mg ml™' solution of LamA in 0.01 M phosphate buffer at pH 3.5,
4.4 and 7.0 was filtered through 0.45 pum pore size Acrodisc filters prior to measuring light
scattering. The DLS measurements were carried out on a home-built setup equipped with a ALV-
5000/E multiple tau digital correlator, an ALV-125 argon laser light scattering
spectrometer/goniometer and an ALV/SO SPID detector. The laser wavelength was set to 488 nm,
at a fixed scattering angle of 90°. Each sample was measured 20 times for 20 s. The solvent
viscosity and the refractive index of the buffer were assumed to be 0.8935 cP and 1.3325,
respectively, at 20°C. The data were processed using the CONTIN algorithm [16].

Circular Dichroism - Far-UV CD spectra (190 — 260 nm) of LamA before and after adsorption
were recorded in a J-715 (JASCO) spectrophotometer equipped with a Jasco PTC 348 WI
temperature controller set at 20°C. Samples were selected from different domains of the adsorption
isotherm. The enzyme-covered particles were resuspended in 0.01 M phosphate buffer so as to have
an enzyme concentration of 0.3 mg ml™. Solutions of LamA with the same concentration were also
measured and compared with those of adsorbed LamA at the same pH. Spectra were recorded in
0.1-cm path length quartz cuvettes with a scan rate of 100 nm/min, and 0.2 nm resolution. The
spectra resulted from accumulation of 32 scans which were subsequently averaged. Blank spectra
of the buffer and of the particles without protein were obtained at identical conditions and
subtracted from the spectra containing the protein. Suspensions of LamA-covered Teflon particles
at pH 4.4 and at pH 3.5 were turbid and slowly precipitated. Therefore, CD spectra at these
conditions were averaged over a lower number of spectra and were acquired at higher scan rates.
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Data analysis was performed by fitting the acquired spectra with reference spectra using the
CONTIN software, which is based on nonlinear regression fitting algorithms without constraints
(ridge-regression analysis) [17,18]. This program gives a much better estimate of S-sheets and turns
than simple multiple linear regression [19]. An average molar mass of 110 Da per amino acid
residue of the protein was used for calculating the ellipticity, 6.

Fluorescence emission spectroscopy - Emission steady-state fluorescence was measured by a
Varian Cary Eclipse spectrophotometer. All measurements were carried out at 20°C using quartz
cuvettes of 1-cm path length. Emission spectra of 0.03 mg ml"' LamA at pH 3.5, 4.4, and 7.0
adsorbed on Teflon or silica and free in solution were recorded in the range 300 — 400 nm on
excitation at 300 nm. Different samples along the isotherm were selected to see the influence of
surface coverage on the tertiary structure of the adsorbed enzyme. The excitation and emission slit
widths were set at 5.0 and 2.5 nm, respectively. All spectra were corrected for the background
emission peak of water.

Results and Discussion

LamA is a single domain protein with a molar mass of 30,085 Da. For the graphical representation
in Fig. 5.1 molecular modeling software was utilized [20], assuming structural similarity of LamA
with the highly homologous 1,3-1,4-f-glucanase from Bacillus licheniformis and with a -
carrageenase fragment from Pseudoalteromonas carrageenovora whose crystal structures are
known (PDB entries 1GBG and 1DYP, respectively) [21,22]. Preliminary NMR analysis of the
solution structure of LamA and CD and fluorescence emission spectroscopic data from this work
were also taken into consideration in the modeling process and the selection of the best model. The
secondary structure is dominated by fS-sheets and turns. The sheets are slightly bent and stacked on
top of each other. The shape of the protein is globular-ellipsoid and the calculated dimensions are
4.6 nm x 3.2 nm X 3.4 nm. Experimental data from DLS, mass spectroscopy (MALDI TOF), and
size exclusion chromatography showed that native LamA in solution is a monomer and, hence,
higher complexation clusters of the enzyme molecules will not interfere with the interpretation of
the data from the adsorption experiments.

Dynamic light scattering

The effect of pH on the size of LamA in solution was investigated by DLS. Analysis of the data
showed that the hydrodynamic radius of the negatively charged LamA at pH 7.0 is 3.1 £ 0.2 nm
(Fig. 5.2). At the IEP (pH 4.4) and below (pH 3.5) the LamA molecules appear slightly bigger with
radii of 4.0 £ 0.2 nm and 3.6 £ 0.2 nm, respectively. These values are in fairly good agreement with
those calculated from time-resolved anisotropy experiments (data to be published) and the
molecular modeling if a hydration layer of 0.23 nm surrounding the protein in solution is taken into
account. The small difference between the hydrodynamic radius and the dimensions deduced by
modeling are probably due to the assumption made in the DLS calculations that the protein is sphe-
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Figure 5.1 Graphic display of the structure of LamA. The red balls represent hydrophobic amino-acids, and the green represent polar amino acids.
The enzymatic cleft may be seen on the top of the structural representation. Left and right panels represent the backbone shown as ribbon and the
entire molecule in a space-filling format, respectively (graphics created with Rasmol).
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Figure 5.2 Size distribution of LamA at pH 3.5, 4.4, and 7.0 from DLS measurements. For the data analysis the CONTIN algorithm was used.

rical instead of elliptical. The results show that at the [EP LamA is bigger, while at pH 7.0, which is
close to the pH of maximum activity (i.e., pH 6.5), the enzyme acquires a more compact form. The
differences in the calculated size in solution of different pH values may be due to variations in the
efficiency of the protein to form hydrogen bonds at different pH values.
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Figure 5.3 Adsorption isotherms for LamA on negatively charged Figure 5.4 Adsorption isotherms for LamA on negatively charged
hydrophobic Teflon particles in 0.01 M sodium phosphate buffer at hydrophilic silica particles in 0.01 M sodium phosphate buffer at
pH 3.5,4.4,and 7.0. pH 3.5,4.4,and 7.0.

Adsorption isotherms

Fig. 5.3 and 5.4 show the adsorption isotherms for LamA on the hydrophobic Teflon particles and
on the hydrophilic silica nanoparticles, respectively, at different pH values. The surface
concentration of LamA (I') is plotted as a function of the enzyme concentration in solution (ccq)
after a steady-state was reached. At the pH values investigated, that is, 3.5, 4.4 and 7.0, both Teflon
and silica (pzc at pH 2.7) surfaces are negatively charged but the net surface charge of LamA varies
from positive to neutral to negative. Hence, clearly, because at pH 7.0 the negatively charged
protein adsorbs on both types of negatively charged surfaces, the adsorption of LamA is not
dominated by electrostatic interactions [23].

At all pHs the initial part of the adsorption isotherms of LamA on Teflon coincide with the
I'-axis, suggesting high affinity of the enzyme for the sorbent possibly owing to dehydration of the
hydrophobic surface. At pH 7.0, where LamA is negatively charged, the adsorption isotherm
reaches a plateau at about 3.5 mg/m”. Using the molecular dimensions of LamA, this surface
concentration is compatible with complete monolayer formation of native LamA molecules. This
also suggests that LamA is not structurally collapsed upon adsorption. If adsorption-induced
spreading of the protein molecules was involved the isotherms would have revealed significantly
smaller amounts of adsorbed LamA than that required for monolayer coverage with native
molecules. At pH values below and at the IEP adsorption of LamA leads to multilayer formation
(Fig. 5.3). Also at these pH values adsorption of LamA resulted in particle aggregation. This
implies that the repulsive forces which maintain colloidal stability of the suspended Teflon particles
are weakened or screened owing to the adsorbed enzyme. Turbidity was more evident when Teflon
particles were allowed to interact with solutions of low LamA concentration. More concentrated
samples of LamA resulted in less turbid suspensions possibly as a result of the stabilizing
electrostatic interactions between enzyme-covered-particles. Aggregation may also have resulted in
enzyme encapsulated between the particles, and this phenomenon can be falsely interpreted as
increased adsorption.
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As shown in Fig. 5.4, the initial slopes of the adsorption isotherms of LamA on silica do not
coincide with the vertical axis, which implies low affinity for the surface. The adsorption profiles
were rather similar for all three pH values even though LamA’s net charge is different at each one
of them. Inspection of the isotherms reveals two very interesting features. The first is that
electrostatic interactions between LamA and the silica surface affect adsorption but they are not
critical. Negatively charged LamA was readily adsorbed on the like-charged silica surface at pH
7.0. The highest adsorbed amount of LamA on silica is observed at the IEP of the enzyme.
Saturation of the surface with enzyme was found to be at 1.4, 2.5 and 1.1 mg/m® for adsorption at
pH 3.5, 4.4 and 7.0, respectively. Lower adsorption at either side of the IEP may be explained by
lateral repulsive interactions between adjacent protein molecules in the adsorbed state. The second
observation is the sigmoidal shape of the isotherm which is more profound in the cases of
adsorption of LamA at pH 7.0 and 4.4. This pattern implies a cooperative adsorption mechanism
employed by LamA to overcome the low affinity for the surface. Adsorption of the first LamA
molecules facilitates further adsorption by a mechanism that promotes protein-protein interactions
at the silica surface. Furthermore, it has been shown that adsorption of a charged species on a
surface with the same polarity induces opposite charges to the surface to meet electroneutrality
conditions. This implies that the surface of silica could be less negative or even positive upon
adsorption of negatively charged LamA molecules at pH 7.0 and 4.4. In this regard further
adsorption is facilitated as previously observed in other adsorption systems and predicted
theoretically [8,9,24,25].

Comparison of the adsorption isotherms for the same pH shows that the hydrophobic

surface of Teflon attracts more enzyme molecules as compared to the hydrophilic silica. Molecular
modeling showed that the external surface of LamA is covered by hydrophobic groups up to about
30%. Dehydration of the hydrophobic Teflon surface in favor of adsorbing protein molecules is
entropically highly favorable and, hence, strongly contributes to the Gibbs energy of adsorption,
whereas at the hydrophilic silica surface LamA and water compete for adsorption. Adsorption-
induced structural rearrangements of LamA are not likely, as will be shown in detail in a following
paragraph (except in the case of low surface coverage at pH 3.5).
In addition to hydrophobic dehydration, the adsorption of LamA on Teflon at pH 3.5 is assisted by
the attractive electrostatic forces between the surfaces of the enzyme and the sorbent. At zero net
charge on the protein (pH 4.4) the electrostatic contribution is minimal, and at pH 7.0, where the
protein and the Teflon surface repel each other electrostatically, adsorption still occurs because of
the prevailing entropic contribution from hydrophobic dehydration.

The situation is different for adsorption of LamA on the negatively charged hydrophilic
silica. At the IEP, electrostatic interactions do not oppose adsorption, and below the IEP, the overall
charge of the enzyme is positive and adsorption is aided by electrostatic attraction. At pH 7.0
spontaneous adsorption still occurs despite adverse hydration effects and opposing electrostatic
interactions. Adsorption under such conditions could result from increased conformational entropy
associated with structural rearrangements in the adsorbing protein. Conformational entropy-driven
adsorption is often observed for “soft” proteins, that is, proteins with relatively low structural
stability [26]. Nevertheless, as will be demonstrated in a following section, LamA on silica retains
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structural integrity and biological functioning in the adsorbed state and, therefore, it can be
categorized as a “hard” protein. However, data from literature have shown that the interaction of
“hard” proteins with hydrophilic surfaces leads to adsorption only under electrostatically attractive
conditions [27-29]. The adsorption of LamA on silica is an exemption to the rule and probably
originates from favorable interactions between the protein molecules at the surface, which leads to
a cooperative adsorption mode (reflected by the sigmoidal shape of the isotherms).

The charge on the protein-covered sorbent surface is compensated by ions in solution,
together forming an electrical double layer. By using standard formulation from interfacial
thermodynamics, it was shown that under the experimental conditions employed in the adsorption
experiments the thickness of the electrical double layer is about 1.5 nm. During adsorption the
electrical double layer exerts an orientation effect on small proteins according to their electric
dipole [30]. However, LamA is larger than this layer and, therefore, only partly immersed in it.
Hence, the electrical double layer around the particle does not sense uneven charge distribution on
the LamA molecule, which suggests that LamA molecules will not be electrostatically directed by
the surface to a preferred orientation.

Heat treatment up to 90°C for 6 h did not result in desorption of LamA from Teflon and
silica. LamA is immobilized in the adsorbed state even at electrostatically adverse conditions on
both hydrophobic and hydrophilic surfaces. This information is important for the consistency of the
upcoming analyses (e.g., enzymatic activity tests and spectroscopic studies). Immobilization can be
due to multiple adsorption contact points of LamA with the surface which requires a high activation
energy of desorption. In the case of adsorption on Teflon, hydrophobic interactions also opposes
desorption while immobilization on silica may be due to the cooperative character of the isotherm
as protein-protein interactions result in clusters of adsorbed LamA molecules at the silica surface.
This would make desorption more difficult to occur because it requires detachment of the complete
cluster rather than of single LamA molecules.

