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Chapter 1

Inthe last few decades microorganisms havebeenisolatedfromrather uncommon and
hostile locations,such asthosewithhigh salt concentrations, an extremepH,or lowor
high temperatures. Microorganisms isolatedfromthese environments arereferred to as
extremophiles (Horikoshi, 1997). The most extensively studied group of these
extremophiles are the hyperthermophiles, microorganisms that have an optimum
temperature for growth above 80°C (Stetter, 1990).Hyperthermophilic microorganisms
appeartobewidely spread andhavebeenisolatedfromhot spotslocated allaround the
globe,suchashydrothermal vents,blackorwhite smokers,solfataric fields, hot springs
andoilwells.WiththeisolationofPyrolobusfumarii,theuppertemperatureoflifehas
beenseton 113°C(Blöchletat, 1997).
Except for two bacterial genera, the Thermotogales and Aquifex, all
hyperthermophiles isolated to date belong to the domain of the Archaea (Fig. 1and
Table 1). The Archaea, formerly archaebacteria, compose together with theBacteria
andEucaryathethreedomainsoflife (Fig. 1).Theirdiscovery caused asplitting ofthe
prokaryotic kingdom, recognized in the late 70's based on analysis of 16S rRNA
sequences(Woeseetal, 1990)(Fig.1).
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Figure 1.Phylogenese tree of life based on 16SrRNA sequence analysis. Hyperthermophilic genera are
depicted asthick lines(Modified from Woese etal., 1990and Stetter 1993).
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The Archaea represent the shortest branches in the phylogenetic tree with
hyperthermophiles being the most slowely evolving representatives (Woese et al,
1990). Therefore, it has been suggested that the last common ancestor, the so called
'progenote',couldhavebeenahyperthermophile(Stetter, 1994).
With a few exceptions, all hyperthermophiles grow under strict anaerobic
conditionsandthemost ofthemdepend uponthereductionofelemental sulphurtoH2S
for optimal growth (Schönheit and Schäfer, 1995). Except for a limited number of
autotrophs, all hyperthermophiles are able to utilize proteins and peptides and several
are also able to utilize complex polysaccharides (Table 1) (Kelly and Adams, 1994;
Schönheit and Schäfer, 1995).Belowanoverviewisgivenof(i)hydrolytic enzymesof
hyperthermophiles involved inthepolymer degradation andthe fate ofthe degradation
products in the main metabolic pathways, (ii) the stabilization mechanisms of the
enzymes from hyperthermophiles, so-called thermozymes, and (iii) the unique aspects
ofthemolecularbiologyofArchaea. Inthediscussionoftheseaspectsspecific attention
will be given to hyperthermophilic archaeon Pyrococcusfitriosus,since most of the
work with hyperthermophiles has been focussed on this versatile microorganism that
can growrapidly, withadoubling timeof37min,atthenormal boilingtemperature of
water(Fialaand Stetter, 1986).Moreover, P.fitriosus isabletogrowwithout elemental
sulfur and utilize a large range of substrates, including proteins, polysaccharides and
pyruvate. Disaccharides, such as cellobiose and maltose, can yield relatively high cell
densities,butthemonosaccharide glucosecannotsupportgrowthofP.fitriosus.

Degradationof polymers in hyperthermophiles
The degradation of polymeric substrates, such as polysaccharides and proteins, is
accomplished by the action of various hydrolytic enzymes. Two types of hydrolytic
enzymescanbedistinguished: (i)hydrolasesthatactonpolymers andcleave internally,
so-called endo-acting hydrolases, and (ii) hydrolases that cleaves the terminal residues
from either anoligomer or largerpolymer, designated exo-acting hydrolases.Belowan
overview is given of hydrolytic enzymes of hyperthermophiles involved in the
degradation of polysaccharides and proteins followed by the.main features of their
catabolism.
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Table 1.Classification and characteristics of hyperthermophilic microorgansims.

Order

Genus

Tmax(°C)

Polymeric substrates*
peptides polysaccharides

ARCHAEA
Sulfolobales

Thermoproteales

Desulfurococcales
'Pyrolobalus
'Pyrodictiales'

Themococcales
'Archeoglobales'
Methanobacteriales
Methanococcales
'Methanopyrales'

Sulfolobus
Metallosphaera
Acidianus
Stygiolobus
Thermoproteus
Pyrobaculum
Thermofilum
Desulfiirococcus
Staphylothermus
Pyrolobus
Pyrodictium
Hyperthermus
Thermodiscus
Thermococcus
Pyrococcus
Archaeoglobus
Methanothermus
Methanococcus
Methanopyrus

85-87
80
75-95
89
97
103
95
95-97
98
113
110
108
98
93-98
103
92
97
70-91
110

+
+
+
+
+
+
+
+

+

+

+
+
+
+
+
+
+

+
+
+

+

BACTERIA

+
84-90
Thermotoga
Thermosipho
77
+
+
Fervidobacterium
80
+
'Aquificales'
95
Aquifex
' The capacity togrow on polymeric substrates is listed; 'peptides' indicate complex compounds,
e.g.yeast extract, peptone,tryptone, casamino acids and caséine and 'polysaccharides indicate
glucose multimers of 2or more subunits.
Thermotogales

Degradation ofpolysaccharides
The naturally occurring polysaccharides can be divided into two groups depending on
thetypeoflinkagebetweencarbohydratemoietiesthatcanbeeithera-glycosidicoraßglycosidic.Enzymes abletohydrolysethese glycosidicbonds areclassified as glycosyl
hydrolases. Currently, over 60 different families of glycosyl hydrolases have been
identified based on amino acid sequence homologies (Henrissat, 1997; Henrissat and
Bairoch, 1996). The endo-acting glycosyl hydrolases cleave a polysaccharide chain of
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more than 4 subunits, while the exo-acting glycosyl hydrolases remove the terminal
glycosidiclinkagefromusuallysmallerpolysaccharides(lessthan 5subunits)(Baueret
al, 1996). In general, the degradation of polysaccharides is initiated by endo-acting
glycosyl hydrolases that depolymerize the large substrate resulting in oligosaccharides
and monosaccharides. Exo-acting glycosyl hydrolases cleave the oligosaccharides into
subunits that subsequently are metabolized. Recently, several reviews have appeared
that summarize the properties of glycosyl hydrolases from microorganisms growing
above70°C(LeuschnerandAntranikian, 1995;Baueretal, 1996;Sunnaetal, 1997).
To introduce the work presented in this thesis the ß-glycosyl hydrolases of
hyperthermophiles will be described in more detail. A relatively large number of ßglycosyl hydrolases have been characterized from hyperthermophiles. Many bacterial
endo-acting and exo-acting glycosyl hydrolases havebeen identified in Thermotogales
spp. and these have been reviewed recently (Leuschner and Antranikian, 1995). In
contrast, only a few endo-acting ß-glycosyl hydrolases, both endoglucanases and
endoxylanases,havebeencharacterizedfromhyperthermophilic archaea(Table2).One
of them is the endo-ß-l,3-glucanase from P.furiosus that is optimally active between
100 and 105°C (See chapter 4; Gueguen et al, 1997). A number of exo-acting ßglycosyl hydrolases have been described in hyperthermophilic archaea, including one
xylosidase and various glycosidases, that all belong to the family 1 of glycosyl
hydrolases (Table 2). Notably, the extensively studied P.furiosusappears to be well
equipedfor growthonarangeofcomplexpolysaccharides asjudged bythepresence of
variousß-glycosylhydrolases(Table2).
Table 2. ß-Glycosyl hydrolases that have been characterized inhyperthermophilic archaea.
Type*
endo-acting

exo-acting

Enzyme
endo-ß-1,3glucanase
endoxylanase
ß-glucosidase

Gene
lamA

Organism
Pyrococcus furiosus

References
Gueguen etal.,(1997)

celB

Pyrodictium abysii
Pyrococcus furiosus

ß-glycosidase
ß-mannosidase

bglX
bmn

Pyrococcus furiosus
Pyrococcus furiosus

ß-glycosidase
ß-glycosidase
ß-xylosidase

lacS

Sulfolobus solfataricus MT4
Sulfolobus solfataricus P2
Pyrodictium abysii

Andradeera/., (1996)
Kengen etal.,(1993)
Voorhorst etal, (1995)
Verhees etal., (1997)
Kengen etal, (1996)
Bauer era/., (1996)
Nucciera/., (1993)
Grogan (1991)
Andradeera/., (1996)

* Type of glycosyl hydrolase depending onthe site of cleavage: endo-acting, cleavage in a polymer of
morethan 4 subunits;exo-acting cleavage from theterminal residues,usually of4 or less subunits.
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Thepyrococcal ß-glucosidase, CelB, has been characterized in considerable detail and
with a half-life value of 85 h at 100°C it is the most thermostable glycosyl hydrolase
knowntodate(Kengenetal, 1993; Kengenand Stams, 1994).ThecelBgeneencoding
this ß-glucosidase was isolated and analysis of the deduced amino acid sequence
showedthatitbelongedtothefamily 1 ofglycosylhydrolases (Chapter 2;Voorhorstet
al, 1995). Functional expression ofthecelBgeneinE.coliresulted in an enzyme with
the samekineticandstabilitypropertiesasthatpurified from P.furiosus, which allowed
for mutational analysis of the ß-glucosidase to gain insight in structure-function
relations (Chapter 2; Voorhorst et al, 1995). Recently, a ß-mannosidase has been
characterized from P.furiosus (Bauer etal, 1996;Kengen etal, 1996). The bmngene
coding for this ß-mannosidase was cloned and the deduced amino acid sequence
showed this enzyme also isamember ofthe glycosyl hydrolase family 1,with 46.5 %
identitytotheß-glucosidase ofP.furiosus(Baueretal, 1996).
Like the pyrococcal ß-glucosidase CelB, the homolog from Sulfolobus
solfataricus,the ß-glycosidase LacS has been extensively studied. The lacS gene has
been expressed in different hosts, including mammalian cells, and yeast, and used as
reporter gene (Cannio etal, 1994; Moracci et al, 1992). The substrate specificity of
the ß-glycosidase aswellaseffects oftemperature andSDShavebeenstudied(Nucciet
al, 1993; Nucci,etal, 1995).Mutational analysis showed that two glutamate residues
are essential for catalysis (Moracci etal, 1996).The ß-glycosidase from S.solfataricus
has been used in transglycosylation, however, it was only able to accept secondary
alcohols as non-sugar aglycons in the synthesis reaction, whereas the pyrococcal ßglucosidase was also able to use tertiary alcohols (Fisher et al,1996; Trincone et al,
1994;TrinconeandPagnotta, 1995).Recently,thecrystal structureoftheS.solfataricus
LacS has been elucidated and showed a large number of ion-pairs that are involved in
networks and a relatively large number of solvent molecules that are buried in
hydrophiliccavities(Aguilaretal, 1997).
The metabolism of glucose, an endproduct of glucose polymer hydrolysis, has
been studied inhyperthermophiles belonging tothebacterial genus Thermotoga and in
different genera of Archaea such as Pyrococcus,Sulfolobus, Desulfurococcusand
Thermoproteus. The hyperthermophilic bacterium Thermotogamaritima appeared to
usetheclassicalEmbden-Meyerhofpathway(SchönheitandSchäfer, 1995;Selig et al,
1997).Incontrast, inthehyperthermophilic archaea modifications have been identified
in the Embden-Meyerhof pathway and in the Entner-Douderoff pathway [for reviews
seeSchönheitand Schäfer, 1995;Kengenetal, 1996;Selig etal, 1997].
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Cell membrane

Dihydroxyacetone-P

NADPH * H

Figure 2 Proposed pathway of glucose fermentation in P.fitriosus.Glucose polymer, consisting of more
than four glucose subunits; glucose oligomer, consisting of 2 to 4 glucose subunits.l, endo-acting
glycosyl hydrolase; 2, unknown transport system; 3,endo-acting glycosyl hydrolase; 4, ADP-dependent
glucokinase; 5, phosphoglucoisomerase; 6, ADP-dependent phosphofructokinase; 7, fructose-1,6biphosphate aldolase; 8, triosephosphate isomerase; 9, glyceraldehyde-3-phosphate:ferredoxin
oxidoreductase; 10, phosphoglycerate mutase; 11,enolase; 12,pyruvate kinase; 13, pyruvate:ferredoxin
oxidoreductase; 14, acetyl-CoAsynthetase (ADP-forming); 15, glutamate dehydrogenase; 16, alanine
aminotransferase; Fd,ferredoxin. (Modified from Kengenetai, 1996).
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Modifications observed in the Embden-Meyerhof pathway used by P.fiiriosus and
Thermococcus spp. include the presence of two ADP-dependent kinases, glucokinase
and phosphofructokinase (Fig. 2) (Kengen et al, 1994; Kengen et al, 1996).
Additionally, a glyceraldehyde 3-phosphate ferredoxin oxidoreductase has been
identified in P.fiiriosus which converts glyceraldehyde-3-phosphate to 3-phosphoglycerate, without substrate phosphorylation (Fig. 2) (Mukund and Adams, 1995; van
der Oost et al, 1997). This contrasts with the classical glycolysis that uses
glyceraldehyde-3-phosphate dehydrogenase. Low levels of this glyceraldehyde-3phosphate dehydrogenase were also identified inP.fiiriosus, butthe enzyme is thought
tofunction ingluconeogenesis (Schäfer andSchönheit, 1993; vanderOostetal, 1997).
A partially non-phosphorylated Entner-Douderoff pathway has been established in
Sulfolobus spp.(DeRosaetal, 1984)and in Thermoplasma acidophilum (Budgen and
Danson, 1986; Danson, 1988; Danson, 1989). Thermoproteus tenax,one of the deep
branches oftheArchaea, was found tocontain theEmbden-Meyerhof pathway withan
ATP-dependent hexokinase and a PPrdependent phosphofructokinase (Siebers and
Hensel, 1993). However, intermediates of the non-phosphorylated Entner-Douderoff
pathway have been also been identified this archaeon (Hensel et al, 1987). In all
Archaeaandhyperthermophilicbacteria,analyzed sofar, theconversionfrompyruvate
to acetate involves an oxidative decarboxylation reaction by pyruvate:ferredoxin
oxidoreductase to yield acetyl-CoA (Schönheit and Schäfer, 1995). The conversion of
acetyl-CoA to acetate appears to be a catalyzed by an ADP-forming acetyl-CoA
synthetaseinallacetate-forming archaea(Schäfer etal, 1993).

Degradation ofproteinsandpeptides
Proteasesarethekeyenzymes intheconversion ofproteinaceous substratestopeptides
and amino acids. They have been classified based on their active center and the
following classes can be distinguished: serine, cysteine, aspartic, or métallo proteases
(Bairoch, 1997). During catalysis serine and cysteine proteases form a covalent acylenzyme intermediate, while métallo and aspartic proteases activate a water molecule
thatsubsequently attacksthesubstrate.Serineproteaseshaveanactivecentrecomposed
ofacatalytictriadeofthreeresidues,aspartate,histidineandaserine,thatform acharge
relay system, and an asparagine that stabilizes the oxyanion generated in the transition
state (Carter and Wells, 1990). Proteases from this class are sensitive to inhibition by
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phenylmethylsulphonyl fluoride and diisopropylfluorophosphate. The serine proteases
canbedividedintomany subgroups,withthetwomajor groupsbeingthesubtilisin-like
and trypsin-like serine proteases (Siezen et al, 1991). The subtilisin-like serine
proteases have been extensively studied in many other organisms with respect to
structure-function and structure-stability relations [for review (Siezen et al, 1991)].
Cysteine proteases contain a cysteine and a histidine residue within the active site.
Aspartic proteases (also referred to as acid proteases) contain two active-site aspartic
acid residues in close proximity, one of which is ionized at lowpH. Métallo proteases
containdivalentcations,mainlyzinc,thatarechelatedtotwoormorehistidineresidues,
while a glutamate acts as a catalytic base. Thermostable proteases have recently been
reviewed (Danieletal, 1995).
Variousproteaseshavebeenidentified inhyperfhermophilic generaandmanyof
those were classified as serine proteases (Table 3). The first archaeal serine proteases
was isolated from cell-free supernatant ofthehyperthermophileDesulfurococcus strain
Tok]2S„ and designated archaelysin (Cowan et al, 1987). More recently, from the
related strain, Desulfurococcus strain SY, a cell-associated serine protease was
characterized that showed a half-life of 4.3 hours at 95°C (Hanzawa et al, 1996).
Variousproteaseshavebeen characterized from the acidophilicSulfolobus solfataricus
strains,includingtwoserineproteases(Fusietal, 1991).Thepropertiesofextracellular
proteases from anumber of Thermococcus specieshavebeen analyzed and found tobe
serine proteases composed of multiple activity bands (Klingeberg et al, 1991). From
one of these, T.stetteri, the extracellularly located serine protease has been
characterized. This 68 kDa protease was highly stable and resistant to chemical
denaturation as illustrated by a half-life of 2.5 h at 100°C and retention of 70%of its
activity inthepresenceof 1%SDS(Klingebergetal, 1995).
Aglobular serineproteasehasfound tobeassociated withthestalk ofa filiform
glycoprotein complex, termed tetrabrachion, at the surface of theStaphylothermus
marinus(Mayretal, 1996).Thisserineprotease,designated STABLE,wasfound tobe
extremely thermostable especially if bound to the tetrabrachion where residual activity
could still be detected after 10min incubation at 135°C (Mayr etal, 1996). The gene
encoding STABLE has been isolated and the deduced sequence showed highest
homology with subtilisin-like serineproteases,although alargeinsertwasfound within
the catalytic domain and arelatively largeC-terminal extension was observed (Mayret
al, 1996).Another geneencodingasubtilisin-like serineprotease,designated aerolysin,
hasbeenclonedfrom Pyrobaculumaerophilumanditsdeduced sequencewasmodelled
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General introduction

onknownstructuresofsubtilisin-typeproteases(Völkletal, 1995).
Multiple proteolytic activities havebeenobserved inP.fiiriosus, consisting of5
to 13activity bandswithdifferent molecular weightsonSDS-PAGE(Blumentals et al,
1990; Eggen et al, 1990; Connaris et al, 1991). Two of these, S66 and S102, were
found tobe SDS-resistant, but showed no immunological crossreaction (Blumentalset
al, 1990). More recently, it was found that the S66 protease was a homomultimer
consisting of 18.8-kDasubunits,designated Pfpl (Halioetal, 1996).Only thetetramer
and somehigheraggregation forms showedproteolytic activity, butnotthe monomeric
subunits Thepfpl gene was cloned and functionally expressed in E.coli,although the
specific activity ofthe recombinant enzyme was lower than observed with the enzyme
purified from P.fiiriosus.The deduced amino sequence of Pfpl showed no conserved
protease motifs nor significant homology with any other known protease (Halio et al,
1996).
The cell-envelope associated protease activity of P.furiosus was designated
pyrolysin andwasfound tobeahighly stable serineprotease activity withahalf-life of
20 min at 105°C (Eggen et al, 1990). The multiple proteolytic bands appeared to be
processed during autoincubation from high molecular weight bands to give a final 65
kDa activity band (Eggen et al, 1990). Recently, pyrolysin was purified from
membranefractions ofP.furiousresulting inahighandalowmolecularweight fraction
pyrolysin, the latter form being a processing product of the high molecular weight
fraction (Chapter 6;Voorhorst etal, 1996).Bothforms ofpyrolysin were glycosylated
and active towards a broad range of substrates. Thepis gene, encoding pyrolysin, was
cloned via reversed genetics and its deduced sequence analysed. It was shown that
pyrolysin is a subtilisin-like serine protease, based the presence of the high homology
withrepresentativesfrom thisclassofproteases(Chapter6;Voorhorstetal, 1996).
Othertypes ofproteases identified from hyperthermophilesarethermopsin from
S.acidocaldarius, a thiolprotease from Pyrococcus sp. KOD1 (Morikawa et al, 1994;
Fujiwara etal, 1996)andaprolylpeptidase (PEPase)fromP.furiosus (Robinson et al,
1995; Harwood et al, 1997). Thermopsin, a new type of acidic protease, has been
extensively characterized and showed optimal activity at 75°C and pH 2 (Fusek et al,
1990). The gene encoding thermopsin was cloned and its deduced sequence predicted
the presence of a large number of 7V-glycosylation sites (Lin and Tang, 1990). From
hyperthermophilic bacteria only a few proteases have been identified, including an
extracellular serineproteasefromThermobacteroidesproteolytics(Klingeberget al,
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Figure 3. Proposed pathway for peptide fermentation by S°-dependent hyperthermophiles. 1,
extracellular protease; 2, unknown peptide transport system; 3, amino and other peptidases; 4,
transaminase; 5, 2-keto acid ferredoxin oxidoreductases (POR, IOR, KGOR, VOR); 6 acetyl-CoA
synthetase; 7, aldehyde ferredoxin oxidoreductase; 8 alcohol dehydrogenase; 9 glutamte dehydrogenase
CoASH, coenzymeA;Fd,Ferredoxin;(Modified from MaiandAdams, 1996).

