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Proteins from hyperthermophilic origin can be shuffled to

thermostable hybrid enzymes.
This thesis.

The inhibition by glucose of P. furiosus B-glucosidase CelB and

S. solfataricus B-glycosidase LacS is comparabie.

This thesis.

Petzelbauer, I, Nidetzky, B., Haltrich, D., and Kulbe, K. D. (1999)
Biotechnol Bioeng 64, 322-32.

A complete genome sequence should be regarded as a
momentarily image of the genetic information of an organism.

Protein inclusion bodies can be regarded as an intermediate step
in in vive protein folding.
Carrié, MM, and Villaverde, A. (2001) FEBS Lett 489, 29-33

Scientific information on the internet will be more widely
accessible when authors make their articles available on

personal websites.
hetp:/fwww.natore.com/nature/debates/e-access/

Science would be served by presentation of failed experiments
alongside successful ones, instead of mentioning them in
informal discussions only (“tears in beers’).

C. Schmidt-Dannert and FH. Arnold (1999) Trends Biotechnol 17, 135-6
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Carrio, MM., and Villaverde, A. (2001) FEBS Lert 489, 29-33
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Stellingen behorend bij het proefschrift: ‘Engineering of p-glycosidases from
hyperthermopkilic Archaea’

Thijs Kaper

Wageningen, 19 oktober 2001


http://www.nature.com/nature/debates/e-access/

edankt...

Ja, mijn naam staat dan wel als enige voorop het boekje, maar ik heb het
toch echt niet allemaal zelf gedaan. Veel mensen, meer dan ik hier kan
noemen, hebben al dan niet bewust bijgedragen aan dit werk. Voorop staat
dat de afgelopen 5 jaren een geweldige tijd zijn geweest.

John, jou wil ik in de eerste plaats bedanken voor de begeleiding van de
afgelopen 5 jaar: nimmer aflatend enthousiasme, positieve instelling,
relativisme en een grote vrijheid om zelf het onderzoek in te vullen. Het is
tenslotte allemaal maar een spelletje, niet?

Willem, meer op de achtergrond met het overzicht, bedankt voor de
ontspannen begeleiding en de stimulerende discussies.

Jurre, Jeroen, Bert, Hester en Stan, zonder jullie was dit proefschrift een
stuk dunner geweest en het werk op het lab een stuk saaier. Bedankt voor
jullie inzet.

(Ex-)BacGenners bedankt: Leon, niet alleen in maar vooral buiten het lab,
vanaf die eerste Chouffes met Jigermeister tot de petzelbauers, substlate
speficificity en de colhoes; Joyce, gezellig om weer samen te werken in
Zweden; Ans, voor het sirakke koffie regime, de thee en de verse
tuinkruiden; Arjen, voor de uurtjes jazz in de collegezaal;, Corné voor de
introductie in het Brabantse carnavalsleven; Ana, voor de culturele uitjes;
Don, thanks for initiating some good habits, like fast food on Friday and
the work-outs in the gym; Wilfried, Incke, Thijs (the real one??), Johan,
Servé, Hauke, Pino, Stan, Valerie, Nina, Ken, Yannick, Gaél, voor de
gezelligheid tijdens de koffiepauzes, kartmiddagen, tot de verbeelding
sprekende lunch discussies, kersidiners, zeiltochten, Horizon lunches,
barbecues, kroegmiddagen, -avonden en —nachten. Verder alle collega’s op
Microbiologie bedankt voor de goede werksfeer en speciaal Ria, die
onmisbaar was voor de cafeine elke morgen, Nees, voor het wijzen van de
weg in bareaucratische en financi€le doolhoven, en Wim, voor alle hulp
met dwarsliggende rekenapparatuur.

Binnen de Wageningen Universiteit heb ik met vee] plezier samengewerkt
met collega’s aan de overkant van de straat. Willem van Berkel, Carlo van
Mierlo, Maurice Franssen en Matthew de Roode, bedankt de prettige
samenwerking, overleg, adviezen en gebruik van apparatuur,




Thanks to the European Union for sponsoring the work described in this thesis
and to all the colleagues across Europe, who participated in the “Enzymatic
Lactose Valorization™ project. Mosé, Maria e Marco, grazie per la buona
collaborazione e la vostra ospitalita a Napoli. Therese, tack for fruktbart
samarbete och gistfriheten under semestern. Andrea Vasella, thanks for the nice
collaboration.

Thanks to my new colleagues at the Novum in the group of Rudolf Ladenstein
for your welcome.

Met veel plezier keerde ik elke avond weer naar de Engelenbak terug. Alle
engeltjes van de Hoogstraat: ‘Keukenprins’ Hauke, ‘Salsa® Margreet,
‘Ovenprinses’ Judith, ‘Burkina” Helena, ‘Keukenkoning’ Ludo, ‘Nuke‘my’
Joost, ‘Winterkoningin’ Noeky, ‘Lissabon’ Koen, ‘Pretcog’ Karin, ‘Rozen’
Rolf, ‘Magic’ Marc en ‘Benjamin’ Louis, bedankt voor de gezelligheid,
mentale ondersteuning, samen genuttigde dozen wijn, salsadans, dakbarbecues
en vele culinaire hoogstandjes.

Reinier en Freerk, bedankt voor het jammen en de concert bezoekjes; Arjen,
voor de saxles; Herman, voor hulp in de SIIWA puinhoop; Ellen, zangeres,
buurvrouw &n vriendin, bedankt voor de gezellige avondjes en morele
ondersteuning. Jan, bedankt voor de muziek en de hulp bij het maken van de
omslag van dit boekje.

Voormalige scouts Joris en Eric, en oud GNEF-ers Bart, Vicky, Mirjam, Elke
en Nina, bedankt voor de jaren van vriendschap.