Circular Dichroism
Typical far-UV CD spectra of LamA in solution and adsorbed on Teflon and silica particles are
shown in Fig. 5.5. The spectral profiles are characterized by a broad negative peak at 217 nm and a
positive absorption band from about 207 nm, which indicate the predominant presence of S-
structures (sheets and turns) and negligible contribution from a-helices. Spectral analysis in Table
5.1 presents the relative content of LamA’s secondary structural elements. At pH 3.5, 4.4 and 7.0
the CD spectra are virtually identical suggesting that the secondary structure of LamA is not
significantly affected by pH. This is in line with data reported in the literature [31].

Upon adsorption on Teflon the far-UV CD spectra of LamA slightly deviate from that of
LamA in solution. The main difference is the broadening of the negative absorption band and the
absence of the shoulder at about 230 nm (Fig. 5.5, left panel). As compared to LamA in solution the
spectral analysis showed that LamA adsorbed on Teflon at pH 7.0 has a lower content of f-sheets
and turns and an increase of non-resolved domains (Table 5.1), along with a notable increase of the
o-helical content as has been previously observed for the adsorption of amyloid S-peptide [32].
This phenomenon was observed at low and high monolayer coverage at pH 7.0 and at low surface
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Figure 5.5 Far-UV CD spectra of LamA in
solution (black lines), adsorbed on Teflon latex
(left panel) and adsorbed on silica nanoparticles
(right panel) at different surface coverages and
pH. Lines represent low (blue ), medium
(magenta), and high (green) surface coverages,
as shown in Table 5.1. Graphs were vertically
shifted for comparison.

Figure 5.6 Fluorescence emission spectra of
0.03 mg ml"' LamA obtained on excitation at
300 nm in solution (black lines), adsorbed on
Teflon latex (left panel), and adsorbed on silica
nanoparticles (right panel) at different surface
coverages and pH.. Lines represent low (blue),
medium (magenta) and high (green) surface

coverages, as shown in Table S5.1.
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Table 5.1 Secondary structure of LamA in 0.01 M sodium phosphate buffer solution at pH 7.0, 4.4, and 3.5 and in the
adsorbed state at different surface coverages as calculated from the CD spectra using the CONTIN program

adsorbed LamA (mg/m?) a-helix (%)  B-sheet (%)  P-turn (%)  unknown (%)

LamA in solution pH 7.0 1+0 79+3 17+2 3+1
LamA on Teflon pH 7.0 low 7+ 58+4 23+£3 12+6
medium 2 7+2 64+£3 152 14+£3
high 3 8+4 68t4 18£3 614
LamA on silica pH 7.0 low 0.6 1£1 75+4 16+3
medium 0.9 0£0 76 £3 152 +
high 1.1 0£0 77+£5 16 4 7+6
LamA in solution pH 4.4 1+1 79+2 162 4+2
LamA on Teflon pH 4.4 low 1 7+2 56+3 1512 22+2
medium 4 3+1 63+4 18£2 16+4
high 10 3+1 62+3 20£1 15£2
LamA on silica pH 4.4 low 0.9 0£0 75+2 21+2 +
medium 1.5 0£0 68 £1 21£1 11£3
high 32 0£0 78+2 19£2 3+1
LamA in solution pH 3.5 1+1 813 15+£3 3+1
LamA on Teflon pH 3.5 low 1 3+2 51+4 212 25+5
medium 4 106 59+8 16 +7 15+8
high 13 5+£2 61t4 22+2 12+£5
LamA on silica pH 3.5 low 1.0 2+1 63+1 21+1 14+2
medium 1.4 0£0 672 272 6+3
high 3.0 2+1 6312 28+2 7+2

coverage at pH 3.5 and 4.4. At these pH values higher surface concentrations did not involve helix
formation as they probably represent multilayer adsorption where the effect of the Teflon surface
on the secondary structure of LamA 1is less pronounced.

Irrespective of surface coverage, the adsorption of LamA on the silica nanoparticles at pH
7.0 and pH 4.4 did not significant affect the CD spectra and, hence, the secondary structure of
LamA (Fig. 5.5, left panel; Table 5.1). The effect of adsorption on the secondary structure of LamA
is notable at pH 3.5 probably owing to an additional destabilizing effect of the relatively strong
acidic environment on the structure of LamA.

Overall, the results from the CD analysis indicate that the secondary structure of LamA is
moderately affected upon adsorption on the hydrophobic Teflon while the interaction with the
hydrophilic silica nanoparticles induces only slight changes, if significant at all. In both cases of
LamA adsorption on Teflon and silica, the CD spectra and the data analysis showed that when
adsorption exceeds monolayer coverage, the spectral characteristics resemble those of native LamA
in solution. This is not surprising as the protein molecules in the second and subsequent adsorbed
layers outnumber the ones in the first layer and, also, interact less intimately with the underlying
surface.
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Fluorescence emission spectroscopy

On excitation at 300 nm, tryptophan emission dominates the fluorescence spectra of proteins.
LamA contains 11 tryptophans homogeneously distributed over the sequence and, thus, local
changes in their microenvironment can be used to detect changes in the tertiary structure. At pH 7.0
LamA in solution shows maximum intensity at 335 nm, which is characteristic of partially but not
completely exposed tryptophans [33]. At the IEP (pH 4.4) and at pH 3.5 the emission maxima were
observed at 332 nm and the intensity decreased by 57% and 50%, respectively (Fig. 5.6). Relative
to that in LamA at pH 7.0, the small blue shift of the emission maxima implies less tryptophan
exposure to the polar solvent, and the decreased intensity indicates a different energy transfer
mechanism possibly due to specific tryptophans structural relocation as a function of pH [33,34].
Apart from the profound effect of protonation of side groups, especially in the vicinity of or at the
active site, these conformational changes provide an additional qualitative explanation of LamA’s
enzymatic activity drop at low pH (Fig. 5.7).

At pH 7.0 the fluorescence emission maximum of LamA adsorbed on Teflon is red-shifted,
and the intensity increased as compared to that of LamA in solution, that is, 335 nm (for the same
enzyme concentration). At low surface coverage the emission maximum is at 342 nm, and at higher
LamA surface concentrations it is at 338 nm. The red shift of the maximum is due to increased
tryptophan exposure to the polar solvent. This, however, does not mean that all of the tryptophans
have increased contact with water. The fact that the peak is broadened suggests that some
tryptophans are more shielded from the solvent upon adsorption (as a result of association with the
surface), while other tryptophans are more exposed to the solvent. The change in the emission
intensity also suggests altered tertiary structure upon adsorption, as mentioned before. The more
pronounced conformational changes in the case of low surface coverage suggest a surface-induced
structural relaxation effect. This means that the enzyme optimizes its contacts with the hydrophobic
surface of Teflon when there is enough space available for doing so. It is likely that at low surface
concentration LamA is more spread over the surface of Teflon relative to LamA adsorbed at higher
surface coverage [26,30].

The fluorescence spectra of LamA adsorbed on Teflon could not be easily determined at pH
4.4 and 3.5 due to aggregation of the enzyme covered particles. The presence of zero- and
positively charged LamA at the IEP and at pH 3.5, respectively, resulted in screening of the
stabilizing negative charge of the Teflon particles in the suspension. The enzyme-covered particles
do not sufficiently repel each other, leading to aggregation and precipitation. Apart from affecting
the stability of the colloidal suspension, this also resulted in a decreased intensity of the
fluorescence emission from the protein. Nevertheless, the information obtained from the
wavelength of the emission unambiguously showed that upon adsorption of LamA on Teflon at pH
4.4 and 3.5 the emission maximum shifted to 339 nm and 342 nm, respectively (LamA in solution
at both pH 4.4 and 3.5 shows maximum emission at 332 nm). The red shift and the peak broadening
observed upon adsorption are indicative of changes in the tertiary structure of LamA. Furthermore,
at pH 3.5 and at a surface concentration of 1 mg m™ of LamA on Teflon the emission profile
showed an unusual shoulder at about 360 nm, which clearly suggests significant changes in the
tertiary structure of LamA at these adsorbing conditions.
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In the case of adsorption on the silica nanoparticles, the fluorescence emission spectra of
adsorbed LamA resembled those of LamA in solution when the pH of the solution was 7.0 and 4.4.
This indicates that at these conditions LamA’s tertiary structure did not significantly change upon
adsorption. In the case of adsorption at pH 3.5 and especially at low surface coverage the changes
observed in the tertiary structure of LamA were pronounced. This probably resulted from the strong
destabilizing effect of the relatively low pH and the interaction between protein and surface.
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Figure 5.7 Relative specific enzymatic activity at 80°C of LamA free in solution and adsorbed on hydrophobic Teflon and hydrophilic silica particles
in 0.01 M sodium phosphate buffer at pH 7.0, 4.4, and 3.5 (the maximum enzymatic activity at pH 6.5 was taken as 100%).

Figure 5.8 Adsorption model schematically. The structure of LamA was obtained from molecular modeling.
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Enzymatic activity tests

The specific enzymatic activity of LamA in solution at 80°C is 1073 units/mg. The results
presented in Fig. 5.7 resemble the activity profile reported before [6,35] and show that LamA’s
activity is pH-dependent. The maximum activity was observed at pH 6.0 — 6.5. At pH 7.0 the
relative specific activity is 10% lower. At the IEP the activity dropped by 62% relative to the
maximum, and at pH 3.5 the enzyme was practically inactive.

For the enzymatic activity tests of adsorbed LamA samples enzyme-covered particles were
selected from the rising part of the adsorption isotherm and from the plateau. The observation that
LamA remains biologically active in the adsorbed state primarily features the properties of “hard”
proteins [25]. For all surface occupancies the specific activity of immobilized LamA was decreased
about 50% relative to that of LamA in solution at the same pH (except in the case of low and
medium adsorption on Teflon at pH 3.5 where the most severe structural changes were observed in
the secondary and tertiary structures). In all other cases, the K, constants of LamA in solution and
in the adsorbed state were the same, and, therefore, it is safe to conclude that the decreased activity
is not due to structural changes. Hence, the activity drop is attributed to random orientation of
LamaA in the adsorbed state where a fraction of the molecules adsorbs with their active site oriented
toward the surface while others expose their cleft to the solution where it is accessible for the
substrate (Fig. 5.8).

Conclusions

In this work LamA’s structural characteristics and biological activity were investigated in solution
and adsorbed at the solid-liquid interface of hydrophobic Teflon and dispersions of hydrophilic
silica nanoparticles, at different pH values. The results of this study complete the previously
published experimental data and confirmed the suggestions therein [9]. Experiments were
performed at pH 7.0, 4.4 and 3.5, that is, above, at, and below the IEP of the enzyme, respectively.
The adsorption isotherms were determined, and the specific enzymatic activity was measured.
Using the specially designed Teflon and silica particles, we were able to monitor the enzyme’s
structural features in the adsorbed state by standard spectroscopic techniques. We showed that,
regardless, the minor or, in the case of adsorption on the hydrophobic Teflon particles, more
significant changes observed in the secondary and tertiary structure of LamA, biological activity
was maintained in the adsorbed state. With an exception of LamA adsorbed on Teflon at low and
medium surface coverage at very low pH, the adsorption-induced structural changes were not
significant in terms of biological functioning or the protein domains involved with the structural
changes were not associated with the structure of the enzymatic cleft.

This work lends further support to the previously suggested mechanism employed by nature
to preserve life at extreme environmental conditions. Apart from the internal structural features,
which predominantly ensure conformational stability, the extracellular hyperthermophilic LamA
may use adsorption as an essential complementary mode to maintain biological functionality at
temperatures higher than those the enzyme can tolerate when dissolved. The enzyme may adsorb on

87



Chapter 5

the surface of hydrophobic or hydrophilic soil minerals, rocks, and sediments in the neighborhood

of the microorganism’s colony to cope with temperature changes without loss of activity.
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Chapter 6

Abstract

A novel protein-engineering approach has recently been developed on the basis of intein-driven
protein splicing. A modification of this process allows for the generation of a covalent linkage
between the N-terminus and the C-terminus of a polypeptide chain. This method has been applied
to create circular variants of endo-B-1,3-1,4-glucanase (LicA) from Bacillus licheniformis. Two
cyclic variants were selected for further analysis: LicA-C1 has a linking loop of 20 amino acid
residues, and LicA-C2 of 14 residues. Both have a higher thermal stability than the linear variant.
Upon increasing temperatures, fluorescence spectroscopy as well as differential scanning
calorimetry demonstrated that the cyclic enzymes start to unfold significantly later than the linear
one. Both cyclic variants show catalytic activities comparable to that of the linear variant.
Moreover, whereas the linear glucanase (LicA-L1) has lost half of its activity after 3 minutes at 65
°C, the two cyclic variants have 6-fold (LicA-C1) and 16-fold (LicA-C2) increased half-life times
of inactivation. The most stable enzyme is the cyclic variant with the shortest linking loop.