1991)andaserineproteasethatwasactivetowardkératineandotherinsoluble proteins
from Fervidobacteriumpennavorans(Klingebergetal, 1992)(Table3).
Oligopeptidases and dipeptidases, identified in numberous bacteria, have not
been characterized in hyperthermophiles, although their presence has been proposed
basedonsequencehomologies(Fitz-Gibbonetal, 1997;Voorhorst,unpublisheddata).
Only little is known about the intracellular conversion of proteinaceous
substrates in hyperthermophiles. Most information has been derived from P.furiosus
and Thermococcuslitoralis andametabolicpathway foraminoacidshasbeenproposed
in these archaea with the first step being an aminotransferase reaction to yield 2-keto
acids (Fig.3) (Kelly and Adams, 1994). Alternatively, a decarboxylation reaction may
occur resulting in an aldehyde (Adams and Kletzin, 1996). Subsequently, the 2-keto
12
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acids are converted by specific ferredoxin oxidoreductases in a CoASH-dependent
reaction to form the corresponding activated keto-acid. Asprimary substratestheymay
use indole pyruvate (IOR; Mai and Adams, 1994), 2-ketoisovalerate (VOR; Heider et
al, 1996)or2-ketoglutarate(KGOR;MaiandAdams, 1996).TworeversibleandADPdependent acetyl Coenzyme Asynthetasehavebeenproposed to function inP.fiiriosus
inthe conversion ofthese keto-acidstoyield thecorresponding acids (Fig. 3)(Maiand
Adams,1996).

Thermostabilizationofproteinsfromhyperthermophiles
Amajor reason for the increasing interest inhyperthermophiles isthe extreme stability
oftheirproteinsandenzymes.Becauseoftheirpotential inavariety ofapplications,the
latter have also been referred to as thermozymes (Adams, 1993; Vieille and Zeikus,
1996). In addition to their extreme thermostability, thermozymes showed an increased
resistance to chemical denaturation and proteolytic degradation compared to their less
stable counterparts (Fontana, 1991; Vieille and Zeikus, 1996).Theprimary stability of
proteins is encoded by their amino acid sequence and involves a large number of
attacking and repulsing forces. In addition, this intrinsic stability may be further
improved by external factors, such as salt or metal-ion-binding [reviewed by Gupta,
1991 and Gray, 1993] and the compatible solutes such as mannosylglycerate and dimyo-inositol-phosphate present in P.fiiriosus(Martins and Santos, 1995). Different
approaches have been used to identify factors that may explain the relatively high
intrinsic stability ofproteinsfrom hyperthermophilic origin.Themost simple approach
iscomparison ontheaminoacid sequences andtheoverall amino acid compositions of
enzymeswithdifferent thermostability. Thesecomparisonshaveindicated adecreasein
thechainflexibility andcontentofchemicallylabileresidues(Asn,Cys)withincreasing
temperature (Zwickl et al, 1990; Eggen et al, 1994; Vieille and Zeikus, 1996).
Additionally, an increased average hydrophobicity and frequency of aromatic residues
were suggested to be correlated withhigher thermostability (Zwickl etal, 1990;Hess,
1995: for recent review see Vieille and Zeikus, 1996). Sequence alignments of
homologous proteins with different thermostability has led to the identification of
structural and functional features, such as insertions, deletions, that may contribute to
stability, and conservation of (active-site) amino acid residues among homologous
enzymes(Bouyoubetal, 1996).

13
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For a more detailed identification of structural features related to the
thermostability of enzymes, a comparative structural approach has been used, that
includethecomparisonofthree-dimensional structures(forrecentreviewsseeQuerolet
al, 1996;VieilleandZeikus, 1996).Inthecasesthatthesestructureswerenotavailable,
molecular modelling served as alternative to obtain insight in the structural features
related to protein stabilization. This approach resulted in identification a variety of
mechanisms by which proteins from hyperthermophiles could be stabilized (Table 4).
These mechanismsresemblethose identified for mesophilic model proteins (Fersht and
Serrano, 1993) and it seems that each thermostable protein is stabilized by a unique
combination of different mechanisms resulting in a more rigid structure (Table 4)
(Querol etal, 1996;Vieille andZeikus, 1996).Analysis ofthe structures identified so
farfor proteinsfromhyperthermophiles, suggeststhatanincreasednumberofion-pairs,
thatmaybearranged inextensivenetworks,maybean important factor contributing to
theobservedextreme stability.However,prospective,protein-engineering based studies
arestillscarce(Tomschyetal, 1994;Lebbinketal, 1995).
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Molecularbiologyofhyperthermophiles
The molecular biological analysis of hyperthermophiles has mainly been focussed on
the archaeal representatives due to their unique phylogenetic position. Archaeal
genomes seemtohave components that showresemblance tothat of eitherBacteria or
Eucarya.On the one hand,Archaearesemble Bacteria with respect to components of
thetranslation machinery, genome size and clustering of genes (Table 5). Onthe other
hand, the transcription systems ofArchaeashowmoreresemblance to that ofEucarya
(Table 5) (Baumann et al, 1995;Langer etal, 1995; Thomm, 1996; van der Oost,et
al, 1997). The archaeal RNA polymerase is structurally related to the RNA
polymerases II and III of Eucarya and shows a high degree of complexity like its
eucaryal counterparts (Langer et al, 1995). The archaeal promoter, closely resembles
the eucaryal RNA polymerase II promoters, with an eucaryal TATA-box located 25
nucleotides upstream from the transcription initiation site. The archaeal transcription
factors, such as TATA-binding protein (TBP) and RNA polymerase II transcription
factor B (TFIIB), are highly homologous to those of Eucaryaand are not found in
Bacteria.Moreover, eucaryal TBPs were found to be functionally exchangeable with
their archaealhomologs inarchaeal invitrotranscription systems(Hethke andThomm,
1997;Wettachetal, 1995).Theexistence ofeucaryal-likegene-specific regulators has
been predicted for Archaeabased on the high conservation of TBP and TFIIB that in
Eucarya directly interact with regulators (Baumann et al, 1995). However, this
possibility is not compatible with the recent structural analysis of the TATA-binding
protein of Pyrococcus woesei,which showed that the site for regulatory interaction is
different from the eucaryal homologous, whereas the DNA-binding site is highly
homologous (Dedecker etal, 1996).In two instances,bacterial-like negative regulator
binding siteshavebeenidentified inArchaeacomposedofapalindromic structure(Ken
andHackett, 1991;StoltandZillig, 1992;Cohen-Kupiec etal, 1997).
The size of the archaeal genomes is comparable to that of Bacteria and the
clustering of genes into operon-like organizations has been reported (Baumann et al.,
1995;Tutino etal, 1993;Pedroni etal, 1995;vander Oost, etal, 1997;Voorhorstet
al, 1997: Chapter 4).Bacterial genes located in an operon are in general functionally
related. However, for someArchaeathe functional relation of the genes in an operon
remained unclear (chapter 4).Asimilar observation hasbeenmade following complete
genome sequence analysis in the hyperthermophilic bacterium Aquifex aelicuswhere
opéronshavebeenobservedwithamixtureofunrelatedgenes(Fox,1997).

16

General introduction
Table 5. Some discriminating molecular features ofthethree domains of life.
Bacteria
Archaea
single, circular,
Genome
single, circular,
haploid
haploid
Plasmids
+
+
+
+
polycistronic
transcripts
RNA polymerase
one class (ßß'a 2 )
one class (8-10
subunits)
promoter signatures
-35/-10
TATA-box (-25)
Transcription factors
c
TBP
TFIIB
SD+ AUG
SD +AUG
Translation initiation
SD, Shine Dalgarno sequence; a, sigma factor

Eucarya
multiple, lineair,
diploid

three classes, complex
composition
TATA-box (-25)
TBP
TFIIB
AUG

It has been postulated that control of archaeal genes resembles that found in
Bacteria (Zillig et al., 1993). Bacterial-like transcriptional regulators have been
identified onthe sequence level suchasLad homolog inP.aerophilum (Fitz-Gibbonet
al, 1997) and homologs of the E.coli general activator Lrp have been identified in
Pyrococcus, Sulfolobus andMethanococcus (Kyrpidesand Ouzounis, 1995: Lebbink et
al., 1997; Sensen et al, 1996; Bult etal, 1996), but their functionality remains to be
proven.
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Aimsandoutlineofthethesis
Theaimsoftheresearchpresented inthisthesiswere(i)tocharacterize hydrolases from
hyperthermophilic archaeaandtoanalysethepossibilities tofunctionally producethese
hyperthermostable enzymes in heterologous expression systems, (ii) to gain insight in
the structure-function andstructure-stability relationoftheseenzymes,and(iii)to study
regulation ofgene expression inhyperthermophilic archaea. Theresearch was focussed
ontwogroups ofhydrolyticenzymes,glycosyl hydrolases andproteases,sincethey are
key enzymes in degradation of the main substrates for hyperthermophiles,
polysaccharides and proteins, respectively. Moreover, these clasess of hydrolytic
enzymes have been extensively studied over a large temperature range from
psychrophilic, mesophilic and thermophilic origin and therefore can be used in
comparativestudiestogaininsightinfeatures relatedtoproteinstabilization.
In this study, the hyperthermophilic archaeon Pyrococcusfurious was used as
model organism, since it is able to grow on a wide range of substrates including
proteins,peptides, and carbohydrates. Meanwhile,P.furiosus is being developed into a
modelsystemfor hyperthermophiles.
Inchapter 1anintroduction is given intovarious aspects of hyperthermophiles,
including an overview of hydrolytic enzymes involved in the degradation of polymers
and the catabolic pathways of the monomers, the approaches used to analyse protein
stability and the present state of the art, and some characteristics of the molecular
biologyofArchaea.
DuringgrowthoncellobioseP.furiosus showedhighlevelsofanintracellularßglucosidase,abletohydrolysetheß-l,4-glycosidic bondofthisdisaccharide (Kengenet
al, 1993). In chapter 2 it is described that the P.furiosuscelB gene encoding this ßglucosidase was isolated, characterized and found to belong to the glycosyl hydrolase
family 1. The celB gene was functionally overexpressed in the mesophilic host
Escherichiacoliresulting in a ß-glucosidase with stability and kinetic properties that
were indistinguishable from that purified from P.furiosus. Mutational analysis,to gain
insightinstructure-function relation,indicatedthatthehyperthermostable representative
oftheglycosyl hydrolase family 1 usesthesamecatalyticmechanismasidentified fora
representative from mesophilic origin. Theanalysis of the genomic region upstream of
the celB gene showed the presence of a gene cluster that comprised two alcohol
dehydrogenases, and an additional glycosyl hydrolase with endo-ß-l,3-glycosyl

General introduction

hydrolase activity. The organization, expression and function of this gene cluster is
studiedinthefollowing chapters(Chapter3-5).
Chapter 3 describes the overproduction and characterization of the two alcohol
dehydrogenases, ashort-chain and aniron-containing alcohol. Chapter 4dealswiththe
expression inE.colioftheendo-ß-l,4-glucanase encodinggene,lamA,ofthece/5-locus
andcharacterization oftheproducedhydrolase.Theendo-ß-l,3-glucanase hydrolysesß1,3 and 1,4-glycosyl bonds, generating oligosaccharides that subsequently may be
converted to monosaccharides by the ß-glucosidase CelB. Mutational analysis was
performed to analyse the substrate specificity of the enzyme. The gene cluster
containing the adhA-adhB-lamA genes was found to be a operon, that was designated
thelamA operon.ThelamA transcriptwasfound tobeco-regulated withthedivergently
orientated celBgenebyß-linkedglucosepolymersasisdescribedinChapter5.
Chapters 6 and 7 are concerned with the second group of hydrolytic enzymes
studied, the extracellular subtilisin-like serine proteases. Chapter 6 describes the
purification and characterization of pyrolysin, an abundant extracellular protease in
P.furiosus when growing on proteinaceous substrates. Pyrolysin, one of the most
thermostable serine proteases known to date, was found to be N-glycosylated and
autocatalytically processed at its C-terminus. Via reversed genetics the gene was
isolated and its sequence showed to be a subtilisin-like serine protease (Chapter 6).A
pyrolysin-like encoding gene was also isolated from Thermococcusstetteri. The
deduced product, designated stetterlysin, showed high homology with pyrolysin and
with subtilases that have a known three-dimensional structure allowing for homology
modelling. Comparisons have been performed of the predicted three-dimensional
models ofthecatalyticdomainof stetterlysinandpyrolysinwiththecrystal structureof
subtilasesfrom mesophilic andthermophilic origin andamodelstructure for asubtilase
from psychrophilic origin. This resulted in the identification of features that could be
related to protein thermostabilization (Chapter 7). Modelling of substrates into the
predicted structure revealed thepossible enzyme-substrate interactions and suggest that
pyrolysinisabletoremoveitsownpro-peptideandthusisautocatalytically activated.A
summaryandconcludingremarksaregiveninChapter8.
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The celB gene encoding the cellobiose-hydrolyzing enzyme ß-glucosidase from the hyperthermophilic archaeon Pyrococcus furiosus has been identified, cloned, and sequenced. The transcription and translation
initiation sites of thecelBgene havebeen determined,and archaeal control sequenceswere identified.ThecelB
gene was overexpressed in Escherichia coli, resulting in high-level (up to 20%of total protein) production of
ß-glucosidase that could be purified by a two-step purification procedure. The ß-glucosidase produced by E.
coli had kinetic and stability properties similar to those of the ß-glucosidase purified from P.furiosus. The
deduced amino acid sequence of CelB showed high similarity with those of ß-glycosidases that belong to
glycosyl hydrolase family 1,implicating a conserved structure. Replacement of the conserved glutamate372 in
theP.furiosus ß-glucosidasebyanaspartateoraglutamineledtoahighreductioninspecificactivity (200-or 1,000-fold,
respectively), indicating that this residue is the active site nucleophile involved in catalysis above 100°C.
The most extensively studied representative of the hyperthermophilic organisms that have an optimum growth temperature above 85°C isPyrococcus furiosus (12).P.furiosus is able
to grow on a wide range of substrates, including complex polymers such as starch, glycogen, peptone, and casein or simple
carbon compounds like cellobiose, maltose, and pyruvate (12,
20, 33). The main fermentation products are CÖ 2 and H 2 or
alanine, the latter acting as an alternative electron sink (22).
The disaccharides cellobiose and maltose are hydrolyzed by
intracellular glucosidases (5, 20). The generated glucose was
proposed to be further metabolized via a nonphosphorylated
Entner-Doudoroff pathway (27, 33). However, recently it was
discovered that sugars are fermented by P. furiosus via an
Embden-Meyerhof pathway that involves two ADP-dependent
kinases (19).
Characterization of proteins from hyperthermophiles revealed that they are extremely thermostable and may have an
optimum temperature of catalysis that exceeds the maximum
growth temperature of their host (1,18). In addition to their
remarkable thermostability, proteins from hyperthermophiles
are often found to be highly resistant to chemical denaturation
and to degradation by proteases (13). One of the most thermostable enzymes identified up to now is the ß-glucosidase
from P.furiosus, with a half-life of 85 h at 100°C (20). During
growth on cellobiose, ß-glucosidase can make up to 5% of the
total cell protein of P.furiosus and is involved in the hydrolysis
of the ß-1,4-glycosidic bond between the two glucose moieties
of the disaccharide (20). In addition, ß-glucosidases constitute
a group of well-studied enzymes among members of all three
domains of life, Eucarya, Bacteria, and Archaea (16, 17, 35).
Therefore, the pyrococcal ß-glucosidase is a suitable model