De mannen van de actie: Cees, medelid van het Jetta team, Eelco en Herco,
bedankt voor het skieén, snowboarden, zeilen, mountainbiken, en de avondjes
stappen.

Pino, grazie per la ospitalita nella tua casa, la pizza a metre e i altri segreti della
cucina Napolitana. Beatrice, grazie per i tempi buoni insieme. Alcina, obrigado
{per o fado) per amizade ¢ acolhimento.

Familieleden, nu ga ik dan eindelijk ‘afstuderen’. Bedankt voor de fijne
momenten samen en jullie interesse voor mijn gepriegel in het laboratorium.
Mama, Papa, Geert Jan, Hans Lenze, Marijke, Ronald, Ries, Marieke en kleine
Mart, bedankt voor jullie licfde, gezelschap, hulp en al die kleine dingetjes, die
een familie zo hijzonder maken,

Op het laatst is de beurt aan mijn paranimfen, Leon en Stan. Leon, labpartner en
reisgenoot, en Stan, succesvolle afstudeervakker en nu collega-AIO, aan mijn
bureau nog wel, bedankt voor alles wat jullie in deze tijd hebben gedaan, doen
en nog gaan doen,

Papa en Mama, dit boekje is voor jullie.

-

s




Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

able of contents

Abbreviations
General introduction

Comparative structural analysts and substrate specificity of the
hyperthermostable B-glucosidase CelB from Pyrococcus furiosus.
Substrate specificity engineering of a f-mannosidase and a

B-glucosidase from Pyrococcus by exchange of active site residues

Activity and stability of hyperthermophilic enzymes: a comparative
study on two archaeal B-glycosidases

Improving low temperature catalysis in the hyperthermostable
Pyrococcus furiosus B-glucosidase CelB by directed evelution

Optimized catalytic features of [-glycosidase hybrids by DNA
family shuffling

Improved oligosaccharide synthesis by protein engineering of
B-glucosidase from hyperthermophilic Pyrococcus furiosus

General discussion and concluding remarks
Summary

Samenvatting

Curriculum vitae

List of publications

27

43

65

79

99

119

131

151

155

159

161




BgiB
CelB
LacG
LacS
Bgly
BglA
oNp

pNp
oNp-Gal
oNp-Gal-6-P
oNp-Glc
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General introduction

The first chapter of this thesis gives background information on the
separate parts of its title “Engincering of [-glycosidases from
hyperthermophilic =~ Archaea”. It starts with a description of
hyperthermophilic, or heat-loving organisms. Then, B-glycosidases, the
enzymes that have been the topic of the studies described in this thesis,
are described. Next, thermostabilizing mechanisms in proteins are
discussed. Thereafter, different approaches for enzyme engineering are
described, which is followed by possible applications for B-glycosidases
in industry. Finally, the outline of the thesis is described.

Parts of this chapter will be published in: Kaper, T., Van der Oost, 1., De Vos, W.M.
(2001) Engineering thermostable fomily 1 B-glyeosidases for saccharide processing. In:
Further Advances in Carbohydrate Bioengineering, Eds. Teeri, T.T., Svensson, B.,
Gilbert, HJ., Feizi, T. in press
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1.1 Hyperthermophiles

The proteins that have been studied in this thesis originate from hyperthermophilic, or “heat-
loving”, organisms. This section will cover the natural habitats of these organisms, which are
exclusively microorganisms, their biological diversity, the relevance of recently elucidated
hyperthermophile genome sequences, as well as the possible biotechnological implications. In
addition, the carbohydrate metabolism of the hyperthermophiles Pyrococcus furiosus and
Sulfolobus solfataricus is described in more detail, since the enzymes that have been topic of the
studies described in this thesis, play important roles in carbohydrate degradation in these
microorganisms.

Hyperthermophilic habitats. Life can be classified by the temperature, at which an organism
reaches its optimal growth rate. Hyperthermophiles have been defined as organisms that grow
optimally above 80°C. Heat-adapted life has been mainly found in aqueous systems, usually in
areas of volcanic activity in both marine and terrestrial ecosystems. Marine ecosystems are
characterized by high concentrations of salt and a moderate pH. The solidifying magma in undersea
volcanic areas vaporizes waler (o steam with a temperature of 400°C (7). Upon contacting the cold
ocean water, the — often sulfur-containing - minerals in the steam precipitate to form chimney-like
structures or ‘black smokers’, of which the porous walls are habitats for microbial life (2). Members
from the order of Thermococcales, to which Pyrococcus furiosus belongs, are abundantly found at
these sites (3). In addition to these and other microbes, undersea volcanic areas are full of Bukaryal
life that has evolved to withstand the high concentrations of sulfur (4). Terrestrial habitats for
hyperthermophiles include hot springs, mud holes and solfataric fields. Often found in areas of
volcanic activity, the habitats are diverse in temperature, pH and chemical composition. In solfataric
soils, an oxidized, ferric-iron-containing zone is often found above an anoxic, ferrous sulfide-
containing zone (2). Furthermore, solfataric soils are characterized by steep temperature and pH
gradients. Several Sulfolobales, including Sulfolobus solfataricus, have been isolated from hot,
acidic pools in these places (Figure 1.1) (5).

Hyperthermophile diversity. Presently more than 70 hyperthermophilic organisms have been
described, which belong to 32 different genera in 10 orders (2). The majority of these orders are
Archaea, with the only bacterial orders being the Thermotagales and Aquificales (2, 6). The
hyperthermophiles branch deeply in a universal phylogenetic tree, which fuels speculations about
the hyperthermophilic character of the proposed last universal common ancestor of earthly life
(Figure 1.2). However, the matier of hyperthermophilic Archaea being the first living organisms on
a young, still hot earth is still under debate (7, 8). Hyperthermophilic Archaea are found in all three
archaeal kingdoms, the Crenarchaeota, Euryarchaeota and Korarchaeota and show considerable
phylogenetic diversity, which is reflected by their diverse morphology, physiology, and
biochemistry (9).
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Hyperthermophilic Euryarcheaota have found to be sulfur-reducing and sulfur-independent
heterotrophs, COj-reducing methanogens, and sulfate reducing hydrogen oxidizers, while
representatives of the Crenarchaeota include autotrophs and heterotrophs, which can be strictly or
facultatively anaerobic or microaerophilic (/0). Whereas the former two kingdoms have several
isolated members, the presence of Korarchaeotal rRNA sequences in hydrothermal sites indicates
that this kingdom includes hyperthermophiles as well (11, 12).