Introduction

The application of enzymes as biocatalysts in industry has increased considerably over the last few
decades [1-3]. Desired features for optimal performance in a bioreactor include high specificity,
high activity and high stability. Because natural enzymes have evolved to function optimally in the
context of a living cell, it is not likely that such proteins meet all chemical, physical and biological
requirements for being perfect biocatalysts in a specific biotechnological application. Limited shelf
life and low intrinsic stability of enzymes often are major drawbacks for an enzyme’s successful
application. Both random and directed mutagenesis strategies have been used to create variants
with optimized features, either by improving specificity or activity of stable thermophilic enzymes
[4-6], or by increasing stability of labile mesophilic enzymes with desired catalytic features [7, §].
Intrinsic factors that contribute to thermostability include ionic or hydrophobic interactions,
improved subunit interactions, reduced surface area, improved packing, or a combination thereof
[9, 10]. To stabilize a protein, these factors have to be introduced by random or directed
mutagenesis approaches in the corresponding gene (reviewed by [11]).

A rather poorly explored feature is stabilization of a protein by a covalent cyclization of its
backbone structure. Several peptides (or small proteins) have been identified in bacteria, plants and
mammals that have a covalently-linked N- and C- terminus [12, 13]. Not only are they more stable
at a broad range of chemical and physical conditions, they often also show an increased resistance
to proteases [14]. Although details on the biosynthesis of most of these naturally occurring circular
proteins are still unknown, several studies have proven that it is possible to engineer a covalent
linkage of the N-terminal and C-terminal amino acids of a polypeptide chain, thereby generating a
cyclic enzyme. Distinct cyclization strategies have been developed: (i) a chemical approach that
applies solid phase synthesis combined with chemical ligation or crosslinking [15, 16], (ii) a
biochemical strategy based on intein-driven self-ligation in vitro [17, 18], and (iii) a biological
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method that is based on the ability of inteins to perform self-splicing in vivo (Fig. 6.1) [18-20].
Little is known about the effect of cyclization on protein stability since limited information has
been reported in the few previous studies [17-20].

In the present study in vivo cyclization has been applied to the endo-p-1,3-1,4-glucanase
(LicA) from Bacillus licheniformis in order to study the effect of covalently linking the N- and C-
termini on catalysis and stability. Bacterial 1,3-1,4-B-glucanases (or lichenases, EC 3.2.1.73)
hydrolyze B-1,4-glycosidic bonds on 3-O-substituted glycosyl residues in linear mixed-linked
glucans, like barley B-glucan and lichenan, and have been studied extensively over the years
(reviewed by Planas 2000 [21]). These enzymes are classified in family 16 of glycoside hydrolases
[22] and have a monomeric jelly-roll B-sandwich structure [23-25] (Fig. 6.2). The monomeric
structure of LicA, with the N- and C-termini in close proximity, makes the in vivo intein-based
method a particularly suitable strategy for this enzyme.
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Materials and methods

Bacterial hosts and vectors - The T7 expression vector pET24d was obtained from Novagen.
Escherichia coli XL-1 Blue (Stratagene) was used as an initial host for cloning, while either one of
the E. coli strains BL21(DE3) or JM109 (DE3) (Stratagene) was used as expression host for the
pET-derivatives. E. coli was grown in TY medium [26] in a rotary shaker at 37°C. Kanamycin was
added to a final concentration of 30 pug/ml.

Cloning and expression - The gene coding for Bacillus licheniformis 1,3-1,4-B-glucanase
previously cloned in the pUC119-derived pD6-2 [27] was used as a template for PCR
amplification. For expression of the linear enzyme without the signal sequence the gene was
subcloned in pET24d using primers BG1306 and BG1307 (Table 6.1), introducing a C-terminal
His-tag, resulting in pWUR146.

P. furiosus genomic DNA was isolated as described previously [26] and used as template in
PCR reactions to amplify the intein PI-Pful [20, 28]. In a first series of PCR reactions the two parts
of the intein and the glucanase gene were amplified separately (Fig. 6.3A). In PCR-2, an overlap
extension PCR [29], the three overlapping fragments were fused, and the full-length hybrid
molecule was amplified using the flanking primers BG1260 and BG1265/1354 (2.1 kb; Fig. 6.3A).
The 2.1 kb PCR product was then ligated into pET24d at the Ncol and Xhol restriction sites, and
transformed to E. coli XL1-Blue. Sequence analysis of this construct (and of all variant constructs
described below, generated with a similar approach using variant primers (Table 6.1)) was done by
the dideoxynucleotide chain termination method with a Li-Cor automatic sequencing system
(model 4000L). Two sets of sense/antisense sequence primers were used that anneal either to the
promoter and terminator sequence of the pET24d vector, or to the sequences of the two parts of the
intein flanking the glucanase gene (Intein-f and Intein-r in Table 6.1).

Overexpression of the gene and purification of recombinant protein — Both the /ic4-L1 gene
and the permutated genes were expressed in freshly transformed BL21(DE3) or JIM109 (DE3) cells.
A 5 ml overnight culture was used to inoculate 500 ml of TY medium containing 30 pg/ml
kanamycin. When the ODgy reached 0.5, the cells were induced with 100 uM IPTG and
subsequently grown at 37 °C for another 4 h. Cells were harvested by centrifugation (10 min, 4000
x g) and resuspended in 50 mM sodium phosphate buffer (pH 7.7) containing 300 mM NaCl and 10
mM imidazole. After addition of lysozyme to 1 mg/ml, the cells were incubated on ice for 30 min
before sonication (six times 15 sec). After removal of the cell debris by centrifugation (30 min,
10,000 x g) the glucanase variants containing a Histidine hexa-peptide (His-tag) were further
purified from the supernatant using Ni-NTA spin columns according to the provided protocol for
native conditions (Qiagen). The active fractions were collected and purified to homogeneity on a
Superdex200 column (Amersham Biosciences). Depending on subsequent analysis of the enzyme,
elution was performed with either a 50 mM sodium phosphate buffer (pH 7.7) or a 20 mM PIPES
buffer (pH 7.0).
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Enzymatic assays - Standard enzymatic assays were performed at 55°C in 30 mM sodium
phosphate buffer (pH 7.0) containing 0.1 mM of CaCl, with barley B-glucan (final concentration
0.4 %) as a substrate. The reducing sugars were detected by the dinitrosalicylic acid (DNS) method,
with glucose as standard [30, 31]. One unit is defined as the amount of enzyme required to release 1
pmol of reducing sugars per min. Temperature induced inactivation was determined in 50 mM
sodium phosphate (pH 7.7) and 1 mM CaCl, by heating the purified enzyme (30 pg/ml) in small
crimp-sealed vials, submerged in a water bath. During a time series (0-20 h), 20-ul aliquots were
tested for remaining activity as described above. All activities were corrected for spontaneous
hydrolysis in the absence of enzyme.

Thrombin digestion - To linearize the circular proteins containing a thrombin recognition site,
incubation with thrombin (Sigma) was performed overnight at 22 °C. A ratio of 1 unit of thrombin
was used per 100 pg of protein.

Fluorescence emission spectroscopy - For fluorescence experiments proteins were purified with
20 mM PIPES buffer (pH 7.0) as the eluent in the final step on the Superdex200 column. In 10 mm
Quartz SUPRASIL precision cells (Hellma), 20 mM PIPES (pH 7.0) was mixed with the protein
solution to a final concentration of 15 pug/ml with a final volume of 3.0 ml. When indicated, 1.0
mM CaCl, or 1.0 mM EDTA was added. All solutions were degassed prior to use. The
fluorescence emission was measured in the temperature range 30 — 95°C, and with a scan rate of
0.5 °C/min by a Varian Cary Eclipse spectrophotometer. Emission spectra were recorded in the
range 300 — 400 nm upon excitation of the tryptophans at 295 nm, with the excitation and emission
slit widths set at 10 nm, and the photomultiplier at 610 V. All spectra were corrected for the
background emission peak of water. The emission spectra of samples containing 1 mM of either
CaCl, or EDTA were corrected using buffer baselines acquired at the same conditions.

Differential Scanning Calorimetry — Temperature-controlled calorimetric studies of 0.3 mg/ml
LicA-CI1 were carried out in a VP-DSC calorimeter (MicroCal Inc., Northampton, MA) using as
reference the respective buffer solution. All samples were degassed for 15 min prior to loading the
cells and the enzyme solution was kept under 1.5 bar pressure to avoid boiling of the sample. The
temperature increased with a heat rate of 0.5 °C/min.

Results and Discussion

Protein stability can be described as the Gibbs free-energy of folding (AG), i.e. the difference in
free energy between the protein’s denatured and native state. The actual net free energy difference
is the sum of a large number of stabilizing and destabilizing interactions. This difference is usually
very small, typically 5-17 kcal/mol, which is comparable to the energy of only a few hydrophobic
interactions, ion pairs, or hydrogen bonds (reviewed by [11]). According to Gibbs’ equation (AG =
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AH - T.AS), protein stability (AG) can be increased either by increasing the enthalpy change (AH)
or by decreasing the entropy difference (AS). Several examples have been described of “entropic
stabilization” (rigidification), i.e. mutations that result in increased AG because of a decreased AS
(lowering the entropy of the denatured state). Such engineering of protein stability includes the
engineering of a more rigid protein backbone by specific substitutions (e.g. Gly > Ala in an a-helix,
or Xxx > Pro in a B-turn), or by the introduction of disulfide bridges [11]. An alternative approach
to reach entropic stabilization is described in the present study: the covalent linkage of the
polypeptide’s N- and C-termini. Apart from enhanced rigidity, such a cyclic polypeptide would
also be resistant towards exo-proteases.

The goal of the present study was to introduce a covalent link between N- and C-terminus
of an active enzyme, and subsequently analyze potential stabilization of the generated circular
backbone structure. The three-dimensional structure of the Bacillus licheniformis 1,3-1,4-p-
glucanase (LicA) [24] indicates that this approach could be feasible since the termini of this
enzyme are in close proximity, as they reside on adjacent anti-parallel beta strands (Fig. 6.2).
Hence, this enzyme was selected for further engineering experiments.

thrombin
recognition
site

C-term

Figure 6.2. Circular LicA structural model. The model shown is one possible structure of construct LicA-C1. 15 extra residues were added to the x-
ray structure (Protein Data Bank code 1GBG) and manually turned to form a closed peptide backbone with the program Swiss-PdbViewer. The
linking loop is shown as a black coil. The original N- and C-terminal locations (Gln-1 and Arg-214 respectively) are indicated, as well as the
thrombin recognition site. The two catalytic residues (Glu-105 and Glu-109; numbering according to 3D-structure in Protein Data Bank) are
displayed in black. Tryptophan residues are depicted in dark grey.
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Figure 6.3. Circular constructs made in this study. (A) Schematic representation of the PCR-based engineering of the constructs used for the intein-
based circularization of LicA; for details see text; Ncol and Xhol are the introduced restriction sites. The amino acid sequence of the overlap of the
PCR-1 fragments is shown. * indicates the connection point of the sequence of the intein and the glucanase gene; (B/C) Amino acid sequences of the
N- and C-terminal regions of (B) linear and (C) circular variants of LicA. The extein sequences, corresponding to the wild-type sequence, are
underlined; note that in all constructs the signal sequence has been deleted, resulting in intracellular production of the corresponding proteins. The
length of the various loops is indicated, as well as the activity of the purified proteins (U/mg). LicA-C1 and LicA-Cla are identical, but the precursor
protein of LicA-Cla has a His-tag at the N-terminal part of the intein, in contrast to that of LicA-C1 (see text). * indicates the connection point of the

N- and C-terminal sequence.
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To produce a circular enzyme we used a self-splicing intein to ligate protein backbones. The intein
PI-Pful from Pyrococcus furiosus has recently been demonstrated to perform this cyclization in F.
coli in vivo [20], and has therefore been selected for the present study. In a two-step PCR reaction
we connected the C-terminal part of the intein (residues 161-454) to the N-terminus of the 1,3-1,4-
B-glucanase, and the N-terminal part (residues 1-160) to the C-terminus of the 1,3-1,4-B-glucanase
(Fig. 6.3A). After cloning in pET24d, this resulted in a chimeric gene of 2058 basepairs coding for
a precursor protein with a total length of 686 amino acids (79.4 kDa). At the same time, a His-tag
was introduced at the N-terminus of the glucanase to facilitate purification. Furthermore, the
connecting loop contained a thrombin recognition site (LVPRGT) to enable subsequent
linearization by thrombin cleavage. After processing, the cyclic protein LicA-C1 has a length of
229 amino acids (Fig. 6.3C), whereas the linear LicA-L1 consists of 224 amino acids (Fig. 6.3B).