enzyme for the molecular characterization of structure-function relations of hyperthermostable enzymes. To study these
relations by protein engineering it is required to express the
gene and produce a functional enzyme in an accessible heterologous host, since for hyperthermophilic members of the Archaea no genetic systems are presently available.
Here we report the isolation, cloning, and sequencing of the
ß-glucosidase (celB) gene from P. furiosus. Control regions
involved incelB transcription initiationwere identified, and the
celB gene was functionally overexpressed in Escherichia coli.
Subsequently, the CelB was purified and compared to the
original enzyme and the active site nucleophile was identified
by protein engineering.
MATERIALS AND METHODS
Organisms,media,and plasmids.P.furiosus(DSM3638)wascultured at98°C
in synthetic seawater aspreviously described (20).E.coliTGI (15),MC1061(3),
and JM109(DE3) (34), obtained from Pharmacia (Uppsala, Sweden), were
grown in L broth and handled as described previously (31). The phagemids
pTZ18R and pTZ19R and the expression vector pTTQ19 were obtained from
Pharmacia.
Purification of ß-glucosidase From P.furiosus. ß-Glucosidase was purified
from P.furiosus cells grown on cellobiose as previously described (20), and its
NH2-terminalaminoacidsequencewasdetermined byEdman degradation using
anApplied Biosystemsmodel 477A(gas-phase aminoacidSequenator) (Applied
Biosystems, Foster City, Calif.) (courtesy of SON protein sequence facility,
Leiden, The Netherlands).
Cloning of the ß-glucosidase gene. On the basis of the NH2-terminal amino
acid sequence of the purified ß-glucosidase, two oppositely orientated PCR
oligonucleotides were designed: 5'-AARTTYCCNAARAAYTTYATGTTYGG
(OL92-9), based on amino acid residues 2 to 9, and 5'-CCCATYTCRAAYT
GRAA (OL92-10), based on amino acid residues 16to 21(where N isA, C, G,
or T; R is A or G; and Y is C or T). Subsequently, part of the celB gene was
amplified by PCR on a DNA Thermal Cycler (Perkin Elmer Cetus, Norwalk,
Conn.), using 175 ng of chromosomal DNA of P. furiosus isolated as described
previously (10) and 100ngof both OL92-9and OL92-10inafinalvolume of 100
u.1. Thirty cycles (1 min at 94°C,2min at 45°C,and 3min at 72°C)were followed
bya final incubation at 72°Cfor 7min.To visualize the expected small product
(59 bp) on a sequencing gel, [a-32P]dATP (110 TBq/mmol) was added during
amplification. A product with the expected size wasused asprobe in a Southern
hybridization with chromosomal DNA from P.furiosus. Hybridizing fragments
were isolated from agarose gelsusingGene Clean (BIO 101,LaJolla,Calif.) and
cloned in E. coltby established methods (31).
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produce single-stranded DNA for sequence analysisasdescribed bythe supplier
(Pharmacia). To obtain overlapping sequences, deletions were generated with
exonuclease III (Life Technologies B.V., Breda, The Netherlands) (31). Sequencing was carried out on single-stranded DNA template using the dideoxy
terminator method (32).
Computer analysis of nucleotide and protein sequences and alignments of
these sequences were done with the PC/GENE program version 5.01 (IntelliGenetics Inc., Mountain View, Calif.) and the GCG package version 7.0 (7) at the
CAOS/CAMM Centre of the University of Nijmegen.
RNA isolation and primer extension. Total RNA of P. furiosus was isolated
from cells grown on cellobiose usingguanidinium isothiocyanate and ß-mercaptoethanol (4).For thispurpose,cellswere resuspended indenaturation buffer (4
Mguanidinium isothiocyanate, 42mMsodium citrate, 0.83%AMaury!sarcosine,
0.2 mM ß-mercaptoethanol) followed by the addition of 0.1 volume of 2 M
ammonium acetate (pH 4) and 1volume of phenol-chloroform-isoamyl alcohol
(25:24:1).The mixturewasincubated onicefor 15min,andphase separation was
obtained bycentrifugation for 20min (10,000 x g,4°C).The aqueous phasewas
removed and supplemented with an equalvolume of isopropanol, and RNA was
precipitated at -20°C. The pelleted RNA was resuspended in denaturation
buffer, precipitated again, washed with ice-cold 75% ethanol, dried, and resuspended inwater. This purified RNAwasused as a template in primer extension
experiments with oligonucleotide BG72 (5-CCAAGAATATCCAAACATGA
AG), as previously described (10).
Mutagenesis of the celB gene. Mutations were introduced in the celB gene
using the CLONE AMP site-directed mutagenesis system (Life Technologies)
(28). The mutagenic oligonucleotides (BG 95 [5'-CCAAUGAUAAUUACAN
AVAACGGUAUG] and BG 79 [5'-GGCCAUACCGUUBUNUGUAA],
where N isA,C, G, or U; V isG, C, or A; and BisG, C,or U) were each used
in combination with a d\J-lacZ primer during a PCR amplification with 5 ngof
5ocI-linearized pLUW503 for 30 cycles in a total volume of 100 u l The PCR
products were combined, and the pAMP cloning vector was added. After removalof the uracil residues byuracil DNAglycosylase,the DNAwas introduced
bytransformation into the supplied E.coliDH5a and the resulting recombinant
plasmidswere analyzed bysequencing the region containing the mutation. From
the plasmids containing a mutated celB gene, the 190-bpApal-Aflll fragment
coding for residues 357 to 418 was cloned into^/wiI-^/ÀI-digested pLUW503
and transformed into E. coliJM109(DE3).
Characterization of ß-glncosidase produced in E. coli.E. coliTGI or E.coli
JM109(DE3) harboring either the wild-type or mutated celB gene was grown
overnight in 5 ml of L broth with 100 u,g of ampicillin per ml. If appropriate,
3 mM isopropyl-ß-D-thiogalactopyranoside was added. Cells were harvested
by centrifugation, concentrated 15x in citrate buffer (50 mM sodium citrate,
pH 6.5), and disrupted by sonication. The cell debris was pelleted by centrifugation, and the resulting supernatant was used as cell extract. The ß-glucosidase activity was determined using ß-D-glucopyranoside-p-nitrophenyl (Boehringer GmbH, Mannheim, Germany) asasubstrate (20).The kineticparameters,
temperature optimum, and thermostability of the purified ß-glucosidase were
determined by using the same synthetic substrate and done as previously
described (20). Routine measurements were performed on a Beekman DU
7500 spectrophotometer with supplied temperature controller at 90DC (Beckman Instruments, Inc.Fullerton, Calif.). For the thermostability assay, ß-glucosidase was incubated at 100°C at a concentration of 0.5 mg/ml in sealed glass
vials.
Electrophoretic analysis of protein sampleswas done by sodium dodecyl sulfate-polyacrylamidegelelectrophoresis (SDS-PAGE)bythe method of Laemmli
(24). Protein samples for SDS-PAGE were prepared by heating for 10 min at
110°C in an equal volume of sample buffer (0.1 M Tris-HCl, 5% SDS, 0.9%
2-mercaptoethanol, 20%glycerol, pH 6.8).
Overproduction of pyrococcal ß-glucosidase inE. coliand its purification. E.
coliMC1061harboringpLUW510wasgrown inLbrothwith300figof ampicillin
per mlto anoptical density at 600nm of 0.5. Thetacpromoter was subsequently
induced by the addition of 3 mM isopropyl-ß-D-thiogalactopyranoside, and the
culture was incubated for another 10h. Cells were harvested by centrifugation,
resuspended inPbuffer (50mMsodiumphosphate,pH7.5),and broken byusing
a French press.RNase (10 u.g/ml),DNase (10 u,g/ml),and MgCl2 (10mM) were
added,and after a30-min incubation at37°Cthemixturewastransferred to80°C
and incubated for another 45 min. During the latter incubation the majority of
the E. coltproteinsweredenatured and could be removedbycentrifugation. The
supernatant wassubsequently dialyzed against P buffer, loaded onto aQ-Sepharose Fast Flow (Pharmacia) column (5.0 by 2.5 cm) preequilibrated with the
same buffer and eluted by a linear gradient of NaCl (0 to 1 M in P buffer).
Activity fractions that eluted around 0.6 M NaCl were pooled and dialyzed
against P buffer. The NH2-termina!amino acid sequence of the CelB produced
in E. coltwas determined by Edman degradation using a gas-phase amino acid
Sequenator.
Nucleotide sequenceaccessionnumber.The nucleotide sequence reported has
been submitted to the GenBank/EMBL Data Bank with the accession number
U37557.
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PLASMID

EcoRI
1

BanMI
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pLUWSOI
pLUW502

celB
JWiel
1

EcoRI
1

pLUW503
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Sspl
1
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1
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FIG. 1. Physical map of plasmids containing celB. The orientation of the
vector-located tacUVpromoter isshown.Inaddition,thermoactive ß-glucosidase
activity in cell extracts of E. coliharboring the respective plasmids is indicated:
+, activity of approximately 4 to 20 U/mg protein; ~, no detectable activity.

RESULTS
Cloning and expression of thecelB gene encoding ß-glucosidase from P.furiosus.The P. furiosusß-glucosidase waspurifiedto homogeneity from cells grown on cellobiose, and its
NH2-terminal 23-amino-acid sequence showed the sequence
NH2-[M/A]KFPKNFMFGYXXSGFQFEMGLP (X is nonidentified residue).Basedonaminoacidresidues2to9and16
to 21, twodegenerate oligonucleotides (OL92-9andOL92-10)
were designed and used asprimers in a PCR reaction withP.
furiosusDNA.Anamplified fragment withtheexpected sizeof
59bpwas obtained andsubsequentlyusedasaprobeinSouthern hybridization with chromosomal DNA from P. furiosus
digestedwithvariousrestriction endonucleases.ABamHl-Pstl
fragment of 4.8 kb hybridized strongly and was cloned into
pTZ19R digestedwithBamUl andPstl,resultinginpLUW500
(Fig. 1). Sequence analysis showed that this fragment contained an incomplete open reading frame comprising the 5'
end of the ß-glucosidase gene, designated celB(seebelow).
Toobtain afragment containingthecompletecelBgene,the
4.8-kbBamHl-Pstlfragment wasusedasaprobe inaSouthern
hybridization with DNAfrom P.furiosus. Ahybridizing 7.7-kb
SamHI-£coRI fragment was isolated and cloned into a
BomHI-EcoRI-digested pTZ19R resulting in pLUW501 (Fig.
1). Acell extract of E. coliTGI harboring pLUW501 showed
ß-glucosidase activity at 90°C, indicating that the P. furiosus
gene for ß-glucosidase had been cloned and was functionally
expressed (Fig. 1). The 7.7-kb insert of pLUW501 could be
reduced in size by deleting a 4.2-kb Xbal (multiple cloning
sile)-Nhel(insert) fragment, resulting inpLUW503,that inE.
coli TGI wasable to produce a functional ß-glucosidase (Fig.
I)Cloning of the inserts of pLUW501 and pLUW503 in
pTZ18R resulted in plasmids pLUW502 and pLUW504, respectively, that in E. coliTGI showed similar ß-glucosidase
activities (4 to 7 U/mg of protein; Fig. 1).This indicates that
expression of the celBgene is not controlled by the vectorlocated lac promoter in these plasmids and that the region
upstream of thecelBgeneisinvolvedintranscription initiation
inE.coli.
Nucleotide sequence analysis of the celB gene. The nucleotide sequence of the insert of pLUW503 was determined in
both directions and showed the presence of an open reading
frame ofwhich thefirstATG codon ispreceded bya consensus, purine-rich ribosome binding site (Fig. 2). The sequence
startingfrom thisATGinitiationcodontotheTAGstopcodon
includes 1,416 bp and could encode a 472-amino-acid protein
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celB G E N E

sspl
-121

7107

1

TTTTGAAGAGCCTTGAGCCTCCTCAAMGCAGTTAACATATATCTATCITCCCACATTTATAATTCCATGGGAAATAITATAAATCACAATATCAAAATATAAAGCIAGAGGTGGAAACT

1 ATGAAGTTCCCAAAAAACTTCATGTTTGGATATTCTTGGTCTGGTTTCCAGTTTGAGATGGGACTGCCAGGAAGTGAAGTGGAAAGCGACTGGTGGGTGTGGGTTCACGACAAGGAGAAC
1 M K . F P K N F H F G Y S U S G F O F E H G
L P G S E V E S D U U V U V H D K E N
121
ATAGCATCAGGTCTAGTAAGTGGAGATCTACCAGAGAACGGCCCAGCATATTGGCACCTCTATAAGCAAGATCATGACATTGCAGAAAAGCTAGGAATGGATTGTATTAGAGGTGGCATT
4 1 I A S G L V S G D L P E N G P A Y U H L Y K 0 D H D I A E K L G M D C I R G G I
241
8 1

GAGTGGGCAAGAATTTTTCCAAAGCCAACATTTGACGTTAAAGTTGATGTGGAAAAGGATGAAGAAGGCAACATAATTTCCGTAGACGTTCCAGAGAGTACAATAAAAGAGCTAGAGAAA
E U A R I F P K P T F D V K V D V E K D E E G N I I S V D V P E S T I K E L E K

361
1 2

ATTGCCAACATGGAGGCCCTTGAACATTATGCGAAGATTTACTCAGACTGGAAGGAGAGGGGCAAAACCTTCATATTAAACCTCTACCACTGGCCTCTTCCATTATGGATTCATGACCCA
1 1 A N M E A I E H Y A R I Y S D U K E R G K T F I L N L Y H U P L P L U I H D P
PstI
481 ATTGCAGTAAGGAAACTTGGCCCGGATAGGGCTCCTGCAGGATGGTTAGATGAGAAGACAGTGGTAGAGtTTGTGAAGTTTGCCGCCTTCGTTGCTTATCACCTTGATGACCTCGTTGAC
1 6 1 I A V R K L G P D R A P A G U L D E K T V V E F V K F A A F V A Y H I D D L V D
601
2 0

1

721
2 4

ATTCAGGCTCACATCGGAGCATATGATGCCATAAAAGAGTATICAGAAAAATCCGTGGGAGTGATATACGCCTTTGCTTGGCACGATCCTCTAGCGGAGGAGTATAAGGATGAAGTAGAG
1 I 0 A H I G A Y D A I K E Y S E K S V G V I Y A F A U H D P L A E E Y K D E V E

841
2 8

GAAATCAGAAAGAAAGACTATGAGTTTGTAACAATTCTACACTCAAAAGGAAAGCTAGACTGGATCGGCGTAAACTACTACTCCAGGCTGGTATATGGAGCCAAAGATGGACACCTAGTT
E 1 R K K D Y E F V T 1 L H S K G K L D W I G V N Y Y S R L V Y G A K D G H L V
Aflll
CCTTTACCTGGATATGGATTTATGAGTGAGAGAGGAGGATTTGCAAAGTCAGGAAGACCTGCTAGTGACTTTGGATGGGAAAIGTACCCAGAGGGCCTTGAGAACCTICTTAAGTATTTA
1 P L P G Y G F M S E R G G F A K S G R P A S D F G W E M Y P E G L E N L L K Y L

961
3 2

ATGTGGAGCACAATGAACGAACCAAACGTAGTCTACAATCAAGGTTACATTAATCTACGTTCAGGATTTCCACCAGGATATCTAAGCTTTGAAGCAGCAGAAAAGGCAAAATTCAACTTA
M W S T M N E P N V V Y N O G Y I N L R S G F P P G Y L S F E A A E I C A K F N L

1

1081
3 6

AACAATGCCTACGAGCTACCAATGATAATTACAGAGAACGGTATGGCCGATGCAGCAGATAGATACAGGCCACACTATCTCGTAAGCCATCTAAAGGCAGTTTACAATGCTATGAAAGAA
1 N N A Y E L P M I I T E N G M A D A A 0 R Y R P H Y L V S H L K A V Y N A M K E
*
Apal

1201
4 0

GGTGCTGATGTTAGAGGGTATCTCCACTGGICTCTAACAGACAACTACGAATGGGCCCAAGGGTTCAGGATGAGATTTGGATTGGTTTACGTGGATTTCGAGACAAAGAAGAGAIATTTA
1 G A D V R G Y L H U S L T D N Y E U A Q G F R M R F G L V Y V D F E T K K R Y L

1 3 2 1 AGGCCAAGCGCCCTGGTATTCAGAGAAATAGCCACTCAAAAAGAAATTCCAGAAGAATTAGCTCACCTCGCAGACCTCAAATTTGTTACAAGAAAGTAGCCATTTCATTTTTICTTTGTT
4 4 1 R P S A L V F R E I A T Q K E I P E E L A H L A D L K F V T R K *
1441

TTrÎAACTCATATÎTTTGGGAAAATAAGATCATAAAAGCTTAACAAGAGAAACCATGCCATAAAAATAGCAAAGATTGATAGCCCTCAATTICCATGGATTCIACATACATATGGATGAT

1561

CCGTCATAAAGTTTATAAATCCATAGCAAGGTGATTTTATTGGTAGTATCCC

FIG. 2. Nucleotide sequence of the P.furiosusce!Bgene and itsflankingregions. The deduced amino acid sequence of the open reading frame corresponding to
CelB is depicted and relevant restriction sites are indicated. The transcription initiation site is indicated bythe arrow. Regulatory sequences are indicated as follows:
the box A of celB and the following open reading frame (encoding tRNA1*1"1) (37) are underlined, the ribosome binding site is indicated by asterisks, and the
NH2-terminal amino acid residues of the purified ß-glucosidase are underlined. In addition, T stretches downstream of the celBgene are overlined, and the inverted
repeat is shown by the oppositely oriented arrows.

that is homologous to various ß-glucosidases (seebelow).
Since the deduced amino acid sequence ofresidues 1to23 is
identical tothat oftheNH2-terminalendofthepurified ß-glucosidase (Fig. 2), the coding region represents the P. furiosus
celB gene.The calculated molecular massofthe deduced primary sequence is54,580 Da, which isinagreement with the
apparent molecularmassof58kDadetermined bySDS-PAGE
for the ß-glucosidase purified from P. furiosus (20).
Transcriptional organization of the celB gene. Sequence
analysis of the upstream region ofthe celBgene revealed a
putative boxA, the archaeal equivalent of the TATA boxthat
directs transcription (Fig. 2)(38). Tolocalize the celB transcription initiation site, primer extension was performed on
total RNA isolated from P. furiosuscellsgrown on cellobiose.
This resulted inanextension product with a size that corresponded with transcription initiation at an adenine residue
located atposition —14that waslocated 25nucleotides downstream ofbox A(Fig. 2and 3). Termination oftranscription
may occur downstream ofthe celBgene, where three T-rich
stretches are present, including the termination consensussequence ofat least four successiveTresidues (Fig. 2) (6).The
last twoofthese Tstretches are included in the left part ofan
inverted repeat.
Primary sequence comparison.Comparison ofthe deduced
primary sequence ofcelBwith ß-glycosidases present in the
SWISS PROT database (release 30) showed the highest similarities (69to44%) with representatives ofglycosyl hydrolase
family 1 and toalower extent with members of family 3(30%

orlower) asdefined byHenrissat (16).TheCelBsequencewas
aligned with representativesofthe family 1ofglycosylhydrolases,which includes glucosidases, galactosidases, and 6-phospho-glycosidasesof different origins (Fig.4).Among the large
number ofconserved residues are the glutamate 372and gluA C G
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FIG. 3. Identification of the transcription initiation site of the celB gene by
primer extension.Primer-extended product (PE) waselectrophoresed in parallel
with the sequence ladder generated with the same primer on the noncoding
strand of celB.
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HSKOLPOOFVMGGATAAYaVEGATKEDGKGRVLUDOfLDKQGRFKP
HTKTLPEDFIFGGATAAYQAEGATNTDGKGRVAUDTYLEEKYUYTA
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S.aureus
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-OKGLOFYHRIIDTLLEKGITPFVTIYKUOLPFALOU--OKGLEFY0RLINKLVENGIEPWTLYHUDLPOKLO0I--EKGLDFYDRLVDGCKARGIKTYATLYHUDLPLTLNGO--

-GGUAHREIADWFAEYSRVLFEHFGDRVKNWITLHEPUWA1VGHI.Y--GVHAPGKR-D
-GGUAHPEIVNYYFDYAHIVINRYKDKVKKW1TFNEPYCIAFLGYFH--GIHAPGIK-D
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AHDGAKVKGYFIUSLHDVFSUSNGYEKRYGLFYVDFETOERYPKKSAYUYKELAETKEIK
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PADVRAAELED11HN-tCFILDAYYIGHYSDKTHEGVNHIL-AENGGELOLR0EOFQA1.0AAKDLHOF
AVOHHAAELQOALEN-RLYLDGTLAGEYHOETLALVKElLDANHQPHFaSTPQEHKAIDEAAHOLDF
PEDVRAAELEDIIHN-KFILDATYLGKY5RETMEGVOH)l-SVNGGKLNtTDEDYAILDAAXDLNDF