Figure 1.1 Hot acidic mud pool in the Solfatara crater, Pozzueli (NA), Haly, habitat of Sulfolobus (courtesy of Leen
Kluskens).




Engineering of B-glycosidases from hyperthermophilic Archaea

Genomes of hyperthermophilic micreorganisms. At present, 12 genome sequences of
hyperthermophiles have been listed as completed (www.tigr.org). Genomic sequences of
hyperthermophilic microorganisms are of evolutionary and biochemical interest. The genome
sequences can be used for establishing a comprehensive view of evolutionary relationships between
organisms, in addition to the rRNA based classification of life (13). Also, such an analysis could be
of help in the description of the last universal common ancestor for all earthly life, which might
have had a hyperthermophilic character (7, 9). However, the hypothesis that the deeply rooted
position of hyperthermophiles is an indication of a slow evolution pace (14), seems contradictory to
recent analysis of the genome sequences. The genomes of hyperthermophilic P. furiosus, P.
horikoshii and P. abyssi revealed a relatively high genome plasticity within one genus (/5-17).
Further analysis of bacterial and archaeal genomes might challenge the current view on evolution
with the finding of domain-crossing characteristics in single species ({3, 18, 19). Whereas a stable
core of household genes can be identified, there is a considerable number of gains and losses of so
called lifestyle genes, such as carbohydrate degrading pathways (20). Evidence has been presented
that these genes may be laterally transferred from one organism to another (27). Furthermore,
analysis of the genomes of hyperthermophiles provides information on the hyperthermophilic way
of life, including its metabolic aspects, the molecular basis for protein thermostability, and might
result in the identification of genes coding for enzymes of industrial interest (14).

Biotechnological implications. Enzymes from hyperthermophiles often have an extreme
stability, which allows their application in industrial processes at elevated temperature, high
pressure, and in organic solutes. A high process temperature may have a beneficial effect on
substrate solubility, viscosity, diffusion and reaction rates (22). Furthermore, above 60 °C the risk
for reactor contamination is greatly reduced. At present, enzymes from hyperthermophiles find
mainly applications in PCR and other research tools in molecular biology as well as the starch and
paper processing industry (6). Despite their great potential, however, the applications for
hyperthermophiles and their enzymes are currently rather limited (23). Still, applications of
enzymes or products from hyperthermophiles in food and non-food industry are anticipated to result
from recently developed initiatives in functional genomics as well as from development of
hyperthermophilic expression systems (24).

Sugar metabolism in Pyrococcus furiosus and Sulfolobus solfataricus. Pyrococcus furiosus
is a strictly anaerobic Euryarchaeon that grows optimally at 100°C and was originally isolated from
shallow, thermal marine sediments (25). Recently, its complete genome sequence (1.8 Mb) has been
determined (26). P. furiosus is capable of heterotrophic growth on organic acids, proteinaceous
substrates, ¢- and Ji-linked saccharides and monomeric glucose (23, 27-29), Starch, pullulanan and
glycogen are degraded by extracelluiar o-amylase B (30, 3/) and amylopullulanase (32, 33) to

malto-oligosaccharides, which are converted to monomeric glucose by an intracellular -
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glucosidase (34). A homologous gene cluster that codes for enzymes involved in uptake of maltose
and trehalose in Thermococcus literalis (35) has been identified in P. furiosus (36).
Intracellularglycogen is degraded by cytosolic o-amylase A (37, 35). In addition to o-linked
glucosides, P. furiosus is able to grow on [-1,4-linked cellobiose (27), B-1,3-linked laminarin (28)
and mixed linkage barley lichenan (29) (Figure i.3). For their degradation P. furiosus produces an
extracellular laminarinase LamA (28) and an endo-f-1,4-glucanase EglA (39). The B-linked oligo-
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saccharides are actively transported into the cell for degradation to glucose by the PB-giucosidase
CelB (27, 36, 40). The celB and lamA genes are divergently located in a single operon and their
expression is induced in the presence of P-linked glucosides (41). The B-glucosidase and endo-
glucanases have been found to synergistically degrade f-linked glucose polymers to glucose in vitro
(28, 42). In the cell, monomeric glucose enters a modified Embden-Meyerhof glycolysis pathway
with novel ADP-dependent kinases (43-45) and a single step conversion from glyceraldehyde-3-
phosphate to 3-phospho-glycerate by the GAPOR enzyme, in which no energy seems to be
conserved (46). Furthermore, P. furiosus uses alanine production as an electron sink in the presence
of a high hydrogen partial pressure in combination with the absence of elementary sulfur (47).