The glucanase gene, without the signal sequence but with His-tag (Fig. 6.3B), was
expressed in E. coli BL21(DE3) cytoplasm as a soluble protein (LicA-L1). After purification LicA-
L1 has a specific activity (2.7 U/mg), comparable to that of the wild-type LicA, expressed with its
signal sequence but without His-tag, the excreted mature product of which was purified from the E.
coli medium (A. Planas, personal communication). This indicates that both the loss of the signal
peptide (29 amino acids), and the addition of six C-terminal histidines (Fig. 6.3B), does not have a
significant effect on the specific activity of the 1,3-1,4-B-glucanase.

Next, cyclic enzymes LicA-C1 and LicA-Cla (Fig. 6.4) were expressed as soluble proteins
in E. coli cells. Construct LicA-C1 generates, upon in vivo processing, a circular glucanase with the
His-tag and the thrombin cleavage site in the linking loop that connects the N- and C-termini (Fig.
6.3C). On the other hand, LicA-Cla is a control construct that will produce the same cyclic 3-
glucanase, but has a second His-tag at the N-terminal part of the intein. Cell-free extracts of E. coli
BL21(DE3) cells overproducing either LicA-C1 or LicA-Cla showed three prominent additional
bands on a SDS-gel, with sizes of 35, 27 and 19 kDa (Fig. 6.4). After application of the LicA-Cla
cell-free extract on a Ni-NTA column, the proteins corresponding to these three bands were
separated from the E. coli proteins (Fig. 6.4). The sizes corresponded to the expected molecular
weights of the glucanase and of the C- and N-terminal parts of the intein. This indicates that the
splicing reaction has taken place in the cells, leading to three separate polypeptide-fragments.
Moreover, the co-purification on the Ni-NTA column shows that the C-terminal part of the intein,
lacking a histidine tag, is associated with its N-terminal part, which is necessary for the splicing
reaction to take place. A similar phenomenon was observed by Iwai et al. [20], however, they also
found the presence of an unprocessed 80 kDa product. The absence of such an unprocessed form in
our system indicates the efficiency of the present approach.

In the case of construct LicA-Cl, the intein fragments were not affinity-purified on the Ni-
NTA column (Fig. 6.4) because the N-terminal intein fragment does not contain a His-tag. In all
other variant constructs (see below), this His-tag at the N-terminal intein was omitted as well,
resulting in the presence of only a single His-tag, which is located in the linking loop of the
circular glucanase, like in LicA-C1, allowing for a convenient 1-step purification of the circular
enzymes. Thrombin was added to the purified spliced LicA-C1 protein and incubated overnight.
SDS-PAGE analysis (Fig. 6.4) showed a different migration behavior between the thrombin diges-
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Figure 6.4. SDS-PAGE analysis of expressed and purified circular and linearized LicA-Cl. (A) Lane 1, molecular weight marker, with
corresponding sizes shown on the left in kDa. Lane 2, cell free extract of E. coli BL21(DE3) expressing construct I. Lane 3, circular LicA-C1 after
purification on a NI-NTA column. Lane 4, circular LicA-Cla after purification on a NI-NTA column. PI-Pfulc and PI-Pfuly denote the C- and N-
terminal part respectively of the intein, that are visible in lane 2 and 4. (B) LicA-Cl after purification on Superdex200, before (Lane I) and after
(Lane 2), treatment with thrombin.

ted sample and the untreated protein. The non-digested LicA-C1 protein migrates faster (Fig. 6.4),
as would have been expected for a circular form because of its slightly different denatured
conformation. This phenomenon has been reported before with circular and linearized polypeptides
[17, 19, 20].

The cell-free extracts containing the circular protein LicA-C1 showed hydrolytic activity on
barley-B-glucan, reflecting its proper folding. After purification, the specific activity of the circular
enzyme is comparable to that of the linear one, apparently slightly more active (Fig. 6.3).
Fluorescence spectroscopy after excitation at 295 nm demonstrated a similar emission spectrum of
the linear LicA-L1 and the circular LicA-C1 (not shown), also suggesting correct folding of the
protein. The optimal temperature for hydrolytic activity for the spliced protein was determined to
be 56 °C, which is in the same range as the 55°C optimum of the wild-type enzyme [32].

From these results we conclude that endo-1,3-1,4--glucanase was expressed, excised and
ligated successfully to acquire its designed circular backbone structure. Moreover, the comparable
activities of the circular enzyme variant LicA-C1 and the linear LicA-L1 indicate that the
introduced junction and loop do not result in inactivation of the enzyme, indicating that the
enzyme's functionality has not been affected by the generated covalent link. Earlier studies showed
that circular permutations in the compact jellyroll domain of the Bacillus glucanase is tolerated
without severe change of enzymatic activity or tertiary structure [33, 34]. In the latter studies, it
was concluded that the novel peptide bond linking the original N- and C-termini, without adding
extra residues, apparently did not introduce strain into the molecule. However, in those studies new
N- and C- termini were introduced in another loop of the glucanase structure, and as such there was
still an open chain (linear) structure, which might enable release of strain. In our study, a
covalently-closed circular polypeptide chain is generated in which a high specific activity indicates
that no severe strain is introduced.
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Figure 6.5. Temperature induced inactivation. Residual activity of linear LicA-L1 (asterisks), circular LicA-C1 (open squares) and circular LicA-C2
(closed squares), when incubated at 65 °C at a concentration of 30 pug/ml in a 50 mM sodium phosphate buffer (pH 7.7) containing 1 mM CaCl,.
Activity of each sample is expressed relative to the sample measured at t=0, taken as 100%.

The effect of the ligated backbone on thermostability was investigated by comparing the thermal
inactivation of LicA-C1 with that of LicA-L1. Incubation at 65 °C caused the linear enzyme to
inactivate very rapidly (t;2 = 3 min; Fig. 6.5). Complete inactivation occurred within 15 min. The
cyclic LicA-C1, however, still retained half of its initial activity after 20 min (Fig. 6.5), a 6-fold
increase as compared to the linear LicA-L1.

Temperature-induced unfolding was monitored by fluorescence spectroscopy to determine
the transition midpoint of the linear enzyme in comparison with its cyclic derivative, as an
alternative means to study the effect of cyclization on protein stability. A titration of a protein
solution with a chemical or physical stress factor (e.g. temperature gradient) generally results in a
transient rearrangement of the polypeptide structure, and consequently in a transient decrease of the
tryptophan fluorescence emission. The LicA enzyme contains 8§ tryptophan residues that are
randomly distributed over the protein backbone (Fig. 6.2), which were used as intrinsic
fluorophores for fluorescence emission studies upon excitation at 295 nm. The fluorescence
intensities of the linear and the circular LicA were monitored at 350 nm as a function of
temperature (Fig. 6.6). The intensities measured at different wavelengths (360 and 375 nm) gave
similar transition temperatures (not shown).

First the effect of calcium was examined. While addition of EDTA caused the linear
enzyme to melt at 61.8 °C, the presence of calcium resulted in a melting temperature of 64.5 °C.
This confirmed the stabilizing effect of calcium for endo-1,3-1,4-B-glucanase as reported before
[35, 36], and calcium was added in all further experiments. In the presence of calcium, the circular
LicA-C1 showed a melting temperature of 67.7, an increase of 3 °C as compared to the linear
LicA-L1 (Fig. 6.6); a destabilizing effect of EDTA as described for the linear enzyme, was also
observed with the circular variants (results not shown). The apparent melting temperatures obtained
for linear and circular enzymes match very well with the trend observed in the above mentioned in-
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Figure 6.7. Temperature induced unfolding. Differential scanning thermograms of (A) LicA-C1 and (B) linearized LicA-C1 in the absence of Ca*" at
pH 7.00 at a protein concentration of 0.3 mg/ml. Graphs were vertically shifted for comparison. Vertical dotted lines emphasize the shift of the
denaturation temperature.
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activation experiment at 65 °C (Fig. 6.5). While the linear enzyme is beyond its melting
temperature at this condition and thus starts to inactivate rapidly, the circular variant is only at the
early stage of unfolding, resulting in a much slower inactivation process.

DSC studies of circular and linearized (circular variant after treatment with thrombin) LicA-
C1 in 50 mM sodium phosphate buffer (pH 7.7), revealed a single denaturation transition peak. The
denaturation temperature, T4, was found to be 60.0 °C and 61.7 °C for the linearized and the
circular LicA-Cl1, respectively (Fig. 6.7). These denaturation temperatures are in good agreement
with the transition temperatures observed from monitoring the fluorescence intensity under the
same conditions. Varying the scanning rate between 0.25 and 1.5 °C/min did not affect the T, or the
shape of the endothermal peak and the enthalpy associated with the transition (not shown).
However, after cooling the samples to room temperature subsequent heating up did not reveal a
denaturation peak; this indicates irreversible unfolding that prevents the calculation of changes in
AS and AH. However, from the area of the transition peak, the calorimetrically-determined enthalpy
associated with the denaturation of the circular enzyme was estimated to be two-fold higher than
that calculated for the denaturation of the linearized enzyme (not shown). The enthalpy of
denaturation is a measure of the intramolecular bonds, which maintain the active protein
conformation. This strongly suggests that the backbone cyclization increases the internal stability
of LicA-Cl.

To investigate the effect of the introduced loop, a series of constructs with different lengths
and composition were designed. Shorter loops were constructed either by deletion of three N-
terminal residues (QTG), two C-terminal residues (KR), the thrombin recognition site (LVPRGT),
or a combination thereof, resulting in linking loops consisting of 9 - 20 amino acid residues (Fig.
6.3C). The six histidine residues were always maintained to facilitate purification. Based on SDS-
PAGE analysis of Ni-NTA purified CFEs of the complete series of clones, it is concluded that not
all variants were produced as soluble proteins; the cases where no protein band was detectable
corresponded to the ones in which no activity was measured (LicA-C3, LicA-C4 and LicA-C6)
(Fig. 6.3C). The constructs for which proteins of the expected size were detected (not shown), were
purified and activity was analyzed: LicA-C1, LicA-C2 and LicA-C5. The two variants with the
shortest loop (LicA-C3 and LicA-C6) are inactive, whereas the ones with a longer loop (LicA-Cl1
and LicA-C5) show hydrolytic activity (Fig. 6.3C). On the other hand, the medium-sized loops
result in both an active (LicA-C2) and an inactive (LicA-C4) cyclic variant, at least indicating that
length is not the only factor affecting catalytic function and/or correct processing. Moreover, it can
not be ruled out that the C-terminal residues (RK) are important; a mutant with only this deletion
has not been included. Removal of the N-terminal QTG or the thrombin recognition site has hardly
any effect. Overall, it is concluded that both the size of the loop and the nature of amino acid
residues in the region of the original C-terminus, determines the efficiency of intein processing,
which is required to generate active circular endo-1,3-1,4-B-glucanase.

The variant with the shortest loop that was still active, LicA-C2, was compared with the
long loop variant, LicA-C1, with respect to temperature optimum and stability. Like variant LicA-
Cl, also LicA-C2 had an optimal temperature of 55 °C, identical to the linear LicA-L1 (not shown).
Both cyclic variants are more stable than the linear enzyme. Fluorescence spectroscopy showed that
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variant LicA-C2 unfolds in the same temperature range as variant LicA-C1 (Melting temperature of
68.2 °C, Fig. 6.6). As discussed earlier, LicA-C1 inactivated 6-fold slower than LicA-L1 upon
incubation at 65 °C, yet LicA-C2 showed an inactivation half-life time of 50 min at this
temperature: more than a 16-fold increase as compared to the linear enzyme (Fig. 6.5). The
difference in stability between the two cyclic variants is significant. LicA-C2 differs from LicA-Cl
by the deletion of 6 amino acid residues, the thrombin recognition site, in the loop (Fig. 6.3C). The
shorter loop of LicA-C2 might result in a more stable protein because it is more compact, whereas
the longer loop of LicA-C1 might be more flexible, what makes the protein more susceptible to
unfolding at increasing temperatures. Furthermore, solving the three-dimensional structures of
LicA-C1 and LicA-C2 would be required to reveal interactions between residues in the loop and
other residues that might contribute to stability of the cyclic enzymes.