PASDFGWEHYPEGL-ENLLKYUHAYELP--HIIYENGMA-MA
PTSOFGUEFFPEGLYDVLIKYWRR-YHLY--MVVTE(tGIA-DOA
PTS0FGWEFFPEGLYDV1.LKYUHR-YGLP--LYVHENGIA-ODA
YAMGUEIVPEGIYI4ILKKV-KEEYRPPE-VYITENGAAFD0WSE0GR
TEHGWEVFPOGlFDLLIUI-KESYPQIP-IYlTEtlGAAYWUVTEOGK
ÏD1GWVYAPALHTLVETL-YERYDIPE-CYITERGACY»-MGVÉNGE

ORYRPHYLVSHLKAVYN
0YORPYYLVSHVYOVHR
DYQRPYYLVSHIYQVHR
VHOONRIOYLKAHIMAWK
VHOSKRIEYLKOHFEAARK
VHDQPR1.DYYAEHI.GIVAD

FIG. 4. Alignment of P.furiosus CelB with other membersof family 1of glycosyl hydrolases. Sequenceswere deduced from the following accession numbers:
Sulfolobus solfataricus 1 ß-galactosidase (P22498); S. solfataricus2 ß-galactosidase (P14288); Thermotogamaritima ß-glucosidase; Caldocellum saccharotyticum
ß-glucosidase (S03813);Agrobacterium sp.ß-glucosidase(A28673);Lactococcuslactis6-phospho-ß-galactosidase (B37168);Lactobacilluscasei6-phosphogalactosidase
(A29897);andStaphylococcusaureus 6-phospho-ß-galactosidase (A27233).The numberingof theP.furiosusCelBisindicated.Conservedresiduesareindicatedbyan
asteriskbelowthealignment,whiledotsrepresentaminoacidswith thesamecharacteristics.Thearrowsabovethesequenceindicatetheconservedglutamateresidues
that havebeen identified asacid-basecatalystand activesite nucleophile(39,40).The highlycharged region(residue273to 288) found withinthe CelBsequenceis
overlined.

tamate 207 in the CelB sequence (Fig. 4). Glutamate 372
corresponds with the catalytically active nucleophile of the
glycosylhydrolasesfromAgrobacterium sp.andStaphylococcus
aureus,while glutamate 207 has been identified as the acidbase catalyst in the staphylococcal enzyme (39,40).
Purification andcharacterization oftheP.füriosusß-glucosidase overproduced in E. coli.To allow for a biochemical
characterization of the P.furiosusCelBproduced inE. coli, it
wasof interest topurify it to homogeneity from a highlyoverproducingstrain.InthecaseofthepTZderivativespLUW501,
pLUW502, pLUW503, and pLUW504, the level of celBexpression in E. coli was relatively low (4 to 20 U/mg of ß-glu32

cosidaseactivity)and notcontrolled bythelacpromoter ofthe
vector (Fig. 1).To improve and control the expression levelof
celBinE.coli,a 1.9-kbSspl-Smal fragment of pLUW503was
inserted into the Smal site of the expression vector pTTQl9,
resulting inpLÜW510with thecelB geneunder control of the
vector-located tac promoter. Upon induction with isopropylß-D-thiogalactopyranoside the level of CelB production in E.
coliMC1061harboringthepLUW510couldbeincreased upto
200U/mgof total protein. Using this expression system,CelB
could be produced up to 20% of the total cell protein. All
ß-glucosidasewassolubleandnoindicationsfor the formation
of inclusion bodieswere found. The heterologous CelBcould
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easily be purified to homogeneity by a two-step purification
procedure that involved athermoincubation for 45minat80°C
inducing denaturation of the majority of the host proteins,
followed byan anion-exchange chromatography step (data not
shown).
The kinetic and stabilityproperties of theCelBproducedby
E. coli were compared with those from CelBpurified from P.
furiosus. This comparison showed that after a 30-h incubation
at 100°Cboth enzymes retained 80to 90%of the initial activity. In addition, the enzyme from both sources had the same
temperature optimum (105°C) and showed identical Km using
ß-D-glucopyranoside-p-nitrophenyl as substrate (0.39 and 0.41
mM for P.furiosusand E. coli,respectively) and a somewhat
higher Kmax,which maybe explained bythe rapid purification
method,for theE.coft'-produced enzyme(1,169and828u,mol/
min/mg of protein for E. coli and P.furiosus, respectively).
Moreover, the CelB produced inE. colishowed a linear Arrhenius plot irrespective of whether the extract had been
heated (data not shown). An activation energy of 45 kj/mol
couldbecalculated for theE.coft'-purified CelBsimilarto that
reported previouslyfor thepyrococcal CelB(20).Finally,analysisof the N-terminalresidues of the CelBproduced inE. coli
showed that these were identical to that of the pyrococcal
enzyme (data not shown).These results imply that CelBproduced inE.coli iscorrectlyfolded and cannotbe distinguished
from that from P.furiosus, allowingprotein engineering of this
hyperthermostable enzyme.
Site-directed mutation of the P.furiosus ß-glucosidase. To
investigatewhether theconserved glutamate atposition 372in
CelB is the catalytically active nucleophile, itwas replaced by
an aspartate or aglutamine residue analogoustothe approach
used for glycosyl hydrolases of mesophilic bacteria (39,40).
The resulting P.furiosus CelB mutants E372D and E372Q
were produced in E. coli in slightly lower amounts than the
wild-type CelB (data not shown). Comparison of the specific
activities inthe cellextract at90°Cof the mutantsE372Dand
E372Q with that of the wild type showed decreased specific
activities of 200-and more than 1,000-fold, respectively.
DISCUSSION
In order to develop a model system for the structure-function analysis of the hyperthermostable P.furiosus ß-glucosidase,thecelBgeneforthisarchaealenzymewascharacterized,
overexpressed in E. coli, and subjected to site-directed mutagenesis. In addition, the transcription and translation initiation signals of the celB gene were identified inP. furiosus.
Recently, the regulatory regions of various genes from hyperthermophilic members of the Archaeahave been aligned
andusedtodefine consensussequences (6).Upstream ofthese
genes, the consensus hexanucleotide motif TTTAA/TA was
found that resemblestheboxApositioned -25 to -27 of the
transcription initiationsiteofother archaealgenes(2,38).This
sequence was found to interact with the RNA polymerase of
the close relative Pyrococcus woesei (30). Downstream of the
genes for hyperthermophiles, a conserved stretch of at least
four successive T residues was found to be conserved around
thesiteoftranscription termination (2,6).The transcriptionof
thecelBgeneisinitiated atanadenineresiduethat ispreceded
bythe hexanucleotide ATTATA at the conserved distance of
25 nucleotides. This box A sequence is somewhat different
from the consensus found in hyperthermophilic members of
the Archaeawith respect to the first nucleotide, which is an
adenine instead of a thymidine.Transcription termination sequences could be identified downstream of the stop codon of
celB.Additionally,aninverted repeat islocated downstreamof
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the gene, but its functionality in transcription termination remains to be determined.
Comparison of theNH2-terminalamino acidresiduesof the
purified ß-glucosidase with that deduced from the celBgene
sequence indicates that the initiation methionine is not removed from the mature enzyme in P. furiosusby posttranslational modification asfound for theglutamate dehydrogenases
from P.furiosus,P.woesei, andPyrococcusendeavori(formerly
ES4) (9, 11, 26).Analysis of the codon usage of the celB gene
showed a preference for the codons without a CG dinucleotide, which is in line with observations done for other pyrococcalgenes(9, 11,23).Remarkably, thebiastowardsthe CG
dinucleotide in the celBgene is observed only in the 5' to 3'
direction and not in the opposite direction, suggesting that it
affects translation.
The organization of the celBgene indicates that it is transcribed asa single unit,which issubstantiated bythe presence
oftranscription initiation signalsofan additionalopen reading
frame downstream of celB,encoding a tRNAphe that has its
owntranscription signals(37).Thegenetic organization of the
P.furiosuscelBgene is clearly different from that of theSulfolobussolfataricus lacS gene encoding another archaeal glycosyl hydrolase. This latter lacS gene is preceded by a gene
encoding a putative permease that is oriented in the same
direction (29),while celBis preceded by a gene that is transcribed in the opposite orientation and does not show the
characteristics of a hydrophobic permease (37).
The alignment of the deduced primary sequence of celB
from P. furiosus with other members of glycosyl hydrolase
family 1shows a large number of amino acids that are conserved.Three subgroups canbe distinguished within this family:onegroupconsistsofthe archaeal glycosylhydrolaseswith
ß-glycosidase from P. furiosus and those from the extreme
thermophilic archaeon Sulfolobus solfataricus, a second group
includes the glycosidases from the Eucarya and Bacteria, and
the third group comprises the 6-phosphoglycosidases from
bacterial origin (Fig. 3). This subdivision is supported by differences inbiochemical characteristics of the archaealglycosidases and those of the other glycosidases.The archaeal glycosidases contain, unlike most other glycosidases, no essential
-SH groupsfor catalysisandform tetramersinstead ofmonomers (21). One other multimeric member of the family is the
bacterial glucosidase from the hyperthermophile Thermotoga
maritima,whichisadimericenzyme(14).Thismultimerization
inenzymesfrom extremethermophilesmaybeawaytoprotect
groups that are susceptible to modification at high temperaturesortoprevent localunfolding and therebyincreasingtheir
stability. The increased thermostability of archaeal glycosidasesincomparison toother glycosyl hydrolases of this family
could be related to the presence of one or more insertions in
the archaeal enzymes.
General trends in changes of amino acid composition related toincreased stabilityinproteinsfrom hyperthermophiles
compared to their mesophilic homologs include a decreased
number of cysteines, an increased overall hydrophobicity, and
a decreased average chain flexibility (18).In addition to these
general trends, some other differences in amino acid composition are noted when the CelBsequence iscompared to that
of other glycosyl hydrolases. These include a significantly increased number of acid residues, notably glutamate (42 inP.
furiosusand on average 33 in other glycosidases). One region
within the CelB amino acid sequence from residue 273 to
residue 288shows a high number of charged residues (mainly
glutamate) and could be involved in the electrostatic interactions,possiblybetween different subunits.Whether thelocalor
overall increased number of charged residues that could form
33
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salt bridges is indeed related to the extreme stability of CelB
remains to be determined.
The expression of the P.furiosuscelBgene in E. coliwas
significantly improved by its positioning under control of the
tacpromoter inthepTTQderivativepLUW510.Inthiswaywe
were able to control celBexpression and reach a production
level up to 20%of total E. coliprotein. Successful expression
of P.furiosusgenes for glyceraldehyde-3-phosphate dehydrogenase, DNA polymerase, and a-amylase in E. colihas been
demonstrated previously, but enzyme production levels were
low (23, 36, 41). However, high expression of the P. furiosus
gdh gene was recently obtained that resulted in functional
glutamate dehydrogenase (8, 11, 25). A heat treatment was
needed to obtain a fully active enzyme after expression of
pyrococcalgdhgene inE.coli (8).Incontrast,such aheat treatment was not required to activate CelB produced inE.coli.
Residues that are important for the catalytic activity ofglycosidases have been identified by protein engineering (35).
Comparison of the CelB produced in E. coliwith the native
enzyme purified from P. furiosusshowed no significant differences in kinetic and stability properties. Moreover, the NH2terminal residues of both enzymes are identical and not posttranslationally modified. The observed identity between the
E. coli- and P. furiosus- produced ß-glucosidasesvalidates the
useof theheterologousenzymeasmodelfor protein engineering studies. This approach wasused to identify the active site
nucleophile of the P. furiosusß-glucosidase involved in catalysis at high temperature. Alignment of glycosyl hydrolases of
family 1 shows the conservation of glutamate 372 in the P.
furiosusß-glucosidase that in the corresponding proteins from
themesophitesAgrobacterium sp.andS. aureus hasbeen identified as the active site nucleophile at low temperatures (39,
40). Replacement of the glutamate 372 by an aspartate or
glutamine residue in the P. furiosusß-glucosidase reduced its
activity more than 200-fold. The large effect of these relative
smallchanges, i.e.,size reduction of the sidechain or elimination of the negative charge, indicates that glutamate 372 is
essential for catalysis of the pyrococcal CelB. This strongly
suggeststhat thisresidue isthe activesitenucleophile involved
in catalysis above 100°C and shows the feasibility of protein
engineering of this highly stable hydrolase.
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Abstract
Analysis of the genomic region preceding the celB gene of the hyperthermophilic
archaeon Pyrococcusfuriosus, revealed the presence of two tandem genes, oppositely
orientated of celB.These have been designated adhA and adhB, since their predicted
products showed high homology to short-chain and iron-containing NADP(H)dependent alcohol dehydrogenases,respectively. Overexpression oftheadhAandadhB
genes in Escherichia coli showed the presence of two prominent, heat-stable proteins
with an apparent subunit size of 27 kDa and 44 kDa, respectively, that corresponded
closely to that calculated from their gene sequence. AdhB showed a low, but
reproducible NADP(H)-dependent alcohol dehydrogenase activity with methanol as
substrate, that was rapidly lost, preventing further characterization. In contrast, AdhA
showed a stableNADP(H)-dependent alcohol dehydrogenase activity and was purified
to homogeneity from the overproducing E.coli cells. Activity measurements and
immunoblot analysis of cell-extracts showed that the adhA gene was expressed in
P.furiosus and resulted in an AdhA with identical subunit size as that found in the
overproducing E.coli. The purified AdhA showed an apparent molecular mass of 95
kDa indicating a homotetrameric structure and appeared to have an optimal enzymatic
activity at 90°C at which temperature it had a half-life of 22.5 h. AdhA reversibly
converted alcohols to the corresponding aldehydes,with a preference for the oxidation
ofsecondaryovertheprimary alcohols.Highestconversionrateswerefound towards2pentanol at pH 10.5 in the oxidation reaction and towards pyruvaldehyde in the
reductionreactionatneutralpH,suggestingthataldehydereductionisthe physiological
roleofAdhAinP.furiosus.

Introduction
The alcohol dehydrogenases (ADHs)that aredependent onNAD orNADP for
catalysis, can be divided intothree groups;(i) long-chain or zinc-containing ADH, (ii)
short-chain orinsect-type ADH,and(iii) iron-containing ADH (17).Representatives of
all three groups have been extensively studied in Bacteria and Eucarya on the
biochemical and genetic level with specific attention for their substrate specificity,
metabolicfunctions andbiotechnological potential (2,16,17).
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Within the Archaea,the third domain of life, so far only a limited number of
ADHs have been characterized. In some methanogens NAD(P)-dependent ADHshave
beenfound thatareinvolved inutilization ofalcohols,otherthanmethanol,assubstrate
(3).Instead ofutilizing alcohols,severalhyperthermophilic archaeathatgrowoptimally
above 80°C are known to produce alcohols as fermentation product (20). Alcohol
dehydrogenases identified intheseextrememicroorganisms includeaNADP-dependent
ADH in Hyperthermus butylicus, that preferably converts secondary alcohols (2),and
threeiron-containing ADHsfrom Thermococcus sp.thathavebeenpurified andshowed
to bedependent onNADP(H) for catalysis (13, 14, 15).Fortwoofthese thermococcal
enzymes arole has been suggested inthe dispose of reduction equivalents through the
formation ofalcohols(14,15).ThegeneticcharacterizationofarchaealADHsislimited
tothegenecodingforaniron-containingADHfrom Thermococcus strainAN1(13)and
twocloselyrelated zinc-containing ADHsfrom twoSulfolobus spp.forwhichthegenes
have recently been cloned and expressed inEscherichia coli(1).There is considerable
interest in ADHs from hyperthermophiles, since they are potential alternatives for the
lessthermostallyandchemically stablecounterpartsthat arecurrently used asindustrial
biocatalysts(2).
Themost extensively studied representative ofthehyperthermophilic archaea is
Pyrococcusfiiriosusthat isabletoutilizecarbohydrates andpolypeptides (5).Themain
fermentation products include H2 or H2S, C0 2 , acetate, and alanine (5, 8, 10). In
addition,theproduction ofsmallamountsofethanolhasbeendocumented (8).Herewe
report the identification and characterization of two tandem genes, adhA and adhB,
encoding different types of ADHs from P.fiiriosus andtheir expression inE. coli.One
of these, AdhA, that showed high homology with short-chain ADHs has been purified
tohomogeneity andcharacterized withrespectto substrate specificity, stereoselectivity,
kineticsandstability.

Materialsandmethods
Strains,plasmidsandcloningprocedure.P.fiiriosus(DSM3638)wascultured
at 98°C in synthetic seawater as previously described using cellobiose (10 mM) as
growth substrate (9). All plasmids used are derivatives of pTZ19R (Pharmacia
Biotechnologies, Upsalla, Sweden) containing chromosomal DNA fragments of
P.fiiriosus(Fig. 1) and were constructed in E.coliTGI (6) using established methods
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(19). Plasmids pLUW500 and pLUW501 have been described previously (22). The
Plasmids pLUW521 and pLUW520 were constructed by reducing the upstream region
of the celB gene in pLUW500 by deletion of either the Smal-Smal fragment or the
EcoRV-Smalfragment, respectively (Fig.l),usingthevectorlocatedSmal-site.
Nucleotide sequence analysis. Automated nucleotide sequence analysis of
plasmid DNA was carried out on an Applied Biosystems 373A sequencer (Applied
Biosystems Inc. Foster City, CA) using a Prism™ Ready Reaction DyeDeoxy™
Terminator cycle sequencing kit and a Li-Cor 4000L sequencer (Li-Cor Inc. Lincoln,
NE)usingthe Thermo Sequenase cyclesequencing kitwith 7-deaza-dGTP (Amersham
International pic,UK) and IRD41-labelledoligonucleotides (MWG-Biotech, München,
Germany).
Computer analysis of nucleotide and deduced amino acid sequences were
carriedoutwiththePC/GENEprogramversion5.01 (IntelliGeneticsInc.)andtheGCG
packageversion7.0(4)attheCAOS/CAMMcentreoftheUniversityofNijmegen (The
Netherlands).Amino acid sequence were alignedusing ClustalW(1.6)and from these
resultsphylogenetictreeswere constructed bytheneighbour-joining method (18)using
theTREECONprogram(21).
Analysis of expression products and purification of ADH. Cells of E.coli
TGI harboringpTZ19R-derivativesweregrown overnight in 5mlL-broth with 100 ug
ofampicillinperml,harvestedbycentrifugation. Cellswereresuspended in0.2mlTrisbuffer (20mMTris-HCl,pH7.8).Forsmall scaleexperiments(upto 10mlofculture),
cells were disrupted by sonication and the cell extracts were incubated for 15 min at
70°C.CelldebrisanddenaturedE.coliproteinswereremovedbycentrifugation andthe
supernatants were subjected to further analysis. For large scale experiments (1 liter of
culture) aimed at the purification of ADH, cells were disrupted using a French press.
RNase (50mg/ml),DNase(50mg/ml)andMgCl2(1mM)wereadded, andthemixture
was incubated for 10 min at 37°C followed by the denaturation step at 70°C. After
centrifugation, the supernatant wastwo-fold diluted with Tris-buffer and loaded onto a
Q-Sepharose High Performance (Pharmacia) column (5.0 by 15.0 cm) that was
preequilibrated inthesameTris-buffer. Boundproteinswereeluted by alinear gradient
of sodium chloride (0-1 M in Tris-buffer). Active fractions were pooled and
concentratedbyultrafiltration withastirredcellusingamembranewith anominalcutoffof 10kDa(Amicon,Inc.,Beverly,MA).
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Polyacrylamide gel electrophoresis and Western blotting. Protein
composition was analyzed by sodium dodecyl sulphate-polyacrylamide (11%) gel
electrophoresis (SDS-PAGE) (11). Protein samples for SDS-PAGE were prepared by
heating for 5min at 100°C in an equal volume of sample buffer (0.1 MTris-HCl,5%
SDS,0.9%2-mercaptoethanol,20%glycerol,pH6.8).
For Western blot analysis proteins were separated by SDS-PAGE and
transferredtoanitrocellulosemembranebyelectroblottingusingasemi-drytransfer cell
(Bio-Rad Laboratories Hercules, CA). Purified AdhA was used to raise rabbit
antibodies, and crude serum was subsequently used in immunoblot experiments.
DetectionofAdhAonnitrocellulose membraneswasperformed usingagoat anti-rabbit
alkaline phosphatase conjugate as described in the Protoblot Immunoscreening system
protocol(PromegaCorporationMadison,WI).
Activity assays. Alcohol oxidation and aldehyde reduction were determined at
70°C, unless stated otherwise, by following either the reduction of NADP or the
oxidation of NADPH spectrophotometrically at 340 nm using a Beekman DU7500
spectrophotometer with supplied temperature controller (Beekman Instruments, Inc.
Fullerton,CA).Eachoxidationreaction contained 50mMglycine (pH 10.5),0.25 Mof
alcohol and 0.28 mM NADP. The aldehyde reduction contained 0.1 M sodium
phosphate(pH7.0),0.34Maldehydeand0.28mMNADPH.Inadditionthesereactions
were performed with the non-phosphorylated cofactors NAD and NADH. One unit of
ADH was defined as the formation or removal of 1mmol of NADPH per min. In all
assays the reaction was initiated by addition of enzyme. Protein concentration was
determined using Bradford reagents (Bio-Rad) with bovine serum albumin as a
standard.
Characterization of AdhA. The optimum pH for alcohol oxidation was
determined in the pH-range of 6.3 to 11.5using a 50mM glycine buffer, whereas the
optimumpHfor aldehydereductionwasdetermined inthepH-range of5.0to7.0 using
a buffer containing 100 mM citrate and 100 mM sodium phosphate. The kinetic
parametersK,„ andVmaxwerecalculated from multiplemeasurementsusingtheprogram
Enzfitter (12).Thethermostability ofAdhA(0.18mg/ml)wasdetermined in Tris-buffer
by measuring the residual activity after various times of incubation at 80°, 90°C, or
100°C.
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Nucleotide sequence accession number.Thenucleotide sequence reported has
beensubmittedtoGenBank/EMBLDataBankwiththeaccessionnumberAF013603