The Crenarchaeon Suifolobus solfataricus was originally isolated from solfatara fields and is
a micro-aerophilic acidophile, which grows optimally at 85°C and pH 2-4 (48). The genome of §.
solfataricus P2 is close to 3 Mb large and has recently been sequenced (49). While there exist some
differences between a number of §. solfataricus strains in the capacity to utilize monomeric sugars,
they are able to grow on several o- and B-linked saccharides (5, 50). These are taken up by binding
protein-dependent ABC-type transporters (50). Growth on polysaccharides seems restricted to
starch, dextrin, and xyloglucan (3, 51). Intracellularly, S. solfataricus produces an o-glucosidase, a
B-glycosidase LacS with broad substrate specificity, and an a-xylosidase XylA (52-53). LacS and
XylA seem to be involved in xyloglucan degradation (51). Monosaccharides are oxidized to COs,
using O, as the terminal electron acceptor, which involves a partially non-phosphorylated type of
Entner-Douderof! pathway (45), a TCA cycle and an unique respiratory chain (49).

lichenan
(B1,3/4-glucese polymer)

laminarin
(B-1.3-glucose polymer)

--.@?
Laminaribiose

cellobiose . - out

glycolysis

-<WTH adnA>qadhe>-UamA>- ﬁeim>-

Figure 1.3 Schematic model of B-glucan degradation in P. jfuriosus. CelB: (-glucosidase, LamA: endo-B-1,3-
glucanase, EglA: endo-3-1,3-1,4-glucanase (27, 28, 39, 41).
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1.2 Family 1 glycosyl hydrolases from hyperthermophiles
Glycosyl hydrolases are enzymes that are capable of hydrolyzing glycosidic bonds. Given the
extensive variely in carbohydrate stereochemistry, there are many different enzymes present in
nature that are involved in their processing. This section summarizes general features of glycosyl
hydrolases found in hyperthermophiles. Subsequently, family 1 of glycosyl hydrolases will be
introduced with a description of enzyme structure, active site structure and mechanism of catalysis.
Glycosyl  hydrolases from Iyperthermophiles. Many hyperthermophiles can use
carbohydrates as an energy source for growth and posses the necessary enzyme sets for their
degradation {45). The produced enzymes are highly specific for either cleavage of the o- or the B-
glycosidic bond in the middle (endo-acting) or at the end (exo-acting} of a poly-, oligo, or
disaccharide molecule. Initially, o-glycosyl hydrolases were isolated from starch grown cultures,
while, more recently, hyperthermophiles were found to be a source for B-glycosyl hydrolases as
well (36, 57). In addition to the experimentally verified hyperthermophilic glycosidases, the recent
advance in genome sequences has supplied a large number of novel glycosidase encoding genes,
whose functions remain to be established. Among hyperthermophiles, the genome of the
eubacterium Thermotoga maritima encodes a record number of 39 annotated glycosyl hydrolases,
of which more than half have not been characterized yet (58). The isolated enzymes have their
optimum for catalysis at high temperatures and are highly resistant against thermal and chemical
inactivation, which makes them attractive biocatalysts for biotechnological applications (6).
Glycosyl hydrolases have been classified in over 80 families that have been organized in 11
clans bhased on protein sequence and folding similarities (59). The advantage of such classification
is that the enzymes in each family share a similar peptide fold and reaction mechanism (60).
Despite the large variety in glycosidases, there are only two mechanisms by which hydrolysis of the
glycosidic bond occurs: either with retention or inversion of the stereochemistry at the anomeric
carbon atom (6I). Glycosyl hydrolases from hyperthermophiles are similar to those found in
organisms with lower optimal growth temperatures and in 33 glycosidase families
hyperthermophilic representatives can be found (58). Family 1 of glycosyl hydrolases is made up by
exo-acting f3-glycosidases that can be found in all three domains of life. Extreme thermostable
representatives of this family originating from hyperthermophilic Archaea have been studied in the
work described in this thesis.
Family 1 B-glycosidases from hyperthermophilic Archaea. The family 1 glycosidases of
hyperthermophilic Archaea can be divided in three separate groups (Figure 1.4.), which have each
one or more characterized members. The P. furiosus B-glucosidase CelB and 8. solfataricus B-
glycosidase LacS fall in group A (Figure 1.4} and have been the subject of numerous structure-
function and structure-stability studies (62-66). Both enzymes are very thermostable and highly
thermoactive, and have in vivo roles in the degradation of B-linked sugars, such as laminarin in P,
furiosus (41) and xyloglucan in S. selfataricus (31). P. furiosus BmnA and P. horikoshii BgiB of
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group B are f-mannosidases with low and very low hydrolytic activity, respectively (67). The
physiological role of these enzymes is unknown, but their specificity and low activity could suggest
a role in biosynthesis or turnover of mannose containing compatible solutes (68). The P. horikoshii
BglA of group C is membrane-associated and has a high specificity for alkalic glucosides (69).
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Figure 1.4 Phylogenetic tree of Archaeal family 1 B-glvcosyl hydrolase protein sequences. A. (putative) B-
glycosidases: Pfu_CelB: P. furiosus P-glucosidase CelB (AF013169), Tag-Bgly: T. aggregans [-glycosidase
(AF053078). Sso-LacS: 8. solfataricus B-glycosidase LacS (M34696), Sso-Bgal: §. solfataricus B-galactosidase Bgal
(X15930), Ssh-Bgal: S. shibatae P-galactosidase Bgal (L47841). B. (putative} B-mannosidases: Pho-BglB: £.
horikoshii P-mannosidase (APO00002), Pab-BgIB: P. abyssi putative f-mannosidase BglB (AT248288), Pfu-BglB: P.
furiosus putative [-mannosidase BglB (P. furiosus genome ORF Pf_368506), Tko-BglB: Thermococcus
kodakaraensis putative f-mannosidase BgIB (AB028601), Pfu_BmnA: P. furiosus fi-mannosidase BmnA (U60214),
Pab-BmnA: P. abyssi putative B-mannosidase BmnA (AJ248285). C: (putative) membrane associated [-
glucosidases: Pfu-BglA: P. furipsus putative P-glucosidase BglA (AF195244), Pho-BglA: P, horikoshii [-
glucosidase BglA (C71144), Tsp-BglA: Thermococcus sp. putative §-glucosidase BglA (Z70242), D. Bacterial and
eukaryal B-glycosidases: Tre-BgIT: Trifolium repens cyanogenic [-glucosidase (X56733), Tma-BglA: Thermoioga
maritima B-glucosidase BglA (X74163), Bpo-BglA: Bacillus polymyxa P-glucosidase BglA (M60210), Lla-LacG:
Lactococcus lactis 6-phospho-B-galactosidase LacG (M28357). Tree was produced in ClustalX (/57) and visualized
using Treeview (158).
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The hyperthermophilic origin of the f-glycosidases is reflected by their extreme thermostability.
This stability is intrinsic to the amino acid sequence and independent of the producing organism,
since functional expression of the thermostable B-glycosidases in Escherichia coli and Lactococcus
lactis (40, 70), and Saccharomyces cerevisiae (71) yields enzymes with wild-type properties. The
use of mesophilic hosts offer simple down-stream processing approaches for purification of these
hyperthermostable ennzymes: virtvally pure protein can be obtained after a heat incubation and
subsequent centrifugation of the cell-free extract (72).