In summary, the endo-1,3-1,4-B-glucanase from Bacillus licheniformis has successfully
been circularized by using the cyclization approach based on circular permutation of a precursor
protein flanked by two intein domains. The circular variants showed catalytic properties
comparable to the original linear enzyme, but were significantly more stable. Although the design
of the connecting loop will differ per protein, we conclude that cyclization may be an effective tool
to moderately stabilize polypeptides.
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Abstract

The instability of prokaryotic mRNA in some instances may result in a decreased overall yield of
gene expression. Hence, better insight in the features that determine mRNA stability, and the ability
to engineer stable messenger variants, might contribute to optimized production of certain proteins.
The aim of the present study was to explore novel strategies for stabilization of mRNA by
cyclization. A series of pET9d-derived plasmids has been generated, including a reporter
(Pyrococcus furiosus B-glycosidase, CelB) and a ribozyme (Tetrahymena thermophila self-splicing
intron), and used to transform the LacZ-deficient Escherichia coli JM109(DE3). The design of the
constructs allowed for a simple in vivo selection for ribozyme-catalyzed mRNA processing, as the
cyclization of the RNA molecule resulted in re-ligation of truncated ce/B-fragments. Subsequent
translation of this cyclic mRNA resulted in a functional B-glycosidase enzyme, as was judged by
blue staining after growth on LB agar supplemented with X-Gal. In addition, B-glycosidase activity
was demonstrated in lysates of liquid cultures of the selected recombinants. Moreover, analysis of
total RNA of these recombinants by RT-PCR confirmed the presence of covalently closed circular
mRNA. Also transcription in vitro resulted in cyclic mRNA that showed resistance to degradation
by exonuclease. Several variant constructs have been designed aiming at optimal splicing, ligation,
and subsequent transformation of the cyclic transcript. Although the present cyclic variants did not
give rise to an enhanced protein production compared to the linear construct, this engineering
exercise showed potential applicability for its improvement of mRNA stability.

Introduction

The Tetrahymena thermophila self-splicing intron is inserted in the 26S ribosomal RNA (rRNA)
gene of this unicellular eukaryote, where it autocatalyses its excision from the primary rRNA
transcript. This ribozyme has been classified as a Group I intron, based on its conserved sequence
elements that form distinctive secondary and tertiary structures by intramolecular Watson-Crick
base-pairing (Fig. 7.1). In general, Group I introns catalyse self-splicing from their primary
transcript in two sequential trans-esterification reactions, resulting in excision and circularization of
the intron fragment, and ligation of the exon fragments (Fig. 7.2A) [1].

Thorough analysis has identified the essential sequence elements required for splicing and
accurate recognition of the splice site by the intron. These elements include the 5’ region of the
intron, the internal guide sequence (IGS) which pairs with the 5° exon to form the Paired region 1
(P1) [2, 3]. This structure is needed for recognition of the conserved 5° exon sequence. A GU
wobble base pair at the 5’ splice site (Fig. 7.1B) determines the exact location of the cleavage site
and is required for the initiation of the splicing reaction [4]. The sole requirements for splicing
appear to be the presence of both monovalent and divalent cations (usually Mg”") and of guanosine
or one of its 5 -phosphorylated forms (GMP, GDP, or GTP) [1]. These characteristics allow

efficient splicing in vivo in Escherichia coli as well as in vitro.
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Figure 7.1 Secondary structure of the ribozyme from 7. thermophila. (A) Open arrows indicate truncation sites for constructs pWUR96 and
pWURY7. This figure is reprinted, with modifications, with permission from [5]. (B) A close-up of the P1 and P9 stem loops. Closed arrows indicate
the 5' and 3' splice sites. Exon nucleotides are indicated in grey. The boxed nucleotides align to form the P10 helix, required in the second step of the

splicing reaction. Adapted from [6], with permission.

Previous experiments with the Group I intron of the bacteriophage T4 (td intron) [7, 8] and
the Group I introns of Anabaena [9, 10] have shown the possibility to divide the ribozyme into two
parts and to rearrange the exon and intron sequences in such a way that the 3’-portions of both
ribozyme and exon is followed by the 5° halves of exon and ribozyme (Fig. 7.2B). Such a DNA
construct has been shown to yield a circular exon RNA after splicing both in vitro and in vivo.
Furthermore, it has been demonstrated that a circular GFP-encoding transcript, including the
sequential elements needed for translation initiation (RBS, ribosome binding site; DB, downstream
box), can be effectively translated in E. coli, yielding the properly folded GFP [8]. An interesting
observation was the apparent accumulation of circular mRNA, suggesting enhanced messenger
stability, most likely due to increased exonuclease resistance [8]. In the same study, deletion of the
stop-codon resulted in the "non-stop translation" of extremely long poly-proteins from circular
messengers, proving the ability of the E. coli ribosomes to bind the circular RNA, and to continue
translation for at least ten rounds. Unfortunately, translation efficiency of these circular mRNAs
proved to be rather low, 20% compared to translation of their linear equivalent. Considering that
circular messengers were found to accumulate in vivo [8, 11], the translational efficiency per RNA
molecule may be even less.

In this study, the described techniques have been applied using the group I intron from
Tetrahymena thermophila for generating circular transcripts of a B-glycosidase reporter protein.
Several unprecedented designs have been made with the goal to establish an efficient system for in
vivo and in vitro translation of circular mRNA. Furthermore, the increased stability of circular
mRNA towards degradation by exonucleases has been analyzed.
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Figure 7.2 Schematic representation of the splicing mechanism of a Group I intron (A) and after engeneric rearrangement, yielding a circular exon
(B). Exon sequence is drawn white, intron sequence light grey. The dark grey fragments are the mutated exon boundaries in the ce/B gene. (A) The
reaction is initiated by the nucleophilic attack of a 3” hydroxyl of a guanosine cofactor at the 5° splice site (1). The exon-intron phosphodiester bond
is cleaved and the guanosine forms a 3’,5’-phosphodiester bond at the 5* end of the intron. The liberated 3* hydroxyl of the 5’ exon then makes a
nucleophilic attack at the 3” splice site to form the ligated exons and release the intron with the non-encoded guanosine (2). Nucleotides close tot the
5" end of the intron are realigned on the "internal guide sequence" (IGS) and the highly conserved 3' terminal guanosine of the intron makes a
nucleophilic attack at a phospho-diester bond between nucleotides 15 and 16 or between nucleotides 19 and 20 within the intron in a reaction that is
analogous to the first step of splicing (3). The intron is circularised (4) and a small fragment containing the non encoded guanosine is released
(adapted from [5]). (B) 1 represents the transcribed, unspliced messenger. 2 shows both parts of the intron realigned in vivo. Finally, the splicing
reaction yields a ligated, circular exon and a complex of two intron fragments (3).

Materials and Methods

Bacterial hosts and vectors - The T7 expression vector pET9d was obtained from Novagen.
Escherichia coli JIM109(DE3) (Stratagene) was used as an expression host for the pET-derivatives.
E. coli was grown in TY medium in a rotary shaker at 37°C. Kanamycin was added to a final

concentration of 30 pg/ml.

Cloning and expression - The celB gene coding for Pyrococcus furiosus B-glycosidase previously
cloned in the pET9d-derived pLUWS511 [12] was used as a template in PCR reactions. The intron
has been PCR-amplified from 7. thermophila genomic DNA (a kind gift from Dr. Hackstein,
Radboud University Nijmegen). The primers that were used for the different constructs are listed in
Table 7.1. All mutations and permutations were generated using overlap extension PCR [13]. The
generated set of permuted genes was then ligated into pET9d after digestion with Ncol and BamHI,
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or Xbal and Bipl (pWUR97), and constructs were used to transform to E. coli IM109(DE3).
Sequence analysis of all constructs was done by the dideoxynucleotide chain termination method
with a Li-Cor automatic sequencing system (model 4000L). The expression of the ce/B gene was
monitored by blue-white-screening of colonies grown on plates containing 5-bromo-4-chloro-3-
indolyl-pB-D-galactoside (X-Gal) and in cell lysates by a discontinuous activity assay with pNp-3-
D-glucopyranoside (pNp-Glu) as a substrate.

Enzymatic assays - Standard enzymatic assays were performed at 90°C in 60 mM citrate buffer
(pH 7.0) with pNp-Glu (final concentration 3mM) as a substrate. An amount of 495 ul was
preheated in a 1.5 ml Eppendorf vial. The reaction was started by the addition of 5 pl of heat-stable
cell-free extract (soluble fraction of the cell-free extract after 30 minutes at 80°C). After exactly 7
minutes, the reaction was stopped by the addition of 1.0 ml of ice cold 0.5 M Na,COs. This causes
the pH to rise to about 9-10, terminating the reaction and enhancing the specific absorption
coefficient of the liberated nitrophenol. (gyn,= 18.3 mM™" at pH = 9.8). The absorption of the
reaction mixture was measured at 405 nm. Protein concentrations were determined according to
Bradford [14]. All activities were corrected for spontaneous hydrolysis and for hydrolysis by cell
free extracts of E. coli cells harboring pET9d without a gene insert.

In vitro expression - All in vitro reactions were performed using the Novagen EcoPro System,
according to the corresponding protocol. Briefly, DNA-template samples were extracted twice with
an equal amount of TE-buffered phenol:CIAA (1:1; CIAA is 24 parts chloroform, 1 part isoamyl
alcohol) to remove possible RNAse. After extracting once with CIAA NaOAC was added to a final
concentration of 0.3 M. The DNA was precipitated with 2.5 volumes of 96% ice-cold ethanol and
kept at —20 °C for 60 minutes. After centrifugation of the sample for 30 minutes at maximum speed
the pellet was washed with 70% ethanol and resuspended in 20 pl DEPC-treated sterile milliQ
water. For in vitro expression, 5 pl of this resuspended DNA was used per 50 pl of total reaction
volume.

RNA - For all RNA work, RNAse free solutions and glassware were used. All plasticware was
handled wearing gloves and sterilized in an autoclave. Solutions were treated with 0.1% DEPC for
at least 12 hours at 37 °C, after which they were sterilized in an autoclave. DNA-samples are
treated with a phenol-extraction to remove possible RNase. The isolation of total RNA was
performed with a Qiagen RNeasy mini-kit. The RNA was eluted from the Qiagen RNA column
with 30 pl of sterile DEPC-treated milliQ water. Contaminating DNA was removed using the
Qiagen RNase-Free DNase Set.

RT-PCR was performed with the Ambion RLM-Race kit, using MMLV reverse
transcriptase. The Qiagen-isolated RNA was directly used in the reverse transcription experiment as
described in the RLM-Race protocol. However, 4 ul RNA was used in the reverse transcription
reaction, instead of the recommended 2 pl. Also, 2 pul RT-product was used in 50 pl amplification

reaction, instead of the recommended 1 pl. Two primer sets were used to prove the presence of
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circular mRNA. Primer set 1 consisted of primers BG238 and BG239, primer set 2 consisted of
primers BG64 and BG1374 (Table 7.1). Amplification of cDNA in the second part of the protocol
was performed with an annealing temperature of 52 °C.

Exonuclease - The stability of circular mRNA towards degradation by exonuclease was examined
by adding a specific exonuclease (phosphodiesterase II, Sigma) to the in vitro expression reaction.
Samples were taken at different time points, and the reaction was stopped by placing the sample on
ice. The amount of enzyme added to the in vitro reaction was 7 x 10~ units per 30 ul reaction mix.
This corresponds to 7 ul of a 10 mU/ul stock of phosphodiesterase in milliQ. The expression of
celB was determined by a discontinuous activity assay as described earlier, but with an incubation
period of 15 minutes at 90 °C.

Results

The self-splicing activity of the Tetrahymena thermophila ribozyme was applied for the production
of circular RNA, i.e. by rearranging the sequences of the ribozyme intron and a reporter exon (Fig.
7.2B and 7.4). The celB gene of the hyperthermophilic archaeon Pyrococcus furiosus was used as a
reporter gene to monitor efficient and accurate splicing of the ribozyme and the consecutive
translation of the circularized ce/B messenger in vivo. The celB gene encodes a heat-stable [3-
glycosidase [15]. Functional celB expression in a -glucosidase (LacZ) mutant of E. coli can easily
be verified by blue-staining of recombinant colonies grown on X-Gal containing agar plates, and, in
solution, by an activity assay with pNp-Glu as a substrate. The translated and properly folded CelB
monomers assemble into a tetramer with four active subunits [15].