Results
Characterization of adhA and adhB genes and their deduced proteins.
Nucleotide sequenceanalysisofthe7.7-kbP.fitriosus DNAinplasmidpLUW501(22),
revealed the presence of four clustered complete open reading frames (ORFs) in
opposite orientation of the previously described celB gene, encoding a ß-glucosidase
(Fig.l) (22).ThelasttwoORFswillbediscussed elsewhereand includethe lamA gene
coding for a secreted ß-l,3-endoglucanase (7) andthe birAgeneprobably coding for a
biotin ligase (23).ThefirstORFhasbeendesignated adhA(seebelow) andcontainsan
ATG start codon preceded by a purine-rich sequence, that is likely to function as a
ribosome-binding site. The stop codon TGA of adhA was immediately followed by
anotherpurine-rich stretchof 10nucleotidesprecedinganATGstartcodonthatinitiates
asecondgene,designatedadhB(seebelow)(Fig.l).

celB

adhA

PstlNhel
-I
I

EcoRI

pLUW501 \-U—

adhB

EcoRV
I

lamA

birA

>o-

AdhA
[U]

AdhB
[mU]

nd

nd

BamHi

1

0

pLUW503Hl£-

0

pLUW500

28

nd

PLUW521

25

0.33

34

0.05

pLUW520
I

1 1M>

Figure 1. Schematic representation of the organization of the P.fitriosus celB locus. The location and
direction of the genes deduced from the DNA sequence are shown as is a restriction map with relevant
sites used for plasmid constructions. The lamA encodes a secreted ß-l,3-endoglucanase (7) and birA a
biotin ligase-likeprotein (23).The right panel showsthe specific activity of AdhA and AdhB in extracts
of E.coli harboring the indicated plasmids, which were determined using the substrates 2-pentanol or
methanol,respectively;nd:not determined.
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AdhB

44kDa

AdhA

27kDa

Figure 3. SDS-PAGE of cell-extracts ofplasmid-harboring E.coliTGI. Cell-extracts of E.coli harboring
the indicated plasmids either prior (-) or after heat-treatment (+) were separated by SDS-PAGE and the
proteinswere stainedwithCoomassieBrilliantBlue.

Ifthe assumed initiation codons areused, adhAand adhBgenes could encode proteins
withasizeof233and389aminoacidsandcalculatedmolecular massesof26kDaand
43 kDa, respectively. The deduced amino acid sequence of AdhA from P.furiosus
showedhighhomologieswithmembersofthegroupofshort-chainADHs(Fig.2).The
highest homology was found with eucaryal estradiol 20-ß-hydroxysteroid
dehydrogenases (35 % identity). The deduced amino acid sequence of the pyrococcal
AdhB showed high homologies with members of the group of iron-containing ADHs
and up to 35% identity was observed with the two closely related NADH-dependent
butanol dehydrogenases from Clostridium acetobutylicum and 34% identity with the
onlyotherarchaealmemberofthisgroup,ThermococcusstrainAN1(13).
Cloning and overexpression of adhA and adhB genes in E.coli. In cellextracts of E.coli harboring pLUW501 two prominent heat-stable proteins could be
detectedbySDS-PAGEwithapparentmolecularmassesof27kDaand44kDa(Fig.3).
Together, these proteins accounted for approximately 10% of the soluble protein
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fraction ofthe cell-extract (Fig.3).Deletion ofthecelBgeneresulting inpLUW500 did
not affect the presence oftheseproteins inheat-treated cell-extracts ofE.coliharboring
pLUW500,buttheywerenotfound inE.coliharboringpLUW503,containing onlythe
celB gene (Fig. 1; data not shown). Further deletion studies resulted in pLUW521,
which upon introduction in E.coli gave rise to the production of both heat-stable
proteins, and pLUW520 that produced only the 27 kDa protein (Figs. 1and 3). These
results indicate that the 27-kDa protein is encoded by the adhA gene and the 44-kDa
proteinistheproductoftheadhBgene.
The adhA andadhBgenes codefor different ADH activities. In heat-treated
cell-extracts of E.coli overproducing the pyrococcal AdhA and AdhB high ADH
activities were found at 70 °C that were dependent on the presence of NADP or
NADPH (Fig. 1). To distinguish between the activities of the two pyrococcal ADHs,
use was made of the observation that purified AdhA showed low dehydrogenase
activity with methanol as substrate, but high activity with 2-pentanol (see below).
Extracts of E.coli harboring ac#L4-expressing plasmids, including pLUW520 carrying
only the adhA gene, showed significant ADH activity with 2-pentanol as substrate
(Fig.l).ExtractsofE.coliharboringa<#z#-expressingplasmids,showedasignificant but
lowADH specific activity withmethanol assubstratethatwassubstantially higherthan
that of E.coli harboring pLUW520 (Fig. 1). The latter can be attributed to the side
activity of AdhA towards the substrate methanol (see below). These findings indicate
thatbothadhAandadhBcodefor functional ADHs.However,the methanol-dependent
ADH activity wasrapidly lost (80 %during 1day of storage at4°C) and could not be
restoredbytheadditionofdivalentcations,suchasiron,zincormagnesium,preventing
amoredetailed characterization.
Purification, characterization, and substrate specificity of AdhA. The
pyrococcal AdhAwaspurified tohomogeneityfromaheat-treated cell-extract ofE.coli
harboring pLUW520, by anion-exchange and size-exclusion chromatography,
confirming amolecular subunitmassof27kDa(seebelow).Themolecularmassofthe
native AdhA was estimated to be 95 kDa by size-exclusion chromatography, which
indicated atetramericstructure.
Thesubstratespecificity ofAdhAintheoxidationreactionwasanalyzedusinga
range ofalcohols,including primary alcohols (C,toC n ), secondary alcohols (C3toC8)
(Fig.4), and alcohols containing more than one hydroxyl-group (Table 1).The highest
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activity ofAdhA(41.6U/mg)wasfound when2-pentanolwasoxidized.Abroad range
ofprimaryalcoholscouldbeoxidizedbyAdhAandincludesubstrateswith2-10carbon
atoms (Fig.4). Similarly, AdhA showed activity towards a broad range of secondary
alcohols that on average were faster oxidized than the primary alcohols (Fig.4).
Alcohols with a second or a third hydroxyl-group were less efficiently converted by
AdhA,mostlikelyduetosterichindrance(Table1).
The highest reduction rate of AdhA was observed with pyruvaldehyde. The
otheraldehydestested,showedonly 10%orlessofthisactivity(Table2).
Secondary alcohols can have two stereoisomers that may show different
enzymatic conversion rates. The stereoselectivity of AdhA was tested using the two
enantiomersof2-butanolandrevealedonlyaslightpreference fortheS-2-butanol(21.8
U/mgand32.3U/mgwithR-andS-2-butanol, respectively).
specificactivity (U/mg)
50

•

primaryl
alcohol |

isecondary
lalcohol

Figure4.Specific activitiesofthepurified P.fariosusAdhAtowardsprimary andsecondary alcohols

Optimum,kineticsandstabilityofAdhA.Theoxidationreactioncatalyzedby
AdhA showed a pH optimum between 10 and 11. The aldehyde reduction by AdhA
showedmaximal activity inabroadpHrangewithanoptimum atpH 7.5 and activities
thatwereonly20%loweratpH6.7 andpH 9.0.Theoptimumactivity ofAdhAwasat
90°C, but due to instability of the cofactors at that temperature all other activity
measurements were performed at 70°C. Kinetic properties of AdhA were determined
for both the oxidation and the reduction reaction using the substrate that showed the
highest activity, 2-pentanol and pyruvaldehyde, respectively (Table 3). The results
indicate that AdhA hasthe highest affinity for pyruvaldehyde and is dependent on the
phosphorylated cofactor forcatalysis.
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Table 1. Substrate specificity of the purified
P.furiosus AdhA towards substituted alcohols.
Substrate

Specific activity

Table 2. Substrate specificity ofthe purified
P.furiosus AdhA towards aldehydes.
Substrate

Specific activity
U/mg)

(U/mg)
0.7
1.0

ethanol
ethanediol

pyruvaldehyde
acetoin

30.2
3.2

propionaldehyde
2.1
10.4

1-propanol
2-propanol
1,2-propanediol
glycerol
2-methyl-1-propanol
2-methyl-2-propanol

2.9
0.2

2.6
2.6
1.4

glyceraldehyde
pyruvate
propionate

6.2

acetone
hydroxyacetone

0.2

dihydroxyacetone

0.7
0.2
1.3
<0.05

5.1

1-butanol

16.8
2.4

2-butanol
1,2-butanol
1,3-butanol
2,3-butanol

6.9
5.5

Table 3. Kinetic parameters of the purified
P.furiosus AdhA in the reduction or oxydation
of the substrates pyruvate aldehyde or 2pentanol, respectively.

(U/mg)
pyruvaldehyde

32.3 ±2.2

NADPH
2-pentanol
NADP

(mM)
3.3 ±0.2
0.08 ± 0.008

41.6 ±2.7

60.8 ±2.9
0.08± 0.009

27kDa

1

2

Figure 5. Immunoblot analysis of AdhA in P.furiosus.A cell-extract of P.furiosus (lane 1) (3 mg) and
AdhA purified from E.coli (lane 2) (0.03 mg) were separated by SDS-PAGE, blotted on a nitrocellulose
membrane andprobed withAdhA antiserum. Theapparent molecular sizes inkilodaltons are indicated on
the left.
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Storage of AdhA for several months at 4°C did not affect the enzyme activity
significantly. Theresistancetothermalinactivation ofAdhAathighertemperatureswas
analyzedandhalf-life valuesof 150h,22.5hand25minwerefound attemperaturesof
80°C,90°Cand 100°C,respectively.
The presence ofADH activity inP.furiosus. Activity measurements ofAdhA
wereperformed incell-extracts ofP.furiosus using 2-pentanol as substrate and showed
a slow, but significant oxidation rate of this substrate (0.27 U/mg), which would
correspond with approximately 0.7 % of the total soluble protein fraction. To further
confirm thepresence of AdhA inP.furiosus, immunoblot experiments were performed
usingantibodiesraisedagainsttheAdhApurified formE.coli(Fig.5).Theresultsshow
that AdhA is produced in P.furiosus grown on cellobiose and confirm that its size on
SDS-PAGEisidenticaltothatoftheAdhAproducedbyE.coli.

Discussion
InP.furiosus twotandem ADH genes,designated adhAandadhB, havebeen identified
that were positioned adjacent and in opposite orientation of the celB gene. E.coli
harboring plasmids that contained these two genes overproduced (i) AdhB, an ironcontaining ADH, that rapidly lost its activity, and (ii) AdhA, a short-chain ADH, that
was characterized in detail. AdhA was found to be produced in an active form in
P.furiosusascould be concluded from both activity measurements and immunological
detection. Overexpression ofthe adhAand adhBgenes inE.coliwasnot controlled by
the IPTG-inducablevector-located /ac-promoter indicating that the region upstream of
the genes is involved in transcription initiation, as was previously found for the celB
gene(22).
The deduced primary sequence of AdhA from P.furiosusshowed significant
homology with a number of short-chain ADHs, but to the best of our knowledge it
representsthefirstdescribed archaeal member ofthisADHfamily. Likeallother shortchain ADHs characterized to date, the pyrococcal AdhA contains the predicted
coenzyme-binding siteattheN-terminus surrounded byhighly conserved residues(Fig.
2) (16, 17). Alignment of the deduced amino acid sequence of the pyrococcal AdhA
with other short-chain ADHs showed that all other known features of short-chain
ADHs,including Asp59,Lysl84, and Tyrl80 asionizable group, areconserved inthis
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archaeal AdhA (Fig. 2) (16, 17). Additionally, the conservation of a large number of
glycine residues (9 of 19 residues) was noted, indicating that the conformational
conservation found for short-chain ADHs from bacterial and eucaryal origin can be
extendedtothedomainofArchaea(16).
The deduced primary sequence of the second ADH from P.fiiriosus,AdhB,
showshighhomologieswithmembersofthegroupofiron-containing ADHs,including
that of Thermococcus AN1. This group is characterized by the size of its primary
product of approximately 385residues,andbythepresence of four conserved histidine
residues that were also found in AdhB (17). Three of these histidine residues are
predicted to be involved in the iron-binding, which appears to be involved in the
catalytic activity as has been demonstrated for the iron-containing ADH from
Zymomonas mobilis (17). Remarkably, both archaeal representatives of the ironcontaining ADH family showed an additional proline residue within the putative ironbinding motif the function of which remains to be established. The instability of the
pyrococcal AdhB produced by E.coli prevented a detailed characterization and
comparisonwiththeotherarchaealADHs.
Thefunctional expressionoftheP.fiiriosusadhA geneinE.coliandthe stability
ofitsproductAdhAallowed for asimpletwo-steppurification ofthisshort-chainADH
and amore detailed biochemical characterization. Fortheconversion of alcohols tothe
corresponding aldehyde as well as for the reversed reaction, AdhA could only use the
phosphorylated cofactor NADPorNADPH.AdhAshowedabroad substrate specificity
with primary and secondary alcohols and revealed an optimum for substrates with a
carbon chain of 5residues. Apreference was observed for the secondary alcohols that
areconverted fasterthanthecorrespondingprimaryalcohol.
The pyrococcal AdhA has a half-life value of 150 h at 80°C and is the most
thermostable short-chain ADH known to date. In contrast, the stability of the ironcontaining AdhB produced byE.coliwas found to be lowas reflected by its rapid loss
of activity, which prevented its biochemical characterization. This instability may be
explained by the loss iron, ashasbeen described for the other archaeal iron-containing
ADH (14, 15). However, attempts to restore the activity by addition of iron or other
divalentcationswerenot successful.
The physiological function of AdhA is most likely the reduction of the
aldehyde,sinceAdhAdisplayed ahigheraffinity for thealdehydesthanfor the alcohols
(Table 3).Thehigh conversion rate found withpyruvaldehyde suggests that the natural
substrate of AdhA in P.fiiriosusmay have a structure similar to this aldehyde. The
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conversion of the aldehyde to the corresponding alcohol may be a means to remove
reduction equivalents and to regenerate the cofactor. Alternatively, or combined with
thisroleaselectron sink,AdhAandpossibly AdhBmay beinvolved inthe metabolism
of ß-linked glucose polymers.This suggestion is based onthe localization oftheadhA
and adhB genes in the vicinity of the lamAand celB genes, which are coordinately
expressed and whose products are involved in carbohydrate metabolism of ß-linked
glucosepolymersinP.fiiriosus(7,22,23).Ifso,thiswouldcontrastwith Thermococcus
sp.wheretheiron-containingADHsareinducedduringgrowthonproteinsandpeptides
without elemental sulphur (14). Under these conditions an excess of reduction
equivalents may be disposed inthe form of alcohols by the reduction ofthe aldehydes
thatareproducedbydifferent aldehydeferredoxin oxidoreductases(14).
In conclusion, we have identified two P.furiosusgenes that encode functional
NAD(P)-dependent alcoholdehydrogenasesbelongingtoADHsuperfamily andinclude
ashort-chainandaniron-containingADH.Theobserved conservedprimary structureof
thepyrococcal AdhA, suggests thepresence of ashort-chain ADH inthe last common
ancestor, i.ebeforethesplittingofthephylogenetictree.
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Abstract
We report the molecular characterization of the first endo-ß-l,3-glucanase from an
archaeon. Pyrococcusfuriosus is a hyperthermophilic archaeon that is capable of
saccharolytic growth. The isolated lamA gene encodes an extracellular enzyme that
shareshomology with both endo-ß-1,3-and endo-ß-l,3-l,4-glucanases oftheglycosyl
hydrolase family 16. After deletion of the N-terminal leader sequence, a lamA
fragmentencoding an active endo-ß-l,3-glucanase was overexpressed inE.coliusing
the T7-expression system. The P.furiosus endoglucanase was purified and showed
highest activityonthe ß-1,3glucosepolymer laminarin,buthasalso activity onthe ß1,3-1,4 glucose polymers lichenan and ß-glucan. The enzyme shows optimal activity
between 100and 105 °C and was demonstrated to be the most thermostable endo-ß1,3-glucanasedescribed uptonow. Site-directed mutagenesis wasperformed to study
theroleof anadditional methionine residue, inthepredicted active site, found only in
glycosyl hydrolases of the family 16 that show predominantly endo-ß-l,3-glucanase
activity. Thedeletionofthismethionine didnot changethe substrate specificity ofthe
endoglucanase, but itdidcauseaseverereduction initscatalytic activity, suggestinga
structural role ofthis residue in constituting the active site.HPLC analysis showed in
vitrohydrolysis oflaminarin bytheendo-ß-l,3-glucanase proceedsmoreefficiently in
combination with an exo-ß-glycosidase from Pyrococcusfuriosus (CelB). This most
probably reflects the physiological role of both enzymes: co-operation during growth
ofPyrococcusfuriosus onß-glucans.