Mechanism of catalysis by family 1 glycosyl hydrolases. Family 1 glycosyl hydrolases
hydrolyze their substrates with overall retention of the stereochemistry at the C1 atom. This
proceeds through a double displacement mechanism, in which a carboxylic residue undertakes a
nucleophilic attack on the C1 atom of the non-reducing saccharide residue and forms a covalent
glycosyl-enzyme intermediate (Figure 1.5). The glycosidic bond is cleaved and the leaving group
abstracts a proton from a second carboxylic residue that acts as a general acid base. Next, an
incoming acceptor, water in the case of hydrolysis, attacks the covalent bond between the enzyme
and the glycoside. The kinetic scheme for the reaction is as follows (73):

Ky k
E+8 <= ES e s - pp
1
The rate-limiting step in the reaction is either ks or ka, depending on the pK;-value of the
leaving group. Below a pK,-value of 8-9, k; is rate-limiting, while at higher pKa-values ks becomes

HD*O ¥ cp)§ o ¢

OH OH N
HO >
HO! e oH = Ho. :_--_O%OH
OH o+ OH1 HC
Y : on
O, :o‘ oYd &

* + ROH / - glucose

Figure 1.5. Mechanism of hydrolysis by retaining B-glycosyl hydrolases after ref. (159).
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Figure 1.6 Ribbon presenatation of tetrameric CelB (62). Image was generated using Swiss-PDB viewer (/60) and
visnalized vsing Povwin (J61).

the rate limiting step (73-75). This implicates that the hydrolysis of lactose or cellobiose, is rate-
limited by ks, since the pK, of a leaving 4-OH group of glucose is about 12.4 (76). In the hydrolysis
of chromogenic substrates with leaving groups as ortho- or para-nitrophenol (pK. = 7.2 (73)), ks
determines the reaction rate. A glacose-B-1,4-glucose bond is the most stable covalent bond in
biopolymers with an estimated half-life of 4.7 million years at 25°C (76).

The enhancement in hydrolysis of a factor of 10'", makes glycosidases exceptionally
efficient biocatalysts (76). This illustrates that glycosidases have been extremely well optimized for
the lowering of the activation energy of the reaction. Retaining B-glycosidases have been found to
distort the glycoside residue in the —1 subsite upon binding of the substrate in the active site, thus
putting strain on the glycosidic bond (77). Furthermore, the active sites of B-glycosidases have been
optimized for stabilization of the transition-state of the reaction, which is believed to have a trigonal
geometry at the Cl-atom and substantial oxo-carbenium ion character (Figure 1.5) (73, 78). This is
clearly illustrated by the finding that glucoside hydrolysis by family 1 enzymes is strongly and
competitively inhibited by transition state analogues with Ki-values that are at least 3 orders of
magnimde smaller than the Ky, for the corresponding substrates (73, 74, 79). The experimentally
deduced double-displacement mechanism has been confirmed by the presence and position of two
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1. General introduction

fully conserved glutamate residues in family 1 protein sequences and determined 3D structures
which serve as the nucleophile and general acid/base in the reaction (80, 81). Substitution of the
general acid/base residue results in about 10°-fold reduced reaction rate which is pH-independent
(65, 81). In contrast, removal of the nucleophile of the reaction results in virtually complete
inactivation (40, 65, 80, 82), which can be partly rescued by another nucleophile- acting amino acid
residue (82) or by addition of external nucleophiles, such as azide and formate (83, 84).

The central fold of family 1 glycosy! hydrolases are {Bos-barrels (85), which in the case of
the determined structures of S. solfataricus LacS (64), T. aggregans Bgly (86) and P. furiosus CelB
{62} have been arranged in a homotetrameric configuration (Figure 1.6). Organisation in oligomers
has been observed in other thermostable enzymes as well and is believed to be a thermostablizing
mechanism (6, 87). The active sites of determined crystal structures of family I enzymes have been
very well conserved with at most minor structural changes, which must determine the slight
differences in substrate specificity (62, 64, 86, 88-91). The 10 amino acid residues, which have been
shown to interact with the substrate in the —1 subsite in crystal structures co-crystallized with
ligands (89, 92), have been highly conserved in the archaeal family 1 protein sequences (Figure
1.7).

H150

N205
E206

Figure 1.7 Conserved residues in —1 subsite of the active site of family 1 B-glycosidase LacS from S. solfataricus
with a modeled galactose molecule (64). Catalytic Glu 207 (acid/base) and Glu 387 (nucleophile) and galactose have
been shaded black. Image was generated using Swiss-PDB viewer (/6¢) and visualized using Povwin (16J).
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1.3 Protein stability

In general, enzymes from hyperthermophiles display extreme thermal and chemical stabilities.
Below, the initial folding of a protein is described, followed by a general description of
conformational stability of proteins. Thereafter, an overview of currently identified
thermostabilizing mechanisms is given.