Figure 7.3 Model of the 3D-structure of CelB.
Ribbon model of Pyrococcus furiosus -
glucosidase CelB, viewed along one of the 2-
fold axes of the tetramer [12]. Active site
residues (marked with ASR) and mutated
residues (in encircled areas) are depicted in
black.
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Previous research [6, 16] has shown the importance of the flanking exon boundaries for an efficient
and accurate recognition of the splice site. Therefore the ce/B gene was adapted for the insertion of
the group I intron from 7. thermophila. To ensure that such a mutation of the coding sequence of
the gene would not disrupt the activity of the translated enzyme, a site at the surface of the tetramer
and far from the active sites of the enzyme was chosen (Fig. 7.3). Using PCR, a 15 base pair
substitution was introduced in the celB gene to create exon boundaries at the 5' and 3' flanking
regions of the selected intron insertion site, yielding pWUR94 after cloning into Ncol/BamH]1
digested pET9d The introduced flanking regions were similar to those in the 26S rRNA gene (Fig.
7.4A), and as such should perfectly pair with the internal guide sequence (IGS) of the intron to
ensure proper folding at the splice sites. The intron was inserted in the 5' and 3' flanking regions of
pWURDY94, by the overlap extension method, resulting in pWURO9S5. Both constructs were used to
transform E. coli JIM109(DE3) cells, and colonies were screened for blue-staining on X-Gal
supplemented agar plates. Cell-free extracts of cultures of the different recombinants were prepared
and incubated at 80 °C for 30 minutes; these conditions result in enrichment of the heat-stable CelB
because of denaturation of most E. coli proteins. The level of production of CelB was compared by
discontinuous activity assays and analysis on SDS-PAGE (Fig. 7.5). Functional expression of
active CelB was observed for both constructs, confirming i) that the introduced mutation did not
impair enzyme activity, and ii) the capacity of the 7th ribozyme to perform self-splicing in E. coli
IM109(DE3), with the introduced mutations in the exon boundaries in the celB gene. The increase
in specific activity of the samples after heat incubation, indicated that it was in fact the heat stable
CelB that was responsible for the B-glycosidase activity measured.

Next, a circular permutation of the gene construct was made subsequently to create a DNA
sequence that would lead to the production of circular RNA, provided that the splicing reaction still
occurs. Analysis of the known 2-dimensional structure of the 7th group I intron (Fig. 7.1A) showed
that dividing the intron in the P6b stem at position 238 (indicated with an open arrow in Fig. 7.1A)
would most probably result in an active ribozyme even when divided by a 1.5 kb gene. The
bacteriophage T4 td intron has previously been truncated in the P6 region as well, yielding an
active ribozyme [11]. Moreover, division of the intron in the P6b stem would result in large
complementary strands with the potential to strongly interact. Using partially overlapping primers,
both parts of the gene construct with the mutated cel/B and the ribozyme were PCR-amplified and
ligated in a consecutive PCR reaction, finally resulting in pWUR97 (Fig. 7.4). This construct
contains, from 5’ to 3°: the 3’ portion of the ribozyme, the 3’ exon with a stop codon (TAG), a
ribosome binding site (AGGAGAT), a start-codon (ATG), the 5’ exon and finally the 5° portion of
the ribozyme.

A second truncation site in the intron was made in the joining region of stem 3 and 4 (at
position 104 from the 5' end of the intron; indicated with an open arrow in Fig. 7.1A), yielding
pWURO96. Motivation for this truncation site was the reported high-affinity self-assembly of
separately expressed domains of the 7th ribozyme (P4-P6 and P3-P9), resulting in an active
ribozyme [17].
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B

codons are indicated.

CelB AGTACAATAAAAGAG
Ser Thr lle Lys Glu
pWUR94 TCCTCTCT-TAAGGTA
Ser Ser Leu Lys Val
Tth26S rRNA  TCCTCTCT-TAAGGTA
pLUWS511 [ >
pWUR94 | | >
PWURS5 | I I >
PWURSS | I > |
PWUR9? 0 > I |
pWUR114 | I j]>
pwur11s [ P | |
pwortzs [ > -
stop rbs start
TTTGTTACAAGAAAGTAGGAAGGAGATATACCATGGCAAAG
Phe Val Thr Arg Lys Met
pwure? [T > | -
rbs stop-start motif
TTAGGAGGTAGAAAATGAAGTTC
Leu Gly Gly Arg Lys
Met
pWUR115 [ ] j} I |
stop rbs start
TTTGTTACAAGAAAGTAGTTAGGAGGTAGACCATGGCAAAG
Phe Val Thr Arg Lys Met
pWUR124 [] > |

Figure 7.4 Overview of all DNA constructs. (A) sequence alignment of the flanking exon boundaries in the 26S rRNA of Tetrahymena thermophila
(Tth 26S rRNA), the one that has been introduced in ce/B (pWUR94) and the original sequence of ce/B at that position. (B) and (C) Schematic
presentation of the different constructs. Only the DNA insert of the vectors is shown. Colors as in Fig. 2. The introduced ribosome binding site (rbs)
in pWUR114, 115 and 124 is depicted in outlined diamond pattern, the introduced ATGA motif is depicted in dark horizontal pattern. (C) detailed
sequence view of the stop-start region of the 3 constructs with different designs of ribosome binding site (rbs) or stop-start motif. Stop- and start-
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activity (U/mg)

pWUR94 pWURS5 pWUR96 pWUR97 pWUR114 pWUR115 pWUR124 pLUW511  pET9d

«¢— CelB tetramer

4= CelB monomer

Figure 7.5 Expression and activity of CelB from different constructs. The upper panel shows the specific activity of CelB in Units per mg protein in
cell-free extract, CFE (depicted in light grey) and heat-stable cell-free extract, HSCFE (depicted in dark grey). The lower panel shows the
corresponding SDS-PAGE analysis of the heat stable cell-free extracts of the different constructs. Arrows indicate the tetramer (216 kDa) and
monomer (54 kDa) of CelB. Lane 1, Biorad precision marker; Lane 2, pWUR94; Lane 3, pWUR9S5; Lane 4, pWUR96; Lane 5, pWUR97; Lane 6,
pWURI114; Lane 7, pWURI115; Lane 8, pWUR124; Lane 9, pPLUWS511; Lane 10, pET9d;

A recent study by Ishida ef al. (2002) [18] has shown how an upstream small open reading frame
(encoding a leader peptide) may enhance the expression of an adjacent gene in E. coli, especially
when the stop and start codons overlap (ATGA). Introducing an ATGA-motif with a 4-basepair
overlap between the stop codon of a leader open reading frame and the start codon of the
downstream coding region of a gene, increased protein expression more than 3-fold, compared to
the expression from a construct with a 10 nt gap between the leader ORF and the start codon of the
gene. The authors proposed that the enhanced expression of the downstream gene was a result of
“efficient ribosome recruitment” [18]. In analogy, pWURI115 was designed with an ATGA motif
and a RBS introduced at the 3' end of the celB coding region (Fig. 7.4). The design of construct
pWURI15 with respect to the RBS and the spacing towards the start-codon was based on previous
research on the role of the Shine-Dalgarno (SD) sequence in prokaryotes [19]. To introduce the
RBS at the 3' end of celB, three amino acids had too be substituted. To evaluate the influence of
this mutation on the activity of the enzyme, the same mutation was introduced in pWUR94,
resulting in pWUR114. PCR using partially overlapping primers was used to create pWURI115 and
pWURI114 with the described mutations in the 3' end of the sequence. The importance of the exact
sequence of the SD region for ribosome recruitment, and therefore translation initiation, has been
shown before [18]. To examine the influence of the RBS and its directly flanking region on the
expression from pWURI115, this sequence was replaced in pWUR97, resulting in pWUR124 (Fig.
7.4).
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Figure 7.6 In vitro expression. The expression levels in vitro are indicated by the activity in Units per pl of the in vitro transcription/translation
reaction.

No functional expression of CelB was observed for constructs pWUR96, pWURI15 and
pWURI124, while pWUR97 yielded lower levels of active protein compared to wild-type celB and
pWUR94 and pWUR9S5. Analysis on SDS-PAGE revealed the presence of CelB tetramer and
monomer in the different heat-stable cell-free extracts (Fig. 7.5), as has been observed before [20].
All samples were incubated at 99°C for 10 minutes, prior to loading on gel to dissociate the CelB
tetramer. However, to some extent the tetramer was still present on gel, except for sample
pWURI114 (Fig. 7.5C, lane 6).

In addition to in vivo heterologous expression, all constructs were tested for transcription,
splicing and translation in vitro, using the Novagen Ecopro system, which is a prokaryotic in vitro
expression system based on a bacterial extract. Expression levels of CelB were examined using a
discontinuous activity assay, showing similar trends as observed in vivo (Fig. 7.6).

An alternative assay to prove the presence of circular RNA was performed by RT-PCR [21].
RNA was purified from cultures in the mid log phase, and used as a template in a reverse
transcription reaction by MMLYV reverse transcriptase to produce the corresponding cDNA. Two
sets of primers for the RT-reaction were designed such that only covalently closed circular RNA
(cccRNA) could give rise to cDNA with both primer sets. Linear, unspliced RNA would only give
rise to amplification with one primer set (set 1, grey dashed line in Fig. 7.7A), and RNA from the
wild-type gene would give rise to amplification from the other primer set (set 2, black dotted line in
Fig. 7.7A). The cDNA produced in the RT-reaction was consecutively amplified in a normal PCR
reaction with Taq polymerase to produce sufficient amounts of DNA to visualize by Ethidium
Bromide staining after electrophoresis on an agarose gel. For pWURY97, this analysis indeed
showed the presence of amplified DNA products of the expected size for both primer sets, thereby
confirming the presence of circular mRNA (Fig. 7.7B). The same reaction with pWUR96-RNA
showed only amplification from primer set 1, indicating the presence of unspliced mRNA.
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Figure 7.7 RT-PCR. (A) Two sets of primers can amplify different products, depending on the template present. Only cccRNA will give rise to a
product with both primersets. Colors as in Fig. 2. (B) Gel electrophoresis after RT-PCR, the asterix indicates the expected product (1.4 kb). Lane 1,
DNA marker; Lanes 2-5 represent the products with primer set 1, with in Lane 2, pWUR97; Lane 3, pWUR97; Lane 4, pWURY96; Lane 5,
pLUWS511; Lanes 6-9 represent the products obtained with primer set 2, with in Lane 6, pWUR97; Lane 7, pWUR97; Lane 8, pWURY96; Lane 9,
pLUWSI1I;
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Figure 7.8 Stability of circular mRNA. In vitro expression of celB from linear and circular messenger RNA, after addition of exonuclease
(phosphodiesterase II, Sigma). The lines with triangles show the results from the wild-type ce/B gene (left axis), the lines with closed circles show the
results from circular RNA from construct pWURO97 (right axis). After 30 minutes of in vitro expression, the exonuclease was added to both samples.
The dashed lines show the increase in expressed CelB activity in the absence of exonuclease.

pLUWS11-RNA gave rise to a product with primer set 2, indicating the presence of normal, non-
permutated messengers, but no circular messenger.

The stability of circular and linear mRNA against exonuclease degradation was compared.
During in vitro expression, a specific exonuclease (phosphodiesterase II, Sigma) was added to the
reaction and samples were taken at different time points. The increase in CelB-activity after
addition of exonuclease was measured and compared to the CelB-activity in samples without added
exonuclease (Fig. 7.8). The results indicated an enhanced yield in the case of the circular
messenger, strongly suggesting a stabilization of the circular mRNA.
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Discussion

In the present study we have shown that a rearranged group I intron, derived from the ciliate 7.
thermophila, can be used to synthesize large circular mRNAs in E. coli, and that this circular
transcript is functionally translated to an active (-glycosidase. Additional analyses, using SDS-
PAGE and in vivo and in vitro activity assays, were instrumental for assessing the influence of the
constructs’ design on the expression level of cel/B.

We could show that introduction of an intron in the ce/B gene, as in pWUR9S5, did not
significantly decrease the expression level of the enzyme. This confirmed results of Guo and Cech
[6], showing that the eukaryotic splicing mechanism of the intron can easily occur in vivo in E.
coli,. Unlike the latter study, however, the original "intron insertion site" introduced in the cel/B
gene proved to be effective for an accurate and efficient splicing reaction, without decreasing the
enzyme activity or stability.