Introduction
ß-l,3-Glucanases are widely distributed among bacteria, fungi and higher
plants. They are classified as exo-ß-l,3-glucanases (ß-l,3-glucan glucanohydrolase
[EC3.2.1.58]) andendo-ß-l,3-glucanases (ß-l,3-glucan glucanohydrolase [EC 3.2.1.6
orEC 3.2.1.39]). Distinctphysiological roles of ß-1,3-glucanaseshavebeen proposed.
Inplants,involvement incell differentiation anddefence against fungal pathogens has
been suggested (1). In fungi, ß-1,3-glucanases seem to have different functions in
morphogenetic processes, ß-glucan mobilization, and fungal pathogen-plant
interactions (2).Recently,the first metazoan ß-1,3-glucanase,that maybe involved in
the early embryogenesis, hasbeen described (3).Inbacteria, ametabolic function has
been reported for endo-ß-l,3-glucanases and endo-ß-l,3-l,4-glucanases (4). Both
types of bacterial enzymes are polysaccharide endohydrolases with closely related
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specificities (5,6). ß-l,3-glucanases hydrolyse 1,3-ß-glucosyl linkages, but usually
require a region of unsubstituted, contiguous 1,3-ß-linked glucosyl residues. In
contrast, ß-l,3-l,4-glucanases catalyse the hydrolysis of 1,4-ß-glucosyl linkages, only
whentheglucosyl residue itselfislinked atthe(0)3position(7).
Genesencodingbacterial ß-1,3and ß-l,3-l,4-glucanases havebeen clonedand
sequenced from different Bacillusspecies (8-16),Fibrobacter succinogenes(17, 18),
Cellvibriomixtus(19), Thermotoga neapolitana (20), Ruminococcusflavefaciens(21,
22), Oerskovia xanthineolytica(23), Clostridiumthermocellum (24, 25, 26, 27), and
Rhodothermusmarinus(28).Allbacterial endo-ß-1,3-glucanases(laminarases) known
to date share sequence similarity with endo-ß-l,3-l,4-glucanases (lichenases) and
have been classified inthe samefamily 16of glycosylhydrolases (29,30,31). Onthe
other hand, eukaryal endo-ß-l,3-l,4-glucanases and endo-ß-1,3-glucanases have been
classified in the family 17of glycosyl hydrolases. However, the first metazoan ß-1,3glucanase, described from a sea urchin, shares homology with both ß-1,3 and ß-1,31,4-glucanasesofglycosyl hydrolases family 16 (3).
Presently,no ß-specific endoglucanaseshavebeenreported intheArchaea, the
third domain of life (32,37).Inthis study,wereportthecharacterization of an endo-ß
-1,3-glucanase from Pyrococcusfuriosus, aheterotrophic hyperthermophilic archaeon
that is able to grow optimally at 100°C on a wide range of carbohydrate substrates
including starch,maltose,cellobiose (32,33).P.furiosus wasfound to contain several
hydrolytic enzyme activities related to sugarsdegradation (34) and utilizes a modified
Embden-MeyerhofPathway,which involves atleastthree unique enzymes:twoADPdependent kinases (35),and a glyceraldehyde-3-phosphate: ferredoxin oxidoreductase
(36). However, P.furiosus cannot grow on cellulose or carboxymethylcellulose and
nothing has been described concerning the growth on other ß-linked carbohydrates
substrates suchaslaminarin, ß-glucanandlichenan(32,37).
The P. furiosus lamAgene was characterized and found to encode a secreted
endo-ß-l,3-glucanase belonging to the glycosyl hydrolyse family 16. Further
characterization of the overproduced catalytic domain of this enzyme revealed that it
wasthemostthermostable endo-ß-1,3-glucanasedetected sofar. Amutant form ofthe
catalytic domain was obtained after site directed mutagenesis of the lamA gene and
revealed that aconserved methionine residue isrequired for full activity.Based onthe
specificity of the endo-ß-1,3-glucanase and the here described capacity of P. furiosus
to grow on laminarin, a role for this extracellular enzyme during the fermentation of
ß-l,3-linked glucosepolymer isproposed.
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Experimental procedures
Organismsandgrowth conditions-P.furiosus (DSM 3638)was used in this
study (32). E. coli BL21 (DE3) harboring pLysE was used as host strain for the
recombinant plasmid of pGEF (38, 39). E. coli TGI was also used as host strain for
the cloning vector pLUW530 and pLUW531 (40). E. coli was grown in L broth
medium in a rotary shaker at 37°C. Ampicillin was added to L broth in a final
concentration of 100 u,g/ml. Isopropyl-ß-D-thiogalactopyranoside (IPTG) was added
inafinalconcentration of0.4mM,fortheinductionofgeneexpression.
Cloningoftheendo-ß-l,3-glucanasegene-A4.8 kb fragment containing the
lamAgene codingfor P.furiosus endo-ß-l,3-glucanase wascloned intopTZ19R(41).
Based on its sequence, primers were designed to amplify the lamA gene by the
polymerase chain reaction on a DNA Thermal Cycler (Perkin Elmer Cetus, Norwalk,
Conn.) (Fig. 1).ThetwoprimerswithNcolandBamHlrestriction sites (in bold),were
the following: BG 194(5'-GCG CGC CAT GGT CCC TGA AGT GAT AGA AAT
AGAT, sense) and BG 195 (5'-CGC GCG GAT CCT CAA CCA CTA ACG AAT
GAGTA, antisense). In addition to the template and the primers,the 100 ul reaction
mixture contained 0.2 mM dNTPs, TaqDNA polymerase buffer, 5mM MgCl2, 5U
Taq DNA polymerase (Life Technologies Inc.) and was subjected to 30 cycles of
amplification (30 s at 94°C, 30 s at 50°C and 30 s at 72°C). The putative signal
peptide of the endoglucanase was excluded to produce the mature enzyme in the
cytoplasm of E. coli.A PCR product with the expected size was digested with Ncol
and BamHl and cloned in a pGEF vector (38), resulting in pLUW530, and
transformed intoE.coliTGI andBL21(DE3),pLysEusingstandardprocedures(42).
Overexpression of the lamA gene and purification of the endo-ß-1,3glucanase- An overnight culture of E. coliBL21 (DE3), pLysE harboring pLUW530
wasdiluted 1:20 andgrown untilthe AgQO reached0.6. The culture was induced with
0.4 mM of IPTG for 4 h. Cells were harvested by centrifugation, resuspended in
lOOmM sodium citrate buffer (pH 5.5) and sonicated using a Branson sonifier. Cell
debris was removed by centrifugation (10,000 x g for 10 min). The resulting
supernatant washeated for 30minat 70°C andprecipitated proteinswere removed by
another centrifugation. The supernatant was subsequently dialyzed against Tris-HCl
buffer (20mM,pH 8.0), loaded onaQ-Sepharose Fast Flow (Pharmacia) column (5x
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25 cm) that was equilibrated with the same buffer. Bound proteins were eluted by a
linear gradient ofNaCl (0 to 1M in Tris-HCl buffer). Active fractions eluted around
0.5MNaCl.
Protein sampleswereanalysed bysodium dodecyl sulphatePolyacrylamide gel
electrophoresis (SDS-PAGE)usingthe method ofLaemmli (43).Proteins samples for
SDS-PAGE were prepared by heating for 10 min at 110°C in an equal volume of
sample buffer (0.1 M citrate-phosphate buffer, 5% SDS, 0.9% 2-mercaptoethanol,
20%glycerol,pH6.8).
ß-Glucanase assay,protein determination and western blot- The standard
assay for ß-glucanase activity was carried out at 80°C, for 10min,using 0.5% (w/v)
laminarin (Sigma Chemical Co.) as substrate in 0.1 M phosphate
(NaH2P04/K.2HP04)buffer (pH 6.5).Thereducing sugars released were detected by
the dinitrosalicylic acid (DNS) method, with glucose as a standard (44). Enzyme and
substrate blanks were also included. 1U enzyme activity is defined as the amount of
enzyme required to release 1 umol of reducing sugars/min. Protein concentrations
weredeterminedbythemethod ofBradford, withBSAasthestandard(45).
Antibodies were raised against LamA by injecting enzyme purified from E.
coli into rabbits. The proteins were separated by SDS-PAGE and blotted onto
nitrocellulose filters. These were incubated with serum containing antibodies
(Dilution 1/1000) raised against LamA. The reaction of proteins with the antibodies
wasdetectedusingthewesternblotAlkalinePhosphatase system(Promega).
Temperature and pH optima, thermal stability, kinetic parameters- The
temperature optimum was determined by running the standard assay at temperatures
from 40°C to 115°C.ThepH optimum of the enzyme wasdetermined byrunning the
standard assay at 80°C,using citrate-phosphate (citric acid/NaH2P04)buffer (0.1M)
and phosphate (Na^PC^/K^HPC^) buffer (0.1M) for the pH range 4-7 and 6-8,
respectively. Thermostability was determined using diluted enzyme (0.14 mg/ml pure
enzyme wasdiluted 10times in200itiMTris-HCl buffer, pH 6.5),incubated at80°C,
90°C and 100°C. Samples were taken at time intervals and residual activity was
determined by the standard assay at 80°C. Michaelis-Menten constants were
determined from Lineweaver-Burk representations of data obtained by determining
the initial rate of laminarin and lichenan hydrolysis under the assay conditions
described aboveandusingarangeof0.25to 10mgofsubstrateperml.
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Mutagenesis of the lamA gene- The plasmid pLUW500 carrying the lamA
gene was used as a template for mutagenesis following the splicing by overlap
extension PCR (46). The first step comprised the use of primers introducing the
mutation and the two flanking primers (BG 194 and BG195), described above. The
twomutagenesisprimerswerethe following: BG227(5'-GCC AAG GAATTCTAT
GTC TATTTCTCCACAATT TGG C,antisense) and BG226 (5'-GAAATA GAC
ATA GAA TTC CTT GGC CAT GAG CAA, sense). The second step used the
overlapping products of the first two PCR reactions as a template, and the flanking
primers (BG 194, BG 195) to yield the lamA gene with the mutation. In order to
simplify detection ofmutants, an£coRI site (in bold intheprimers) was created. The
amplified DNA was cloned as HindllVBamHI fragment, into the lamA gene in
pLUW530. The mutation was checked by EcoKLdigestion and DNA sequence
analysis. The resulted plasmid (pLUW531) was transformed to E. coli BL21 (DE3),
pLysEfor overproduction oftheprotein.
DNA sequencing- Nucleotide sequencing was performed by the
dideoxynucleotide chain termination method (47)with aLi-Cor automatic sequencing
system (model 4000L).Computer analysisof sequencing datawasperformed byusing
the PC/GENE program version 5.01 (IntelliGenetics Inc., Moutain view, Calif.) and
the GCG package version 7.0 at the CAOS/CAMM Centre of the University of
Nijmegen.
Nucleotide sequence accession number- The nucleotide sequence reported
has been submitted to the GenBank/EMBL Data Bank with the accession number
AF013169.

Results
Cloning and sequencing of the lamA gene encoding an endo-ß-1,3glucanasefrom P. furiosus- The nucleotide sequence of a part of the 4.8 kb DNA
insert from pLUW500 (41, 48)revealedthepresenceof an 894bpopen reading frame
(Fig. 1).The encoded 297-amino acid protein is homologous to a family bacterial ß1,3 and ß-l,3-l,4-endoglucanases (see below) and contains a putative signal peptide
of20residues (49). Themolecular mass of the predicted mature protein is 31,550Da
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and the estimated isoelectric point 5.15.In order to overproduce this ß-glucanase,the
lamA gene was amplified by the PCR method and cloned into pGEF (38) under
control of the T7 promotor (39). The resulting plasmid, containing the catalytic
domain of the endo-ß-1,3-glucanase (starting at residue 35 and called LamA), was
named pLUW530. The plamid pLUW530 harboring lamA was checked by DNA
sequenceanalysis.

celB

adhA

adhB

lamA

pLUW500

pLUW530

BG19S
pLUWS31

F i g u r e 1. Genetic organisation of the lamA region. This DNA fragment was originally cloned as a
fragment from chromosomal D N A of P. furiosus and inserted into the EcoRI / PstI sites of pTZ19R
(41). Primers BG194 and BG195 used in the cloning of the lamA gene and primers BG226 and BG227
used in site-directed mutagenesis of LamA are indicated by arrows. Relevant restriction sites are
indicated. H, Hindill; E, EcoRI; N , Ncol; B, BamHl; P, Pstl.

Primarystructurecomparison-Comparison of the deduced primary strucutre
of lamA with enzymes present in the GenBank database indicated highest similarity
with representatives of the family 16of glycosyl hydrolases, which includes bacterial
endo-ß-1,3- and endo-ß-l,3-l,4-glucanases, Streptomyces coelicolor agarase and
Alteromonascarrageenovora K-carrageenase.Scoresof52.4and46.9%identitywere
found with the ß-glucanases of T. neapolitanaand O.xanthineolytica, respectively.
Multiple alignments of the deduced amino acid sequence of P. fiiriosus lamA and
other ß-glucanases showed many conserved amino acids (Fig. 2) including glutamate
170 and glutamate 175 (P.furiosus amino acid numbering is used throughout the
paper). The results of structural analysis,mutagenesis (50, 51,52,53) combined with
inhibitor attachment (52, 54) studies of Bacillus ß-glucanases showed the direct
involvement ofthese two carboxylic acids in catalysis. Glutamate 175 corresponds to
the general acid and glutamate 170 to the catalytic nucleophile or plays a role in
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electrostatic stabilization of an oxocarbonium intermediate ion (55). Moreover, the
crystal structure of the hybrid Bacillus ß-l,3-l,4-ß-glucanase (52) showed the
presence of a calcium binding site on the surface of the enzyme. Experiments
demonstrated that calcium, bound to the hybrid Bacillusenzyme, stabilizes the threedimensional structure of the protein leading to increased thermal stability (56, 57).
The calcium atom is bound (52) on the convex face of the protein, to the backbone
carbonyl oxygensatomsofproline[9],glycine 78[45]and aspartate 287[207]andto
the carboxylate oxygen of aspartate 287 [207](italic numbers correspond toBacillus
hybrid ß-glucanase numbering (52)). This aspartate 287 residue is conserved among
most of the ß-glucanases of the family 16 (Fig. 2). The P.furiosus ß-l,3-glucanase
also does contain this aspartate residue, and indeed was found to be protected by
calciumagainstthermal inactivation (datanotshown).

P.furiosus
T.neapolitana
O.xan thineolyeica
C.thermocellum l
R.marinus
B.licheniformis
B.subtilis
C.thermocellum 2
B.brevis
B.macerans
P.furiosus
T.neapolitana

47
WRLIWHDEPB.
WQLVWSQEFD...DGVIDPNVWNFEIGNGHAKGIPGWGNAELEYYTD...KNAFVENGCLVIEARKEQVSD.EYGTYDYTSARITTEGKF
ESLAWSDEFDGAAGSAPNPDVWNHETGAG
GWGHAELQNYTTSRVNSALDGQGNLVITALQESDGS
YTSARLTTQGNV
HRLVWSDEPNG...SEINMANWSYDDPTN
GRWNGEVQSYTQ...NNAYIKDGALVIEARKEDITEPSGETYHYTSSKLITKGKK
WELVWSDEFDY..SGLPDPEKWDYDVGGH
GWGNQELQYYTRARIENARVGGGVLIIEARHEPY
EGREYTSARLVTRGKA
TGGSFYEPFNNYNTGL
WQKAD
GYSKGNMFNCTWRANNVSMTSLGEMRLSLTSPS
YNKFDCGENRSV
TGGSFFDPFNGYNSGF
WQKAD
GYSNGNMFNCTWRANNVSMTSLGEMRLALTSPA
YNKFDCGENRSV
VNTPFVAVFSNFDSSQ
WEKAD
WAMGSVFNCVWKPSQVTF.SNGKMILTLDREY
GGSYPYKSGEYRTKS
MGTAFYESFDAFDDER
WSKAG
VWTHGQMFNATWYPEQVTA..DGLMRLTIAKKTTSARN
YKAGELRTNDFY
AGSVFWEPLSYFNRST
WEKAD
GYSMGGVFNCTWRANNVNFTNDGKLKLGLTSSA
YNKFDCAEYRST

B.licheniformis
B.subtilis
C.thermocellum 2
B.brevis
B.macerans

EIK.YGKIEIRAKLPKGKGIWPALWMLGNN..IGEVGWPTCGEIDIMEMLGHDTRTVLRTAHGPGYSGGASIGV..AYHLPEEVPDFSED
QPQ.FGRIEARIQIPRGQGIWSAFWMVGAN..LPDTPWPTSGEIDIMENVGNAPHEVHGTVHGPGYSG..DNGIMGTYQHPQGW.SFADD
SWK.YGKFEIRAKMPQGOGIWPAIWMMPEDEPFYGT.WPKCGEIDIHBLLGHEPDKIYGTIHF.GEPH....ESQGTYTLPEGQ.TFADD
SWT.YGRFEIRARLPSGRGTWPAIWMLPDRQTYGSAYHPDNGEIDIMEHVGFNPDWHGTVHTKAYNHL.LGTQRGGSIRVPTART...D
QTYGYGLYEVNMKPAKNVGIVSSFFTYTG..PTDGTPW. DEIDI.EFLGKDTTKVQFNYYTNGVGN
HEKIVNLGFDAANS
QTYGYGLYEVRMKPAKNTGIVSSFFTYTG..PTDGTPW. DEIDI.KFLGKDTTKVQFNYYTNGAGN
HEKIVDLGFDAANA
FFGYGYYEVRMKAAKNVGIVSSFFTYTG..PSDNNPW.
DEIDI.EFLGKDTTKVQFNWYKNGVGG
NEYLHNLGFDASQD
H...YGLFEVSMKPAKVEGTVSSFFTYTGEWDWDGDPW. DEIDI.EFLGKDTTRIQFNYFTNGVGG
NEFYYDLGFDASES
QTYGYGLYEVSHKPAKNTGIVSSFFTYTG..PAHGTQW. DEIDI.EFLGKDTTKVQFHYYTMGVGG
HEKVISLGFDASKG

P.furiosus
T.neapolitana
O.xanthineolytica
C.thermocellum 1
R.marinus
B.1icheniformis
B.subtilis
C.thermocellum 2
B.brevi s
B.mac

216
297
FHVFGIVWYPDKIKWYVDGTFYHEV...TKEQVEAMGYE.WV...FDKPFYIILNLAVGGYWPGNPD.ATTPFPAKMWDYVRVYSFVSG
FHVFSIEWDENEVEWYVDGQLYHVL...SKDELAELGLE.WV...FDHPFFLILNVAMGGYWPGYPD.ETTQFPQRMYIDYIRVYKDMNP
FHTFGIDWTPGEITWLVDGQEYHRV
TTADVGANQWV...FDQPFFLILNVAIGGQWPGNPD.ATTPFPQQMKVDYVRVYDNATQ
FHVYSIEWEPGEIRWYIDGKLYHVANDWYSRDPYLADDYTYPA.PFDQNFFLILNISVGGGWPGYPD.ETTVFPQQMVVDYVRVYQKDKY
FHVYAIEWTPEEIRWFVDDSLYYRF....PNERLTDPEADWRHWPFDQPFHLIMNIAVGGAWGQQQGVDPEAFPAQLWDYVRVYRWVE.
YHTYAFDWQPNSIKWYVDGQLKHTATTQIPQTPGKIHMNLWNGAGVDEWL
GSYNG
VTPLSRSLHWVRYTKR...
YHTYAFDWQPNSIKWYVDGQLKHTATNQIPTTLGKIMN1NLWNGTGVDEWL
GSYNG
VNPLYAHYDWVRYTKK...
FHTYGFEWRPDYIDFYVDGKKVYRGTRNIPVTPGKIMMNLWPGIGVDEWL
GRYDGR
TPLQAEYEYVKYYPHGVP
FNTYAFEWREDSITWYVNGEAVHTATENIPQTPQKIMMNLWPGVGVDGWT
GVFDGD
NTPVYSYYDWVRYTPLQNY
FHTYAFDWQPG
YIKWYVDGVLKHTATANIPSTPGKIMMNLWHGTGtoDWll
GSYNG
AHPLYAEYDWVKYTSN...