Protein folding. In ther native form all proteins adopt a fold that is determined by their
amino acid sequences. At the moment, the way from an unorganized peptide sequence to a folded
protein is described most accurately by a 3D folding landscape or folding funnel, in which different
routes can lead to the native folded protein structure of minimal energy (93). Clustering of
hydrophobic groups to prevent energetically-unfavorable hydration, also called the hydrophobic
effect, is the major driving force to a collapsed structure that after rearrangement reactions results in
the native protein (94). The conformational stability of the folded peptide structure is the difference
between entropy, which strives for optimal conformational freedom of the peptide chain, and a large
number of weak, stabilizing forces. The main stabilizing forces for the folded protein are
hydrophobic interactions and hydrogen bonding (95). Each effect contributes about equally and
results in a stability, which equals only a few weak intermolecular interactions (96). Interestingly,
the conformational stability of hyperthermostable enzymes can be similar to that of less stable
counterparts {97).

Thermostabilizing mechanisms. Proteins from hyperthermophilic organisms can endure
much higher temperatures than their mesophilic counterparts. Since heterologously produced
enzymes from hyperthermophilic origin often display wild-type stability, the molecular
determinants for thermostability lay encoded selely by the amino acid composition and peptide
sequence. The differences between proteins from mesophiles and hyperthermophiles are marginal
since their proteins are all composed of the same 20 natural amino acids and can have amino acid
sequences that are highly homologous. This results in near-identical structures that have been
optimized for catalysis employing identical reaction mechanisms (6, 87, 98). Moreover, no general
rules for thermostabilization have been identified so far. Rather, a number of factors have been
observed in extreme thermostable proteins that seem to be instrumental in protein stabilization in
hyperthermophiles (6, 87, 96, 99). From genome sequencing data it has been deduced that proteins
from hyperthermophiles contain relatively more charged residues as well as hydrophobic residues
(6). Asparagine and glutamine are sensitive for deamination at higher temperatures and probably for
that reason occur less than in the average open reading frame from mesophiles (96, 100). Since
there are large differences between hyperthermophile genomes, however, these data cannot be
generalized (6). The number of cysteines is slightly lower in proteins from hyperthermophiles
compared to mesophiles (6). However, disulfide bridges have also been found in hyperthermophilic
proteins (86). Some enzymes have required thermostability by organization in higher oligomeric
states compared to homologous enzymes from mesophiles, which reduces the surface area (62, 64,

86). Optimized subunit interactions furthermore, enhance thermostability, and for instance may
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include reduction of subunit cavities (/) or optimized packing density (/0/). In general, but
especially at subunit interfaces, a high number of ion-pair interactions between charged amino acid
residues, has been observed in many hyperthermophilic protein structures (64, 86, 100, 102).
Several studies have indicated that these ion-pairs are involved in protein stabilization, since
disruption of surface ion-pair networks reduced protein stability (703-707). This has been
confirmed by improvement of protein stability by introduction of ion-pairs, which, however, in
some cases emphasized the importance of the exact positioning of the charged residues to obtain a
stability increase (708-110). More surface area reduction resulls from shortening of loops (100,
107). Furthermore, an optimized packing efficiency has been observed in thermostable proteins, as
well as modified hydrogen bonding patterns (/02). In proteins from hyperthermophilic origin,
buried solvent molecules have been observed, which could stabilize by providing missing van der
Waals interactions or hydrogen bonds (86). However, for some proteins from hyperthermophiles it
has not yet been possible to explain their extreme stability (111).

1.4 Approaches for enzyme design

By changing the amino acid sequence of a protein, the role of single amino acid residues in protein
structure of function can be probed. When the gene of a protein is known and it can be expressed in
a convenient heterologous host, a wide array of molecular biological techniques are at the scientist’s
disposal to evaluate structure-function relationships. The choice, which technique to use, is guided
by the resources available, the purpose of the study and the available information on the enzyme of
interest. For the studies described in this thesis, two fundamentally different approaches have been
used, site-directed mutagencsis and directed evolution, which both will be described below. Each
approach will be illustrated by recent studies that have relevance to the work described in this
thesis.

Site-directed mutagenesis. Site-directed mutagenesis is the technique of choice for assessing
the role of single amino acid residues in enzyme catalysis mechanism or stability. By this technique,
a defined amino acid residue is deleted from a protein sequence, introduced into it, or substituted by
a residue of choice. Analysis of the biochemical properties of the enzyme variant will give
information about role of the designed residue in the protein. The obvious basis of this approach is
the design of the mutation. Ideally, a high-resolution 3D structure is used for the identification of
mutagenesis sites. When a 3D structure of the target protein is not available, one may use the
structure of a related enzyme, and identify target residues in multiple sequence alignments.
Alernatively, the structure of a related protein can be used for the construction of a 3D-model of
the target protein. In the absence of any structural information, chemical labeling, followed by
analysis of peptide hydrolysates, might identify, for instance, mechanistically active residues.

Site-directed mutagenesis has been an important tool for elucidation of protein structure-
function relationships (40, 84, 172) and protein stabilizing mechanisms (103, 108, 109, 113, 114).
Substitition of catalytic residues has been instrumental in the elucidation of the catalytic mechanism
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of family 1 glycosyl hydrolases (40, 65, §2, 115, 116), while in the same enzyme family the
substrate specificity has been probed by replacement of active site residues after structural
comparison of P-glycosidases with different specificities (62, 1717).

Directed evolution. Where site-directed mutagenesis represents a top-down approach
towards the design of a small number of enzyme variants, directed evolution is a bottom-up
approach, in which the creation of a large numbers of enzyme variants is followed by screening for
variants that exhibit the desired properties. Any protein of N amino acids can be composed in 207
ways, which represents the sequence space for the protein. Directed evolution is the exploration of
this sequence space ({18). Mutants that show the desired phenotype can serve as a starting material
for new mutagenesis rounds. It has been argued that the steps per evolutionary cycle should be
small to avoid accumulation of mutations with neutral or negative effects (JI18). In combining
random mutagenesis and selective pressure, followed by proliferation of the most successful
variants, the process is similar to that of Darwinian evolution. At the moment it is the approach of
choice for engineering of enzyme properties. An advantage of this method is the limited amount of
knowledge that is required about the enzyme’s structure and reaction mechanism. Alternatively,
determining factors are the genmeration of a large number of enzyme variants with randomly
distributed mutations, a suitable expression system and, most important, an efficient and reliable
screening that specifically selects for the desired properties (Figure 1.8).