Furthermore, we could demonstrate that the success of a circular permutation of construct
pWUROS strongly depends on the actual site of the permutation. Truncating the intron between
stem P3 and P4, as in construct pWURDO96, did not give rise to the production of CelB. This is most
likely due to a disturbed splicing mechanism of the transcribed mRNA. The failure of this construct
is unexpected given the results of Doudna and Cech [17], and probably indicates the effect of the
additional sequence (celB fragments) that may affect the correct assembly of the ribozyme
domains. On the other hand, a division in stem-loop P6, as in pWURY97, yielded functional CelB
expression. This successful re-assembly of the ribozyme domains agrees well with analogous
truncation experiments with T4 td intron [11]. The production of active CelB by cells harbouring
pWURY97 confirmed that the transcribed messenger can indeed perform autocatalytic splicing and
ligation in vivo, and that the created circular messenger can be translated by the prokaryotic
translation machinery. Although translation of circular mRNAs has been shown once before with
the T4 Group I intron [8], the here described circular messenger is slightly larger in size, it concerns
an enzyme-encoding transcript, and the unprecedented design of shuffled gene fragments is a
convenient tool for screening functional construct designs.

Comparison of the expression levels of the permutated construct and the wild type gene
revealed a decrease in activity of approximately 90%; this is comparable with the GFP production
from a circular messenger using the T4 td intron [8]. Since the introduction of an intron in the
native celB gene does not affect expression levels, the truncation of the intron most likely results in
a decreased splicing efficiency of the messenger because of sub-optimal assembly of the ribozyme
domains. This may result in lower levels of accurately processed mRNAs, or may even slow down
the overall splicing and ligation reactions, allowing nucleases to degrade the linear messenger.
Alternatively, efficiency of translation initiation could be decreased in case of a circular messenger.
Ribosome recruitment on a circular messenger might be less efficient than recruitment on a linear
messenger. This could also negatively affect protein production levels.

In vitro expression experiments revealed expression profiles for the different constructs that
agree very well with the trends observed in vivo. Comparison of the wild-type gene and the
permutated construct showed an approximate 95% decrease in functional CelB production, which is
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slightly worse than observed in vivo. The anticipated increased stability of the circular RNA does
not appear to be an extra advantage in vitro.

Apart from the technical challenge, a motivation of generating circular messengers was to
enhance in vivo expression, because of anticipated longer messenger lifetime, and maybe even
further by increased translation efficiency via a “rolling circle mechanism”. However, these effects
could neither be demonstrated in the case of CelB (this study) nor GFP [8]. A likely explanation for
this observation is that the transcript stability in the case of these two reporters is not a limiting
factor for protein production.

To accomplish rolling-circle translation of the ce/B messenger, the construct was engineered
to introduce a 4-basepair overlap in the stop and start codon of the celB gene, as is observed in
many natural poly-cistronic messengers in prokaryotes. This should allow the ribosome to
continuously read and translate without dissociating from the circular mRNA. However,
pWURI15, did not yield active CelB. To create the 4-basepair overlap in stop and start codon
(ATGA-motif), radical changes had to be introduced at the C-terminus of CelB, and to some extent
in the SD-sequence. Two constructs were designed to evaluate these changes introduced in the
DNA-sequence of pWUR115: pWUR114 and pWUR124 (Fig. 7.7AB). In construct pWUR114, the
mutation in the 3’ end of the ce/B gene was introduced in the mutated ce/B gene, without intron
sequence. Although some activity was measured in the cell-extracts of cells containing this
construct, it was approximately 50% less than the expression from the wild-type gene. On SDS-
PAGE, the overexpressed protein appeared to migrate slightly faster than the wild-type CelB.
Moreover, the very stable tetramer of the enzyme was still present in the lanes with the wild-type
CelB, but did not appeare in the pWURI114 lane. This suggests that either the tetramer of the
enzyme was not present at all, or it was less stable than the tetramer of the wild-type CelB and had
therefore completely dissociated during the heat-incubation of the sample, prior to loading on gel.
The C-terminal end of the CelB monomer has previously been reported to play a crucial role in
tetramer formation and stability [20]. A mutation in this part of the protein might therefore indeed
decrease the stability of the tetramer. Since only the tetramer of the protein is known to be active
[20], this might also explain the decreased enzyme activity in the cell-extract.

The influence of the changed SD-sequence was evaluated with construct pWUR124, in
which the SD-sequence and spacer between stop- and start-codon of construct pWUR97 was
replaced by the SD-sequence as present in pWURI115 (Fig. 7.7). The lack of activity of this
construct (which has a more perfect match with the anti-SD of E. coli) is puzzling, as also sequence
analysis did not indicate mistakes. This might reflect the importance of the sequence directly
upstream of the gene for protein expression [22]. However, the introduced ribosome binding site is
known to be functional in E. coli. An alternative explanation might be that the introduced
substitutions enable the formation of some a-specific interaction with the ribozyme domains that
disrupt its splicing and/or ligation activity. Future research is required to draw final conclusions on
the effect of the 4-basepair overlap in an ATGA-motif. Random mutagenesis of the SD-sequence
might lead to variants with enhanced efficiency, as well as applying the proposed design on a gene
with a less crucial 3’ end.
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Addition of exonuclease apparently resulted in an immediate stop of CelB production from
a linear construct (Fig. 7.8). This is in agreement with the expected degradation of the linear
messenger RNA by the enzyme, thus destroying any template for the translation reaction. Addition
of exonuclease to a circular RNA-template decreased CelB production as well, but certainly not to
the same extent. The decrease in production compared to the samples without exonuclease can be
explained by assuming the degradation of primary, unspliced, and therefore linear, transcript.
However, the already present pool of circular mRNA remains available as a template for
translation, and as such for functional CelB production.

A method was developed to prove the presence of a specific circular RNA by means of RT-
PCR. Although the presence of an active enzyme itself is a strong indication for a successful intron
splicing and an effective translation of the messenger, the RT-PCR method provides elegant means
to confirm the presence of circular RNA. Moreover, in case of disturbed messenger translation, RT-
PCR might still reveal the presence of circular RNA. Finally, the increased stability of circular
mRNA towards exonuclease degradation is demonstrated.

Instead of optimizing the translational efficiency of the circular messenger, another way of
improving protein expression in future research could be to improve the splicing efficiency of the
permutated messenger in vivo. Studies by Guo and Cech (2002) [6] indicated that the flanking
regions are extremely important: base pairing should not be too strong, but proper base pairing of
the 5' exon to the IGS to form the P1 stem loop, as well as base pairing of the 3' exon to the IGS to
form the P10 stem loop, are essential. Analysis of the secondary structure of the 7th 26S rRNA,
shows a highly organised structure which most likely is crucial for optimal intron splicing. Previous
research has in fact revealed that the minimum length for optimal splicing of the 7¢th 26S rRNA, is
145 nucleotides upstream and 85 nucleotides downstream of the intron [23]. More research might
reveal essential sequential elements in this region for an improved intron splicing, and might be
useful to explain some of the efficiency-related matters that were encountered in the present study.

A rather interesting question that remains is whether the ribosome is capable of translating
the cirularized mRNA more than once without dissociating from its RNA template. Evaluating the
expression of different constructs described in this study does not give a definite answer to this
question. In the study of Perriman and Ares [8] a design was made in which the stop codon was
deleted, resulting in a continuous circular open reading frame; this indeed resulted in long repetitive
strings of proteins, indicating the occurrence of rolling circle translation. Alternative designs
presented here did not lead to the anticipated result, for reasons that are not understood at present.

The system described in this study may be useful for detailed analysis of ribozyme-
catalyzed splicing, as well as of ribosome-mediated translation. Apart from these fundamental
processes, the system may have potential for improved expression of genes that have very instable
messengers, or for certain in vitro applications that require mRNA templates with enhanced
stability.
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Chapter 8

The catalytic properties, thermostability, and production of thermostable glycoside hydrolases have
been investigated. Moreover, attempts have been made to improve these parameters in order to
efficiently generate biocatalysts that are better suited for application in sugar-converting processes,
in which high temperatures are often desired. Various strategies and techniques have been applied,
some of which unconventional. A novel a-galactosidase (GalA), a laminarinase (LamA) and a -
glucosidase (CelB) from the hyperthermophilic archaecon Pyrococcus furiosus served as models in
this study, as well as a lichenase (LicA) from the bacterium Bacillus licheniformis.

As a general introduction to this thesis, Chapter 1 provides a review on glycoside
hydrolases, with specific attention those from hyperthermophilic origin. The classification and
reaction mechanism of this class of enzymes is discussed as well as the methodology that is used to
study these biocatalysts. An extended characterization of one such enzyme, an a-galactosidase
(GalA) from Pyrococcus furiosus, is described in Chapter 2. The GalA gene (gal4) was identified,
cloned and functionally expressed in Escherichia coli. GalA is a novel type of a-galactosidase from
a hyperthermophilic archaeon. The gal4 gene encodes a unique amino acid sequence compared to
other a-galactosidases. Highest homology was found with a-amylases classified in family 57 of
glycoside hydrolases. GalA specifically catalyzed the hydrolysis of para-nitrophenol-o-1,4-D-
galactopyranoside, and to some extent that of melibiose and raffinose. The enzyme appeared to be
an a-galactosidase with extremely high thermo-activity (temperature optimum of 115 °C) and
thermal stability (half-life time of 15 hours at 100 °C). Sequence analysis showed four conserved
carboxylic residues. Site-directed mutagenesis was applied to identify the potential catalytic
residues. Glul17Ala showed decreased enzyme activity, which could be rescued by the addition of
azide or formate. It is concluded that glutamate 117 is the catalytic nucleophile, whereas the
acid/base catalyst remains to be identified. The importance of identifying the catalytic residues is
illustrated in Chapter 3 that describes the engineering of the Pyrococcus furiosus laminarinase
(LamA), an endo-glycosidase known to hydrolyze [-1,3-gluco-oligosaccharides, but unable to
degrade B-1,4-gluco-oligosaccharides. The nucleophile mutant Glul70Ala had a severely reduced
hydrolytic activity, but was active as a glycosynthase: the condensation of o-laminaribiosyl
fluoride and different acceptors resulted in oligosaccharides with a yield of up to 30%. Depending
on the acceptor, the synthase generated either a B-1,3 or a B-1,4 linkage. In the same chapter, the
specificity of the wild-type hydrolase towards small saccharides has been investigated in more
detail, using 4-methylumbelliferyl B-glucosides with different linkages. Besides endo-activity,
wild-type LamA also was demonstrated to have some exo-activity, and the potential to hydrolyze
mixed-linked oligosaccharides with both -1,4 and -1,3 specificities.

In Chapter 4 certain details of the stability and tertiary structure conformation of LamA are
described. In 7.9 M GdmCl the addition of calcium to the enzyme causes significant changes to the
near-UV circular dichroism (CD) and fluorescence spectra, suggesting a notable increase in the
tertiary structure which leads to a state comparable, but not identical, to the native state. The
capability to interact with calcium in 7.9 M GdmCl with a consistent recovery of native tertiary
structure is a unique property of this extremely stable endo-f3-1,3 glucanase. The effect of calcium
on the thermodynamic parameters relative to the GdmCl-induced equilibrium unfolding has been
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analyzed by circular dichroism and fluorescence spectroscopy. The interaction of calcium with the
native form of the enzyme was studied by Fourier transformed infrared spectroscopy in the
absorption region of carboxylate groups and by titration in the presence of a chromophoric chelator.
A homology-based model of the enzyme was generated and used to predict the putative binding
site(s) for calcium and the structural interactions potentially responsible for the unusual stability of
this protein, in comparison with other family 16 glycoside hydrolases.

In various industrial applications the immobilization of the enzyme is desired. The structural
characteristics and activity of LamA upon immobilization on Teflon and silica has been described
in Chapter 5. The materials were designed such that the interaction of the particles with light was
negligible and the enzyme conformation in the adsorbed state could be monitored in situ. The
adsorption isotherms were determined and the adsorbed endoglucanase was studied using a number
of spectroscopic techniques, enzymatic activity assays, and dynamic light scattering. It was shown
that the enzyme adsorbed to the hydrophobic surface of Teflon with higher affinity than to the
hydrophilic surface of Silica nanoparticles. In all cases, adsorption resulted in slight changes in the
secondary structure. The changes were more profound upon adsorption on Teflon. The activity of
the adsorbed enzyme showed the same pH-dependency as the enzyme free in the solution and it
remained active in the adsorbed state in spite of the structural changes induced when interacting
with the surfaces.