O.xanthineolytica
C.thermocellum 1
R.m

nus

Figure. 2. Alignment of P.furiosus LamA with other members of family 16 of glycosyl hydrolases. Sequences
were deduced from the following accession numbers: T. neapolitana laminarase (Z47974); O.xanthineolytica ß1,3-glucanase (U56935); C. the'rmocellum 1 ß-l,3(4)-glucanase, licA (X89732); R. marinus ß-glucanase
(U04836); B. licheniformis ß-l,3-l,4-glucanase (X57279); B. subtilis ß-glucanase (X00754); B. macerans ß-1,31,4-glucanase (Z25874); C. thermocellum 2 ß-l,3-l,4-glucanase, ließ (X63355); B. brevis ß-l,3-I,4-glucanase
(M84339). The numbering of the P.furiosus LamA is indicated. Conserved residues are indicated in bold. The
asterisks above the sequences indicate the conserved glutamate residues that have been identified as acid-base
catalyst and active site nucleophile. Underlined and boxed regions correspond to ß-strands and a-helix,
respectively, according to B. licheniformis/B. macerans hybrid ß-l,3-M-glucanase secondary structure (50, 52).
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Overexpression ofthe lamAgene in E. coliandpurification of theendo-ß1,3-glucanase- In order to characterize P furiosus endo-ß-1,3-glucanase, we
overexpressed its catalytic domain, hereafter called LamA, in E coli BL21 (DE3),
pLysE. The E. coli strain harboring the plasmid pLUW530 was grown until mid-log
phase and induced by IPTG. SDS-PAGEanalysis of cell free extract of induced cells
revealed an additional band of 30 kDa corresponding with the calculated molecular
mass of the lamAproduct (Fig. 3).The 30kDaband was absent inextracts of E.coli
BL21 (DE3), pLysE carrying the pGEF plasmid without insert (Fig. 3).The level of
LamAproduction in E.coli harboringpLUW530 is 150U/mgoftotalprotein. Using
this expression system, LamA could be produced upto 15%of the total cell protein.
LamA was soluble and no indication of the formation of inclusion bodies was found.
LamA could easily be purified to homogeneity by a two-step purification procedure
consisting ofaheat incubation (30minat 70°C)that results inthe denaturation ofthe
majority of the E. coliproteins, followed by an anion exchange chromatography step
(datanotshown).About7-fold purification wasobtained andtheisolated enzymewas
estimated tobeatleast 95%pureby SDS-PAGE (Fig.3).
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Figure. 3. A- SDS-PAGE of E. coli BL21 (DE3), pLysE containing the plasmid pLUW530,
overproducing the catalytic domain of P. furiosus LamA. lane 1, crude cell extract; lane 2, soluble
fraction; lane 3,supernatant after heat incubation (30 min at70°C); lane 5, purified fraction after anion
exchange chromatography, lane4, E.coliharboring pGEF supernatant after heat incubation.
B- Western blot analysis, lane 6, E. coli crude extract; lane 7, P.furiosus supernatant culture grown on
laminarin. Proteins were probed with anti-LamA antibodies.
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Endo-ß-l,3-glucanase characterization-The specific enzyme activities ofthe
purified LamA ß-glucanase with various substrates are summarized in Table 1.
Control extracts from E. coli carrying pGEF did not degrade the tested substrates.
These results indicate that LamA has highest specificity for the soluble ß-l,3-glucan
laminarin. A 10-fold lower activity was observed on ß-l,3-l,4-linked glucans, like
lichenan and barley ß-glucan. The ß-l,4-linked substrates (carboxymethyl cellulose,
cellulose and xylan) were not hydrolysed. Based on the substrate specificity, P.
furiosus LamA enzyme produced in E. coli was characterized as ß-l,3-glucanase
(laminarase, EC 3.2.1.39). The mode of action of LamA was examined by analyzing
the corresponding hydrolysis products by HPLC (Fig 4.). The enzyme splitted
laminarin randomly, yielding glucose, laminaribiose and higher laminarioligosaccharides. These results confirm that LamA is an endo-ß-l,3-glucanase. The
combined action ofLamA andCelB(anexo-ß-glycosidasefrom P.furiosus, (32,41))
resulted in the almost complete hydrolysis of laminarin (96%) to glucose. The
incubation of laminarin in the same conditions with CelB only, resulted in the
degradation of 5%ofthe laminarin,withonlyglucose asendproduct.

TableI
Substratespecificityofthepurified endo-ß-1,3-glucanase ofP.furiosus
Enzyme activity was measured in 100mM phosphate buffer, at pH 6.5 for 5 min. All substrates were
used at a concentration of 5 mg/ml. Each assay was performed with 0.68 |ig of protein per ml. The
amount of reducing sugars released were detected by the dinirrosalicylic acid (DNS) method (44).
Activity using PNPC (p-nitrophenyl-ß-D-cellobioside) was determined by using the release ofpNP by
adsorbance at405 nm.
Substrate
laminarin

Main linkage type
(monomer)*

Specific activity
(U/mg)

ß-l,3(Glc)

922

lichenan

ß-l,3;l,4(Glc)

95

barley ß-glucan

ß-l,3;l,4(Glc)

99

PNPC

ß-l,4(Glc)

n.d."

cellulose

ß-l,4(Glc)

n.d.

CM cellulose

ß-l,4(Glc)

n.d.

xylan

ß-l,4(Xyl)

n.d.

ß-l,4(GlcNAc)
chitin
Glc, glucose; GlcNAc, glucose acetylamine;Xyl, xylose. b n.d. :non detectable
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Figure 4. HPLC analysis of?, furiosus LamA and
CelB action on laminarin (0.5% w/v). (A)
laminarin control, incubation at 80°C for 4 hours;
(B) incubation with LamA (5 ug/ml), at 80°C for 4
hours; (C) incubation with CelB (5 ug/ml), at 80°C
for 4 hours; (D) incubation with LamA (5 ug/ml)
and CelB(5 ug/ml), at 80°C for 4 hours. Samples
were analysed on an Aminex HPX-87-H column
(Biorad). Identified products are: 1-laminarin; 2laminari-oligomers; 3-laminaribiose; 4-glucose.
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Figure 5. Influence of pH and temperature on the activity of the purified endo-ß-1,3-glucanase of P.
furiosus. (A) Enzyme activity was measured, at 80°C for 5 min using laminarin as substrate, in 100
mM citrate-phosphate buffer ( • ) atpH 4 to 7 and in 100mM phosphate buffer ( • ) at pH 6 to 8.
The 100%activity corresponds to 935 U/mg of protein. (B) Enzyme activity was measured in 100mM
phosphate buffer, at pH 6.5 for 5 min, using laminarin as substrate. The 100% activity corresponds to
1842U/mg ofprotein. Each assayswereperformed with 0.68 ug ofprotein perml.

Figure 6. Thermal stability of the P. furiosus
endo-ß-1,3-glucanase. The enzyme was preincubated at 80°C ( • ), 90°C ( • ) and
100°C ( • ), in 200 mM Tris-HCl buffer, pH
6.5. Residual activity was measured in 100
mM phosphate buffer, at pH 6.5 for 5 min,
using laminarin as substrate. The 100%
activity corresponds to945 U/mg of protein.
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The laminarase enzyme activity was investigated at different pH values and
temperatures (Fig. 5).ThepH optimum was found to be 6-6.5. The enzyme exhibited
atleast 80%ofitsoptimal activity overaratherbroadpHrange,from 5to 7(Fig.5A).
The temperature for maximum activity was 100-105°C. The enzyme was almost
inactiveat40°C andbegantoshowsignificant activity above 60°C(Fig.5B).Thermal
stability was investigated by incubating the pure enzyme up to 110 h at different
temperatures (Fig.6).Theenzymeretained 100%ofitslaminarase activity after 110h
incubation at 80°C. At higher temperatures, thermostability decreased: at 90°C and
100°C, the enzyme showed a half life of 64 h and 19h, respectively. At 110°C, the
enzymewasrapidly inactivated,withahalflife ofonly 15min(datanotshown).
Site-directed mutagenesis of the P. furiosus endo-ß-l,3-glucanase- To
investigate whether the deletion of methionine atposition 174inLamA, would affect
the ß-1,3 substrate specificity oftheenzyme,amutated lamAgene wasconstructed in
plasmid pLUW530. Relative activities and kinetic characteristics of mutant and wildtype enzymes were determined with laminarin and lichenan as substrates (Table 2).
The specific activities ofthemutant LamA, onboth laminarin and lichenan, are about
10-fold lowerthan respective wild-type values.Catalytic parameters were determined
at 80°C and pH 6.5 (optimal conditions for the wild-type enzyme). The methionine
deletion led to anenzyme with 13.1% ofwild-type Fmaxand aslightly higher Km ,on
laminarin as substrate. With lichenan as substrate, the mutant LamA has 7.9% of the
wild-typeVmax andthe sameKm value.
Detection of the endo-ß-l,3-glucanase in P. furiosus- The unexpected
discovery of the endo-ß-l,3-glucanase in P. furiosus prompted us to study the
capacity of this hyperthermophilic archaeon to grow on ß-1,3-linked glucose
polymers. Remarkably, P.furiosus was found to grow on laminarin (0.3%w/v) and
lichenan (0.3%w/v) as substrate (data not shown) and endo-ß-l,3-glucanase activity
was detected in the culture medium. Western blot analysis with immune serum
directed against LamA gave an immunoreactive band with the culture supernatant of
P.furiosus, grown onlaminarin as substrate (Fig.3).The sizeof the product from P.
furiosus isslightly higher (around 1 kDa)thanthe oneproduced inE.coli,which isin
agreement with the fact that, we have deleted, during the overexpression step, a Nterminal fragment of 34 amino acid which is larger than the predicted signal peptide
of20aminoacid.
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Table II
Enzyme activity and kinetic parameters of wild type and mutant LamA of P. furiosus.
Lineweaver-Burk plots were used to determine the kinetic constants. Activity on laminarin and
lichenan were measured in 100 mM phosphate buffer, at pH 6.5 for 5 min. Substrates were used at
different initial concentrations. Each assay was performed with 0.68 ug of protein per ml. The amount
of reducing sugars released were detected by thedinitrosalicylicacid (DNS) method (44).
Substrate

Enzyme

Specific

Activity1" (%)

Activity2

K-m
(mg/ml)

V

b

' max

(%)

(U/mg)
laminarin

ß-U(Glc)

wt

1073

100

2.8

100

mutant

111.6

10.4

3.5

13.1

85

100

4.7

100

lichenan
P-l,3-l,4(Glc)

wt

7.1
4.9
mutant
8.3
' Enzyme activity was measured in 100mMphosphate buffer pH 6.5,at 80°C, for 10min.
5
Percentages ofresidual activity and Km„are expressed relative tothe wild type for each substrate.

7.9

Discussion
Inthispaper, we describe the overexpression ofthe lamAgenewhich encodes
a extremely thermostable endo-ß-l,3-glucanase from the hyperthermophilic archaeon
P. furiosus. The overproduction and purification of the endo-ß-1,3-glucanase LamA
was carried outby cloning alamAgene fragment intothe T7expression system, after
deletion of the hydrophobic N-terminal sequence (34 amino acids). This is the first
description of an endo-ß-1,3-glucanase from an archaeon and it is the most
thermostable endo-ß-1,3-glucanase known up to now. The second most thermostable
endoglucanase of the family 16 of glycosyl hydrolases characterized, is that of the
thermophilic bacterium R. marinus,which has an optimum temperature of 85°C and
has 85%residual activity after 16h incubation at 80°C. The optimum temperature of
the P.furiosus ß-glucanase is 100-105°C and the enzyme retained 100%and 50%of
its activity after incubation for 85 h at 80°C and 16 h at 100°C, respectively. The
optimum temperature of the enzyme is near the optimal growth temperature (100°C)
oftheP.furiosus strain(35).Theenzyme activity hasabroadpH optimum aroundpH
6, which is comparable to other endo-ß-l,3-glucanases and endo-ß-1,3-1,4-
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glucanases,with the exception of the B. brevisenzyme, which has optimal activity at
pH 9.0. The P. furiosus ß-glucanase was able to hydrolyse both ß-l,3-glucan and ß1,3-1,4-glucan,butnotthe ß-l,4-linked substrateslikecellulose.Bacterial laminarases
and lichenases often yield trisaccharides and tetrasaccharides asthe main degradation
products (58). Onthe other hand, as other bacterial and fungal endo-ß-l,3-glucanases
(2, 26, 28), the endo-ß-l,3-glucanase of P.furiosus, hydrolyses ß-l,3-glucans with
glucose,laminaribiose,andlaminaritriose asendproducts.
All the bacterial laminarases and lichenases sequenced so far have been
classified in the same family 16 of glycosyl hydrolases. The mechanism for ßglucanase action must take into account two general considerations (55, 59). The
hydrolysis of the glycosyl bond can proceed via either retention or inversion of the
configuration at the anomeric carbon atom. Since NMR analysis has indicated
retention of configuration in case of the B. licheniformisß-glucanase (60), the same
stereochemical course is assumed for all other members of the family (61). This
mechanism requires two functional groups of the enzyme to be present in the
appropriate spatial setting. The first either acting as a nucleophile or by providing
electrostatic stabilization, and the second as a general acid. Several experiments with
ß-glucanases from different Bacilli(54, 55)demonstated the role of glutamate 170as
the catalytic residue involved in the nucleophilic attack on the substrate. Glutamate
175 was demonstrated to be the most likely candidate to function as the general
catalyst (50, 51). As demonstrated bythe crystal structure ofthe B. macerans enzyme
and asubstrate analogue (50, 52,62),the ß-glucanase substratebindstoa pronounced
channel on the molecular surface, in which four residues, glutamate 170, aspartate
172, glutamate 175, and glycine 178, are located on the same ß-strand (52). These
residues are completely conserved in all available sequences of ß-glucanases (Fig.2).
Interestingly, thealignment suggeststhataminoacid sequences surroundingthe active
site canbe divided into twocategories (Fig. 2).From glutamate 170to phenylalanine
176,there is a strict alternation ofpolar and nonpolar sidechains inthe catalytic sites
of the endo-ß-l,3-l,4-glucanases. This organization is different in the endo-ß-1,3glucanases because oftheinsertion of anextramethionine residue between isoleucine
173and glutamate 175. Assuming that both the active site structure and the catalytic
mechanism are similar in a same family, this residue has been proposed to form a ßbuldge, introducing a kink in the ß-strand and thereby allowing the methionine side
chain to point towards the hydrophobic core and the glutamate 175 to participate in
catalysis (50, 63). This structural rearrangement of the active site most likely will
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affect catalysis. Morever, substrate specificity analysis within the glycosyl hydrolyse
family 16shows that these enzymes can be classified intwo subfamilies :(i) a group
of ß-glucanases able to hydrolyse ß-l,3-glucan or both ß-1,3 and ß-l,3-l-4-glucan
(such in the case of P.furiosus and R. marinus) and (ii) a group of ß-1,3-1-4glucanases. The structural change brought about by the inserted methionine has been
correlated with the altered specificity, from ß-1,3-1,4 linked substrates to ß-1,3
linkages ones (28, 50). The role of this extra methionine in P.furiosus ß-glucanase
was investigated by site-directed mutagenesis. Removal of methionine 174 in the P.
furiosus ß-glucanaseresulted inadecreased enzyme activity by afactor of 10for both
laminarin and lichenan. However, wedidnot observe a shift ofrelative affinity ofthe
mutant enzyme from ß-l,3-glucan towards ß-l,3-l,4-glucan substrates. Hence,
deletion of methionine 174affected mostly Kmax ,but notKm Theresults suggest that
the methionine 174 residue may assist in catalysis as a neighbouring group to the
essential glutamate 175and suggest astructural role ofthisresidue inthe constitution
of the active site. However, it does not significantly contribute to specific substrate
binding, as seen by the unchanged Km upon deletion. Moreover, studies of a mutant
B. macerans ß-glucanase in which a methionine has been inserted in the active site
region show it to be enzymatically inactive (50). These results suggest that further
modifications are required to extend the substrate specificity of ß-l,3-glucanases, for
example amino acids responsible for the binding of the different polyaccharide
substrates. Ferrer and co-workers (23) noted that conserved regions of the ßglucanases family are rich in aromatic residues,tryptophan in particular. This residue
was demonstrated to play a role in substrate binding of some cellulases (64).
Furthermore, a limited number of tryptophan residues is invariant either in ß-1,3glucanases or in ß-l,3-l,4-glucanases [in positions 46, 50, 89, 150, 154, 257, 270],
suggesting a possible function in ß-glucanase substrate specificity of these residues.
Moreover, Juncosa and co-workers (51) proposed, after site directed mutagenesis on
Bacilluslicheniformisß-l,3-l,4-glucanase, apossible role in substrate binding oftwo
glutamate residues (inposition 122and203),which are conserved only among ß-1,31,4-glucanases. A better understanding of the basis of the ß-1,3- and ß-1,3-1,4 ßglucanase substrate specificity awaits a detailed comparison of the three dimensional
structures of these two classes of enzymes and experimental verifications of the
derived conclusionsbyprotein engineering.
Previously, it has been described that P.furiosus is capable to degrade Delinked glucose polymers like starch and glycogen by the concerted action of oc-
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amylase, pullulanase and oc-glucosidase (65). Here, we have demonstrated that, in
addition, P.furiosus is able to grow on ß-linked glucose polymers. Two enzymes are
involved in the hydrolysis of laminarin to glucose :the LamA encoded extracellular
endo-ß-l,3-glucanase andthe ß-glucosidase(CelB).Thephysiological substrate ofthe
latter endo-ß-l,3-glucanase maybea ß-l,3-linked carbohydrate component ofthecell
wall of a variety of marine organisms, such as eukaryotic algae (laminarin) or
methanogenic archaea (pseudopeptidoglycan) (66). As it has been demonstrated in
vitro,theLamA and CelBenzymes areanticipated tocatalysethehydrolysis of sugars
polymers to glucose in a cooperative manner. The extracellular endo-ß-l,3-glucanase
with high-level thermostability could function around the living area of P. furiosus
degrading the ß-1,3-glucose polymer to smaller oligomers, that are imported into the
cell and hydrolysed to glucose by the exo-glycosidase (CelB). Thus, these two
enzymes could start the catabolic pathway of P.furiosus growing on ß-l,3-glucose
polymer, that could ressemble the natural substrate ofthe strain in invivoconditions.
Morever, the latnAgene is located near the ß-glucosidase celBgene and two alcohol
dehydrogenases (Fig. 1) (48). Clustering of the lamA and celB genes may be of
functional significance. The regulation of the celB and lamA genes in P.furiosus is
currently underinvestigation(48).
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Abstract
The genetic organization, expression, and regulation of the celB locus of the
hyperthermophilicarchaeonPyrococcusfuriosuswasanalyzed. This locus includes the
celBgene,codingforaß-glucosidase,andadivergently orientated geneclusterwiththe
orderofadhA-adhB-lamA thatencodestwoalcoholdehydrogenases andanextracellular
ß-l,3-endoglucanase. Northern blot analysis showed that this genecluster forms an2.8
kb operon, designated the lamAoperon. The amounts of the ß-glucosidase and the ß1,3-endoglucanasewerefound tobelargely dependent onthecarbon sourcepresentand
were highest when P.furiosus was grown on the ß-linked glucose polymers cellobiose
or laminarin. Northern blot analysis showed that the expression of the monocistronic
celBgene was controlled at the transcriptional level and that induction occured within
tenminutesafter additionofcellobiose.ThetranscriptionofthelamA operonwasfound
tobeco-regulated withthat ofthedivergentcelBgeneandwasalsoinduced by growth
onß-linked glucosepolymers.Thetranscription initiation sitesofthe celBgeneandthe
lamAoperon were identified and their promoters showed a high degree of homology,
including identical TATA box sequences. The same transcription initiation sites were
alsofound usingaP.furiosus cell-free transcription system.However,therelatively low
in vitro transcription efficiency suggests the contribution of a positive regulator in
P.furiosus. Aputativeregulator bindingmotif wasidentified inthe intergenic region of
celBandlamA thatshowedastrikinghomologytoabacterialFNRbox.