Several methods for the creation of a large variety in gene sequences have been
developed recently. In the case of a single gene, the genetic diversity of a pool of randomly mutated
variants can be enlarged by DNA shuffling, a procedure which includes recombination of the
sequences after fragmentation and subsequent reassembly in which new variants are created (Figure
1.9A) (119, 120). The use of multiple genes with substantial homology in a DNA family shuffling

Figure 1.8 General approach for directed evolution of enzymes. A; gene coding for enzyme of interest, B: generation
of genetic variants, C: production of enzyme variants in suitable host according to one cell, one sequence, D:
isolation of genes coding for variants with desired features, E: improved genes serve as starting material for a new
cycle (after http://www.che.caltech.edw/groups/fha/Enzyme/ directed.html).
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Figure 1.9 Generation of genetic diversity by DNA shuffling. A: Single gene shuffling: (a) intreduction of random
mutations (error-prone PCR), (b) gene fragmentation (DNAse treatment) and (c) reassembly (179). B: DNA family
shuffling (homology >70%): (a) gene fragmentation (DNAse treatment} and (b} reassembly (121, 162).

approach (Figure 1.9B), accelerates the evolution of enzyme function (/2I), because a larger
amount of sequence space can be explored ({18). For shuffling or chimeragenesis of genes with low
or no homology, various methods have been developed (122-124). Directed evolution approaches
have proven themself in tailoring enzyme properties including thermostability (125, 7126), and
activity in organic solutes (127). Relatively few enzymes from hyperthermophilic organism have
been subject in directed evolution experiments. In the reported cases, single genes were optimized
for increased activily at room-temperature (63, /28, 129). In the family 1 of glycosyl hydrolases,
the PB-glucosidase from mesophilic Bacillus polymyxa was thermostabilized in a laboratorium
evolution approach (130). Recently, a screening for Agrobacterium faecalis B-glhucosidase mutants
was reported, which allowed for a quantitative detection of the synthesis of B-1.4-oligo-glucosides
(131).

1.5 Industrial applications of B-glycosidases

In quantity and price, lactose, galactose-B-1,4-glucopyranoside, is the most important [-linked
industrial sugar (Figure 1.10). Lactose is found only in mammalian milk and is produced in large
amounts by the cheese industry in the form of cheese whey and whey permeate (£32). Pure lactose
has several applications in the food and pharmaceutical industry, but could be used for the
manufacturing of derivatives with an increased economical value. Isomerization of lactose gives
lactulose with laxative properties, while reduction or oxidation of the free aldehyde groups yield
lactitol or lactobionic acid, which can be used as a low-calorie sweetener or preservator of
transplant organs, respectively. Through the action of B-glycosidases, value can be added to lactose
by hydrolysis to monomeric glucose and galactose, synthesis of galacto-oligosaccharides and
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Figure 1.10 Molecular siructure of lactose (galactosyl-B-1,4-glucose).

glycoconjugates (132} (Figure 1.11). The advantages of thermostable glycosidases are their longer
operational stability that allows for higher process temperatures, which reduces risks of bacterial
contamination and, increases substrate solubility and reaction rates (22).

Hydrolysis of lactose. Hydrolysis of lactose to glucose and galactose can be applied for the
production of low-lactose milk and the valorization of whey. Lactose in milk can be the cause of
digestive problems for persons that lack the gene coding for the enzyme lactase that hydrolyzes
lactose to monomeric galactose and glucose. Treatment of milk with f-galactosidase can replace the
lactase in the human intestine. Expression of lactase in milk by recombinant techniques is an
elegant solution (/33), but not yet feasible. Other techniques involve treatment of milk with
immobilized B-galactosidase (134). Although hydrolysis of the lactose present in whey increases
the sweetness and has beneficial effects for the use of whey in the food-industry, it is economically
not interesting due to the competition of other sweeteners (732). The P-glycosidases CelB and
Lac8, from P. furiosus and . solfataricus respectively, have recently been shown to be suitable for
such processes at temperatures above 70 °C (/35). By directed evolution, it has been demonstrated
that the P. furiosus CelB and S. solfataricus LacS can be used for the creation of hybrid enzymes
with enhanced lactose hydrolysis capacities at 70 °C (136).

Oligosaccharide synthesis. Short chain non-digestible carbohydrates have potential use as
prebiotics in functional foods (137) by selectively stimulating bacteria in the intestine and, as such,
may have a beneficial effect on the health of the host(138). Oligo-saccharides have reported effects
on colon cancer protection (/39), mineral absorption (/40) and lipogenic enzyme expression ({41).
These studies, however, concentrate mainly on a limited number of fructose-containing
oligosaccharides ({37), while the variety in saccharides allows for an extended number of different
short chain carbohydrates. Glycosidases can be employed for the synthesis of novel oligo-
saccharides, which occurs as a side reaction during disaccharide hydrolysis through the retaining
double-displacement mechanism (Figure 1.11) (/42). A promising source for oligo-saccharides is
provided by the milk disaccharide lactose (132), which is reflected by several studies on enzymatic
galactooligosaccharide (GOS) synthesis from lactose using retaining B-glycosidases (J43-146). The
limited solnbility of high amounts of lactose at room temperature initiated synthesis studies at
elevated temperatures with the extreme thermostable B-glycosidases CelB and LacS as catalysts.
Both enzymes produce GOS in relatively high yields during hydrolysis of lactose (135, 147, 148).
The elevated temperatures resulted in higher lactose concentrations and subsequent higher GOS
yields up to 43% w/w (148). The optimum temperature for the GOS synthesis was well below the
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_Figure 1.11 Reactions catalyzed by family 1 §-glycosidases

optimum temperatures of both enzymes, since above 75 °C the enzymes were rapidly inactivated
due to Maillard reactions (147).