To explore innovative means for enhancing enzyme stability, a recently described method
of protein engineering has been used, as presented in Chapter 6. The approach is based on the
natural process of “intein-driven protein splicing”. A variation on this theme allows for the
generation of a covalent linkage between the N-terminus and the C-terminus of a polypeptide
chain. The method has been applied to create circular variants of LicA, a lichenase (endo-p-1,3-1,4-
glucanase) from Bacillus licheniformis. Two cyclic variants showed a significantly higher thermal
stability than the linear variant, whereas catalytic activity was sustained. After 3 minutes at 65 °C
the linear glucanase had lost half of its activity, whereas the two cyclic variants showed a 6-fold
and 16-fold increase of half-life times of activity at this temperature. Upon increasing temperatures,
fluorescence spectroscopy demonstrated that the cyclic polypeptides started to unfold significantly
later than the linear one, with an increase in apparent melting point by 2 °C.

Finally, in Chapter 7, attempts were made to stabilize messenger RNA (mRNA) by
cyclization, and its effect on the efficiency of heterologous expression has been analyzed. In some
instances the instability of prokaryotic mRNA may result in a decreased overall yield of gene
expression. Better insight in the features that determine mRNA stability, and the ability to engineer
stable messenger variants, might contribute to optimisation of protein production by microbial Cell
Factories. A series of constructs has been generated including a reporter (B-glucosidase) and a
ribozyme (self-splicing intron). They were used to transform E. coli. The constructs were designed
in such a way that ribozyme-catalyzed mRNA processing resulted in cyclization of the RNA
molecule with re-ligation of truncated B-glucosidase-fragments as a consequence. Subsequent
translation of this cyclic mRNA resulted in a functional B-glucosidase enzyme, as was shown after
growth both by activity screens on agar plates and in liquid cultures. Moreover, analysis of total
RNA of these recombinants by RT-PCR confirmed the presence of covalently closed circular
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mRNA. Also transcription in vitro resulted in cyclic mRNA that showed resistance to degradation
by exonuclease. Several design variations have been tested aiming at optimal splicing, ligation, and
subsequent transformation of the cyclic transcript. Although the present cyclic variants did not give
rise to an enhanced protein production compared to the linear construct, this engineering exercise
showed potential applicability for its improvement of mRNA stability.

This thesis provides tools to identify, isolate, and characterize new glycoside hydrolases,
and to change them into more efficient and specific glycosynthases. Moreover, approaches are
provided to study and increase thermostability of enzymes, and to increase the stability of mRNA
in order to improve the expression of certain genes. In conclusion, the described toolbox includes
different strategies for protein engineering in general, and for enzymes with potential for
oligosaccharide synthesis in particular.
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De katalyse, thermostabiliteit, en produktie van thermostabiele glycoside hydrolasen zijn
onderzocht. Daarnaast is getracht bepaalde eigenschappen van deze enzymen te verbeteren
waardoor ze beter geschikt zijn voor toepassing in processen waarin korte suiker ketens
(oligosachariden) gesynthetiseerd worden, een proces dat efficiénter verloopt bij hogere
temperaturen. Diverse strategieén en technieken zijn toegepast, waarvan enkele onconventioneel.
Als model voor deze studie zijn een nieuw a-galactosidase (GalA), een laminarinase (LamA) en
een [-glucosidase (CelB) van het hyperthermofiele archaeon Pyrococcus furiosus gebruikt,
alsmede een lichenase (LicA) van de bacterie Bacillus licheniformis.

Als een algemene inleiding tot dit proefschrift wordt in Hoofdstuk 1 een overzicht gegeven
van glycoside hydrolasen, met specifieke aandacht voor die van hyperthermofiele origine. De
classificatie en het reactiemechanisme van deze klasse van enzymen worden beschreven alsmede
de methoden die worden gebruikt om deze biokatalysatoren te bestuderen. Een uitgebreide
karakterisatie van één zo’n enzym, een a-galactosidase (GalA) uit Pyrococcus furiosus, wordt
beschreven in Hoofdstuk 2. Het GalA gen (gald) werd geidentificeerd, gekloneerd en functioneel
tot expressie gebracht in Escherichia coli. GalA is een nieuw type a-galactosidase; de hoogste
homologie werd gevonden met o-amylasen die geclassificeerd zijn in familie 57 van glycoside
hydrolasen. GalA katalyseert specifick de hydrolyse van para-nitrophenol-a-1,4-D-
galactopyranoside, en tot op zekere hoogte die van melibiose en raffinose. Het enzym bleek een a-
galactosidase te zijn met een extreem hoge thermo-activiteit (temperatuur optimum van 115 °C) en
thermostabiliteit (halfwaardetijd van 15 uur bij 100 °C). Sequentie analyse heeft geleid tot de
identificatie van vier geconserveerde carboxylaat residuen. Plaatsgerichte mutagenese werd
toegepast om de mogelijke katalytische residuen te identificeren. Glull17Ala vertoonde een
verlaagde enzymactiviteit, welke hersteld kon worden door toevoeging van azide of formiaat. Er
wordt geconcludeerd dat glutamaat 117 het katalytische nucleofiel is, terwijl de zuur/base
katalysator nog geidentificeerd moet worden. Het belang van het identificeren van de katalytische
residuen wordt geillustreerd in Hoofdstuk 3, waarin de engineering beschreven wordt van het
Pyrococcus furiosus laminarinase (LamA), een endo-glycosidase waarvan bekend is dat het -1,3-
gluco-oligosachariden hydrolyseert, maar niet in staat is tot afbraak van [-1,4-gluco-
oligosachariden. De nucleofiel mutant Glul70Ala had een drastisch gereduceerde hydrolytische
activiteit, maar was actief als een glycosynthase: de condensatie van a-laminaribiosyl fluoride en
verschillende acceptoren resulteerde in oligosachariden met een opbrengst tot 30%. Afhankelijk
van de acceptor, genereerde het synthase hetzij een -1,3 danwel een B-1,4 binding. In hetzelfde
hoofdstuk is de specificiteit van het wild-type hydrolase met betrekking tot kleine sachariden
onderzocht, waarbij gebruik gemaakt werd van 4-methylumbelliferyl B-glucosiden met
verschillende bindingen. Naast endo-activiteit is ook gedemonstreerd dat het wild-type LamA enige
exo-activiteit heeft, en de potentie om oligosachariden te hydrolyseren met zowel -1,4 als -1,3
specificiteit.

In Hoofdstuk 4 worden bepaalde details van de stabiliteit en tertiaire structuur conformatie
van LamA beschreven. In 7.9 M GdmCl wordt aangetoond dat de toevoeging van calcium aan het
enzym significante veranderingen veroorzaakt in circulair dichroisme (CD) en fluorescentie
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spectra, wat een kleine maar significante verandering suggereert van de tertiaire structuur t.o.v. de
natieve toestand. Het vermogen tot interactie met calcium in 7.9 M GdmCI, met een consistent
herstel van natieve tertiaire structuur is een unieke eigenschap van dit extreem stabiele endo-§3-1,3-
glucanase. Het effect van calcium op de thermodynamische parameters, relatief ten opzichte van
het GdmCl-geinduceerde evenwicht, is geanalyseerd door middel van circulair dichroisme en
fluorescentie spectroscopie. De interactie van calcium met de natieve vorm van het enzym werd
bestudeerd aan de hand van Fourier getransformeerde infrarood (FTIR) spectra. Van het enzym
werd een op homologie gebaseerd model gegenereerd welke gebruikt werd om de vermoedelijke
bindingsplaats(en) van calcium te voorspellen, alsmede de structurele interacties die mogelijk
verantwoordelijk zijn voor de ongewone stabiliteit van dit eiwit, vergeleken met andere familie 16
glycoside hydrolasen.

In verschillende industri€le toepassingen is immobilisatie van het enzym gewenst. De
structurele eigenschappen en activiteit van LamA na immobilisatie op Teflon en Silica zijn
beschreven in Hoofdstuk 5. De materialen waren zo ontworpen dat de interactie van de deeltjes
met licht te verwaarlozen was en de enzymconformatie in de geadsorbeerde toestand in situ
gecontroleerd kon worden. De adsorptie isothermen werden bepaald en het geadsorbeerde
endoglucanase werd bestudeerd door middel van diverse spectroscopische technieken, enzym
activiteit assays, en dynamic light scattering. Er werd aangetoond dat het enzym met hogere
affiniteit adsorbeerde aan het hydrofobe oppervlak van Teflon dan aan het hydrofiele oppervlak van
Silica nanodeeltjes. In alle gevallen resulteerde de adsorptie in kleine veranderingen in de
secundaire structuur. De veranderingen waren intenser bij de adsorptie aan Teflon. De activiteit van
het geadsorbeerde enzym vertoonde dezelfde pH-afhankelijkheid als het enzym vrij in oplossing,
en het bleef actief in de geadsorbeerde toestand ondanks de structurele veranderingen die
geinduceerd zijn wanneer interactie met de oppervlakken plaatsvindt.

Om vernieuwende manieren voor enzym stabilisatie te onderzoeken, is een recent
beschreven methode gebruikt voor eiwit engineering, wat gepresenteerd wordt in Hoofdstuk 6. De
aanpak is gebaseerd op het natuurlijke proces “intein-driven protein splicing”. Een variatie op dit
thema maakt generatie mogelijk van een covalente binding tussen de N-terminus en de C-terminus
van een polypeptide keten. De methode is toegepast om circulaire varianten te creéren van LicA,
een lichenase (endo-B-1,3-1,4-glucanase) van Bacillus licheniformis. Twee cyclische varianten
vertoonden een significant hogere thermische stabiliteit dan de lineaire variant, terwijl de
catalytische activiteit behouden bleef. Na 3 minuten bij 65 °C had het lineaire glucanase de helft
van zijn activiteit verloren, terwijl de twee cyclische varianten een 6-voudige en 16-voudige
verhoging van de halfwaardetijden vertoonden voor de activiteit bij deze temperatuur. Bij
verhoging van de temperatuur, liet fluorescentie spectroscopie zien dat de cyclische polypeptiden
significant later begonnen te ontvouwen dan de lineaire, met een verhoging van het schijnbare
smeltpunt van 2 °C.

Tot slot, in Hoofdstuk 7, zijn pogingen ondernomen om boodschapper RNA (mRNA) te
stabiliseren door middel van cyclisatie, en is het effect hiervan op de efficiéntie van heterologe
expressie geanalyseerd. In sommige gevallen kan de instabiliteit van prokaryoot mRNA resulteren
in een verlaagde totale opbrengst van gen expressie. Een beter inzicht in de kenmerken die mRNA
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stabiliteit bepalen, en de mogelijkheid om stabiele boodschapper varianten te construeren, zou
kunnen bijdragen aan optimalisatie van eiwit produktie door microbiéle Cell Factories. Een serie
van constructen is gegenereerd die een reporter (B-glucosidase) en een ribozym (self-splicing
intron) bevatten. Deze werden gebruikt om E. coli te transformeren. De constructen werden
zodanig ontworpen dat ribozym-gekatalyseerde mRNA processing resulteerde in cyclisatie van het
RNA molecuul met als consequentie de re-ligatie van verbroken B-glucosidase fragmenten. De
translatie van dit cyclische mRNA die hierop volgt resulteerde in een functioneel B-glucosidase,
zoals werd aangetoond middels activiteits screenings na groei op zowel agar platen, als in vloeibare
culturen. Bovendien werd de aanwezigheid van covalent gesloten circulair mRNA bevestigd door
analyse van het totale RNA van deze recombinante culturen met behulp van RT-PCR. Ook
transcriptie in vitro resulteerde in cyclisch mRNA, dat in tegenstelling tot lineair mRNA niet
gevoelig bleek voor hydrolyse door een exonuclease. Verschillende variaties in het ontwerp zijn
getest, strevend naar een optimale splicing, ligatie, en vervolgens transformatie van het cyclische
transcript. Hoewel de huidige cyclische varianten geen verbeterde eiwit productie tot stand bracht
vergeleken met het lineaire construct, liet deze uitvoering van engineering een potentiele toepassing
zien vanwege zijn verbetering van mRNA stabiliteit.

Dit proefschrift verschaft gereedschappen voor het identificeren, isoleren, en karakteriseren
van nieuwe glycoside hydrolasen, en voor het veranderen van deze enzymen in meer efficiénte en
specifieke glycosynthasen. Verder worden een aantal manieren beschreven om de thermostabiliteit
van enzymen te bestuderen en te verhogen, en om de stabiliteit van mRNA te verhogen om de
expressie van sommige genen te verbeteren. Concluderend, de beschreven gereedschapskist bevat
verschillende strategi€n voor eiwit engineering in het algemeen, en voor enzymen met potentie
voor oligosacharide synthese in het bijzonder.
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