Both CelB and Lac$ have a preference for the formation of galactose--1,3- and 1,6-glucose
bonds (/4%), which for CelB correlates with its apparent involvement in growth on B-1,3 glucosides
in P. furiosus (41). Besides the use of elevated temperatures, the high yields for CelB in GOS
synthesis (/47-149) are determined by the structure of their catalytic centers, since the yields could
be manipulated by active site variations (/48). The P. furiosus P-mannosidase BmnA and P.
furiosus B-glucosidase CelB were found to perform equally well in GOS synthesis. Taking into
account that the two enzymes differ considerably in hydrolysis rates, the yield and pH-optimum of
GOS synthesis by thermostable family 1 P-glycosidases was found to be independent of their
catalytic parameters for hydrolysis (148).

A drawback of oligosaccharide synthesis by retaining wild-type enzymes is the activity of
the B-glycosidases towards their synthesis products, which can be hydrolyzed again. By removal of
the amino acid residue, which acts as the nucleophile in the synthesis and hydrolysis reactions,
hydrolysis of the synthesis products is prevented. In this case however, the activity of the enzyme
has to be restored by use of a-glycosylfluorides (116, 150) or external nucleophiles (83, 84, I151),
When the catalvtic nucleophile Glu387 was replaced by Ala or Gly, S. solfataricus LacS was
completely inactivated. Activity was restored by addition of azide or formate, which in the case of
formate yielded a saccharide synthesizing enzyme (84). The LacS “glycosynthase” can be used for
the synthesis of linear and branched oligosaccharides with B-1,3-, 1,4- and 1,6 linkages, depending
on the used external nucleophile (152).

Glycoconjugate synthesis. The coupling of sugars to aglycons yields preducts that find
various applications in the food, personal care or farmaceutical industry (/53). By using family 1
B-glycosidases, the non-reducing moiety of a disaccharide can be coupled to alkylic chains (Figure
1.11) (153). Alkylic galactosides can be produced by §. solfataricus B-glycosidase and have
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potential as surfactants or components for sugar base polymers (/54). In contrast to mesophilic
counterparts, the B-glucosidase CelB from P. furiosus is able to glucosylate tertiary alcohols by
transglycoslylation (I55). Moreover, the CelB enzyme has been shown to glucosylate hexanol via
direct glucosylation (156).

1.6 Aims and outline of the thesis

This thesis describes studies on the substrate specificity and activity of P-glycosidases from
hyperthermophilic Archaea. With the B-glucosidase CelB from P. furiosus as starting point, the
aims of the studies were (i) to elucidate molecular determinants of substrate recognition and
catalysis in B-glycosidases, (ii) to identify and characterize novel B-glycosidases, (iii) to change
their substrate specificity and activity by enzyme engineering, and (iv) test the enzymes in applied
reactions.

Chapter 1 introduces various aspects of hyperthermophilic life and its enzymes, and focuses
on B-glycosidases of family 1 with their applications for lactose conversion.

A crystal structure of the model enzyme CelB, based on 3.3 A diffraction data, is described
in Chapter 2, Within family 1 of glycosyl hydrolases, the 6-phospho-fi-glycosidases form a distinct
subgroup with a unique substrate specificity that was believed to result from a structural adaptation
of the active site. The structure of the CelB active site was compared to that of the related 6-
phospho-f3-galactosidase LacG of Lactococcus lactis (92) and 3 mutations were introduced in CelB
for enhancement of hydrolysis of 6-phospho-galactosides. A detailed kinetic analysis of the CelB
variants is presented.

In several members of the Thermococcales, to which the genus of Pyrococcus belongs,
genes coding for family 1 enzymes with an apparent unusual active site structure were identified.
The gene from P. horikoshii, denoted bgIB, was chosen as a representative and its gene and its
product BglB is described in Chapter 3. In addition, the unique substrate specificity of BglB was
studied by introduction of the two unique active site residues in CelB from P. furiosus and vice
versa. The eifects of the mutations on catalysis and active site structure are discussed in detail

Chapter 4 introduces the B-glycosidase LacS from Sulfolobus solfataricus by the first direct
biochemical comparison with the B-glucosidase CelB from P. furiosus. The comparison covered the
thermoactivity, substrate specificity and thermostability and provided insight in the similarities in
activity and differences in the thermostabilization of the two enzymes.

The next two studies were focused on the laboratory evolution of B-glycosidases for
improved catalytic activity at suboptimal temperatures. In the study described in Chapter 5, the -
glucosidase CelB was optimized for catalysis of the chromogenic substrate para-nitrophenol-p-D-
glucoside at room temperature by error-prone PCR combined with DNA shuffling. The results of
two rounds of evolution and characterization of isolated high-performance hybrids are presented.
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The creation of B-glycosidase hybrids by shuffling of the CelB and LacS-encoding genes

has been described in Chapter 6. Hybrid enzymes were specifically selected for hydrolysis of the

natural disaccharide lactose at 70 °C, the temperature of choice for lactose conversion (133).

Structural and biochemical interpretation of high-performance hybrids is presented.

CelB and several CelB variants, which have been described in Chapters 2 and 3, were tested

for their transgalactosylation ability. The enzymes were lested for the formation of gaiacto-

oligosaccharides from lactose at high temperatures. This is described in Chapter 7.

Chapter 8 summarizes the obtained results and discusses them in the context of other studies

in related research fields.
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