Introduction
One of the most striking differences that underlies the phylogenetic divergence of
Archaea,Bacteriaand Eucarya is the process of gene expression. Whilst the genome
size and gene organization into opéronsresembles the bacterial situation (Zillig et al,
1993; Baumann et al, 1995; Ciaramella et al, 1995), the archaeal transcription
initiationprocess showsagreatdealofsimilarity withthatofEucarya (Baumann etal.,
1995; Langer et al, 1995; Hausner et al, 1996; Thomm, 1996). The archaeal RNA
polymeraseisstructurally relatedtotheRNApolymerasesIIandIIIofEucarya(Langer
etal, 1995).Thearchaealpromoter,closely resemblestheeucaryalRNApolymeraseII
promoters, with the archaeal TATA box equivalent to the eucaryal TATA-box located
approximately 25 nucleotides upstream ofthe transcription initiation site (Reiter et al,
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1990; Hausner et al, 1991; Palmer and Daniels, 1995). Various archaeal cell-free
transcription systems have been established, which efficiently initiate transcription at
sites that are also used invivo(Frey etal, 1990;Hüdepohl etal, 1990;Hethke et al,
1996), and require at least two transcription factors, the TATA-binding protein (TBP)
and the transcription factor IIB (TFIIB), components homologous to the eucaryal
counterparts (Hausner et al, 1996; Thomm, 1996). Moreover, eucaryal TBPs were
found tobefunctionally exchangeable withtheir archaealhomologs inarchaeal in vitro
transcription systems(HethkeandThomm, 1997;Wettachetal, 1995).
In contrast to the growing understanding of the transcription initiation
machinery in Archaea, little is known about the molecular mechanisms controlling
regulation of archaeal transcription. The few studies that address regulation of
transcription have mainly focussed on describing modulations of gene expression in
Crenarchaeotes and two subgroups of the Euryarchaeota, the halophiles and
methanogens and their viruses (Zillig et al, 1993;Zillig et al, 1988; Reiter, et al,
1988).Recently,itwasfound inthermophilicmethanogensthattheexpression ofgenes
involved in methane production is controlled at thetranscriptional level inresponse to
growth-phaseandsubstratelevels(Morganetal, 1997;NöllingandReeve, 1997).
Presently, no transcription regulators havebeen identified inArchaea(Zillig et
al, 1993; Ciaramella et al, 1995). Gene specific regulators that interact with TBP
and/orTFIIB,asinEucarya, have been suggested forArchaea based onthe regionsof
homology among their TBPs (Baumann et al, 1995). However, recent structural
analysis of the TBP of Pyrococcuswoeseihas revealed that the site for regulatory
interaction differs from its eucaryal homolog, whereas the DNA-binding site is highly
conserved (Dedecker etal, 1996). It is therefore possible that bacterial regulators are
functional in Archaea, which is supported by the identification of a number of
homologs ofbacterial regulators atthesequence level (Bult etal, 1996;Fitz-Gibbonet
al, 1997). Moreover, two palindromic repressor binding sites have found to be
functional inhalophilicandmethanogenic archaea,althoughtherepressorshavenotyet
been identified (Ken and Hackett, 1991;Stolt and Zillig, 1992; Cohen-Kupiec et al,
1997).
Inthe present study, we extend the molecular analysis of archaeal transcription
regulation with the third subgroup of the Euryarchaeota, the hyperthermophiles. The
most extensively studied representative ofthis group isPyrococcusfuriosus (Fialaand
Stetter, 1986), growing optimally at 100°C on a wide range of substrates, such as
proteins,carbohydrates andpyruvate (Kengen etal, 1996).Itwastherefore anticipated

73

Chapter 5

that genes encoding enzymes involved in polymer utilization might be regulated.
Preliminary studies revealed thepresence oftwomaltose-regulated genes inP.fiiriosus,
mirA and mlr-2,the function of which in maltose utilization remains to be elucidated
(Robinson et al, 1994; Robinson and Schreier, 1994; Harwoord et al,1997). In this
study we have analyzed the regulation of transcription of the celBlocus ofP.fiiriosus,
that is involved inthegrowth onß-linkedglucosepolymers.Thislocusiscomposed of
thecelBgenefor aß-glucosidaseandadivergently orientated geneclusterthat includes
thelamA genefor anextracellularß-l,3-endoglucanase (Gueguenetal, 1997Voorhorst
et al, 1996; Voorhorst et al, 1997). Here we show that the expression the celBgene
and the lamA operon of which is controlled at the transcription initiation level by
growthonß-linkedglucosepolymers.

Results
Geneticorganization ofthecelBgeneandthelamAoperon
Upstream and in opposite orientation of the P.fiiriosuscelB gene, coding for a ßglucosidase (Voorhorst etal, 1995), a cluster of three genes has been found that here
has been designated thelamAoperon (Fig. 1;seebelow).ThelamAoperon starts with
two tandem alcohol dehydrogenase encoding genes, adhA and adhB, that is directly
followed by a gene coding for a ß-l,3-endoglucanase, lamA(Fig. 1)(Voorhorst et al,
1997;Gueguenetal, 1997).

Psü BstK
tRNA

celB

Sa/l
adhA

ßamHI
adhB

lamA

birA

pgk'

1 kb

Figure 1.Genetic organization ofthecelBlocus.The location andorientation ofthe genesand transcripts
ofthislocusareindicatedwith arrows.Relevantrestriction sitesusedfor cloning and invitrotranscription
analysisare indicated.
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Downstream ofthelamA operonanunknown geneislocated, designated birA basedon
the highhomology (54 %similarity) of itspredicted translation product withthebiotin
ligase domain of BirA-proteins (Howard et al, 1985; Wilson et al, 1992). ThebirA
geneisfollowed byanoppositely orientated openreading frame, whichcouldencodea
productwithhighhomology withtheC-terminalendofthe2-phosphoglyceratekinases
from Methanothermusfervidus and Methanococcusjannaschii, respectively 63%and
65 % similarity in 157 amino acids (Lehmacher and Hensel, 1994; Bult et al, 1996)
(Fig.1).
ThecelBgeneandthe lamA operonare separatedby a 175-bpintergenicregion
that is highly AT-rich (71%) in comparison with the average AT-content (52%)
determinedforthepyrococcalgenome(FialaandStetter, 1986)(Fig. 1;andseebelow).
ThestopandstartcodonoftheadhA-adhB andadhB-lamA genesareseparatedbyonly
10and 12purine-rich nucleotides,respectively, that may function asribosome binding
sites. The lamA gene is followed by a pyrimidine-rich stretch of residues (12
pyrimidines out of 15 residues) with homology to archaeal termination sequences
(Brown et al, 1989;Dalgaard and Garrett, 1993;Thomm et al, 1994).While a 41-bp
intergenic region separates the lamAoperon from the first initiation codon of thebirA
gene,theendofthebirA geneoverlapped by 12nucleotidesthepgk genethatislocated
in opposite orientation. In the coding strands, both genes are followed by stretches of
pyrimidines residues (mainly thymidines) with homology to archaeal termination
sequences.

Transcriptionalorganization ofthecelBgeneandthelamAoperon
The observed close spacing of the adhA-adhB-lamA genes prompted us to study their
transcriptional organizationandcomparethiswiththatofdivergentcelBgene.Northern
blot analysis was performed with total RNA extracted from P.fiiriosus cells grown on
cellobiose. Hybridization with a '2P-labelled ce/S-specific probe resulted in a
hybridizing band with a size of approximately 1.5 kb, which corresponded to the
expected size of amonocistronic celBtranscript (Fig. 2).With a specific probe for the
adhA gene a hybridizing band of approximatley 2.8 kb could be identified on the
Northernblot,which corresponded tothesizeofapolycistronic transcript that includes
adhA,adhBand lamA(Fig.2,and seealsobelow).Incontrast, a specific probe for the
birA gene revealed a hybridizing band of approximatley 0.7 kb on the Northern blot
(datanotshown).Hybridization oftheNorthernblotswithprobesspecific fortheadhB
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celB

lamA
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Figure 2. Northern blot analysis of total RNA extracted from P.furiosus cells grown on various
substrates.P.furiosuscellswere grown onpyruvate (P)„ and cellobiose (C).Specific probes included 32Plabeled fragments ofthecelBand lamAgenesasindicated.

and lamAgenes showed the samehybridizing 2.8-kb transcript that was induced under
the sameconditions (seebelow; Fig. 5).Theseresults indicate that the lamAOperonof
P.furiosusistranscribed asapolycistronicmRNA,includingtheadhA,adhB, andlamA
genes,andislikelytoterminateatthethymidine-richregiondownstreamoflamA.

Common inductionofCelB,AdhAandLamA activity
CellsofP.furiosus grownon cellobiose as solecarbon and energy source areknownto
contain high activity levels of the intracellular cellobiose-hydrolysing ß-glucosidase
CelB(seebelow;Kengen etal, 1993).Incontrast,pyrococcal cellsgrown on pyruvate
showed only a low level of this activity. Since in these pyruvate-grown cells no CelB
protein could be identified by immunological analysis (data not shown) and no celB
transcript was found byNorthern blot analysis (seebelow), it is likely that the obsered
low ß-glucosidase activity is due to other hydrolysing enzymes that are known to be
presentinP.furiosus, suchasaß-mannosidase (Baueretal, 1996;Kengenetal, 1996).
Fortheidentification ofcompoundsthatcould inducethe CelBactivity,cellsof
P.furiosus were grown on pyruvate, maltose, cellobiose, laminarin or peptides and
analyzedthepresence ofCelBactivity andprotein.Highactivity levelsofCelB(12-18
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U/mg) were observed incell-free extracts of cells grown oncellobiose or laminarin. In
contrast, background activity levelsofCelB(1.8±0.3 U/mg)were found incellswere
grownonpyruvate,maltoseorpeptides.Similarbackground levelswereobservedwhen
P.furiosuscellsweregrownonpyruvatesupplementedwitheitherglucoseorisopropylß-D-thiogalactopyranoside.
ToinvestigatetheinductionofthelamA operonenzymes,pyrococcalcellswere
grown on different substrates and analyzed for the presence of the alcohol
dehydrogenase AdhA, and the extracellular ß-l,3-endoglucanase LamA. Specific
antisera were used for this analysis, since activity measurements were hampered by
background activities and residual substrates in cells and supernatant. This
immunological detection showed that AdhA and LamA were present in cell-free
extracts and culture supernatant, respectively, when pyrococcal cells were grown on
cellobiose or laminarin (Fig.3). In contrast, when cells of P.furiosuswere grown on
maltose or pyruvate, neither AdhAnor LamAproteincould be detected (Fig.3).These
results indicatethat enzymes encodedbythe lamA operon areinduced inthe sameway
as the CelB activity by growth of P.furiosus on the ß-linked sugars cellobiose and
laminarin.

AdhA

P M C L

Figure 3. Western blot analysis of AdhA and
LamA of P.furiosus when grown on different
substrates. P.furiosus cells were grown on
pyruvate (P), cellobiose (C), laminarin (L), and
maltose (M). Cell-free extracts (A) and
concentrated culture supernatants (B) of
pyrococcal cells were separated by SDS-PAGE
and AdhA and LamA were detected using
polyclonal antiserum against the enzymes
purified from E.coli.

LamA
'Éi.

P M C L
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Regulation andkineticsofinduction ofthecelBgeneexpression
To analyze the control of the CelB activity inP.fiiriosus, Northern blot analyses were
performed with total RNA extracted from cells grown on different carbon and energy
sources. Hybridization with a ce/ß-specific probe showed a high signal intensity with
RNAextracted from cellsthatshowedhighCelBactivity levels,i.egrownoncellobiose
or larninarin.No hybridizing bandswere detected withRNA extractedfromP.fiiriosus
cells grown on pyruvate, maltose or peptides (Fig. 2) (data not shown). These results
indicatethatthecelBtranscriptionisstronglyregulatedbytheavailablecarbonsource.
Tostudytheeffect oftheß-linkedglucosepolymersonthecelBgeneexpression
inmore detail,P.fiiriosus was grown onpyruvate and supplemented with cellobiose at
different stages during growth. Specific ß-glucosidase activity was found to increase
most rapidly when cellobiose was added to a pyruvate-grown culture in the midexponential phase. After addition of cellobiose the specific ß-glucosidase activity
rapidly increasedwithin lhfromthebackgroundlevelupto9U/mg(Fig. 4A).

celB
specific activity (U)
10

4.2 - 0 »

1.35 - ^

20

40
60
Time(min)

80

100

rIttWW
0 10 20 40 80
Time (min)

Figure4.Kineticsofthe induction ofß-glucosidase activity andcelBtranscription by cellobiose.
A Specific ß-glucosidase activity in P.fiiriosus cells grown on pyruvate following the addition of
cellobiose ( • - • ) or without (0—0). B. Northern blot analysis of total RNA extracted from P.fiiriosus
cells grown on pyruvate following addition of cellobiose. Hybridization was performed with a 32Plabelled probe specific for celB.

To determine whether the observed CelB induction takes place at the
transcriptional level, Northern blot analysis was performed on samples from an
inductionexperimentinwhichpyruvate-growncellsweresupplementedwithcellobiose
at mid-exponential growth phase.Ahybridizing band withthe expected size of 1.5kb
was obtained with a ce/5-specific probe when RNA was extracted from induced cells,
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but not from non-induced, pyruvate-grown cells (Fig. 4B).In the induced cells,which
had adoubling timeofapproximately 50min,thecelBtranscript was detectable within
10min after induction with cellobiose andthe intensity reached an maximum after 20
min(Fig. 4B).

Regulation oftranscriptofthelamAoperon inP.furiosus
The presence of celB, adhA and lamA gene expression products in pyrococcal cells
grown on different substrates suggested a co-regulation of the celBgene and thelamA
operon. To analyze whether the transcription of the lamAoperon is indeed induced by
cellobiose, we performed Northern blot analysis with total RNA extracted from
P.furiosuscells grown on pyruvate, cellobiose or maltose.Northern blot hybridization
with a specific probe for the adhAtranscript resulted in a band with the expected size
with RNA extracted from cells grown on cellobiose, but not with RNA from cells
grown on maltose or pyruvate (Fig. 5). Subsequent hybridization with specific probes
for adhBand lamAresulted inthesamehybridization pattern aswiththe adhA specific
probe (Fig. 5). Moreover, the transcript that hybridized to all probes showed the same
sizeasexpectedfromtheoperonstructure(seealsoFig.1).

Transcription initiationofthelamAoperonandcelBgeneandcell-freetranscription
Fortheidentification ofthetranscription initiation sitesofthetwodivergenttranscripts,
primer extension experiments were performed using total RNA extracted from
P.furiosus. The transcription initiation start site of the lamA transcript could be
identified 10nucleotidesupstreamofthetranslationstartsite,usingtotalRNAextracted
from P.furiosuscells grown on cellobiose (Fig. 6A). At a conserved distance of 25
nucleotides,thetranscription start sitewaspreceeded byahexanucleotide sequencethat
resembles thearchaeal TATAbox sequence (Fig.7)(Brown etal, 1989;Dalgaard and
Garrett, 1993; Thomm,1996).

79

Chapter5

adhA

adhB

lamA

4.2
2.8
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Figure 5.Detection ofthetranscript ofthe lamA Operon in RNA extracted from cellsgrown on pyruvate
(P), cellobiose (C), and maltose (M). The Northern blots were hybridized with the indicated 32P-labeled
probes.

Acell-free transcription systemforPyrococcus, thatconsistsofTBP,TFIIBand
RNA polymerase (Hausner et al, 1996), efficiently initiates transcription from the
promoter of the P.fiiriosus gdh gene, coding for a glutamate dehydrogenase (Eggen et
al, 1993; Hethke et al, 1996). This system has been applied to analyze transcription
initiation ofthedivergently orientated lamAOperon(Fig.6A)andcelBgene (Fig.6B).
Primer extension on the in vitroproduced transcript of the celB gene and the lamA
operon showed that initiation in vitro occured at the same site as in vivo (Fig. 6B)
(Voorhorst etal, 1995).To compare the invitroactivity of these regulated promoters
with the strong constitutively expressed gdh promoter, RNA products synthesized at
linearized templates were analysed inrun-off transcription experiments. When plasmid
pLUW504(Voorhorst etal, 1995)wascleaved inthecelBcodingregionwithÄrtXIor
in the adhA coding region with Sail (Fig. 1), run-off transcripts of 185 and 244
nucleotides should be synthesized. Transcripts of this size were observed as expected
(Fig.6C,lanes2and3).Quantitation oftherun-off productsrevealedthattheactivityof
the celBpromoter was only 1/90, and that ofthe adhApromoter only 1/600 ofthat of
thegdhpromoter obtainedwithtemplatepLUW479(Hetkeetal, 1996).
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CATACTTTCCACCTCTAGCTTTATATTTTGATATTGTGATTTATAATATTTCCCATGCAATTATAAATGTGGGAAGATAGATATATGTTTA
iGTAlTGAAAGGTGGAGATCGAAATATAAAACTATAACACTAalATATTATrAAAGGGTACGTTAATATTTACACCCTTCTATCTATATACAAAT
cmXB

<—'

TATAbox
-S3
i

TATA b o x

+1
I—»

AACTTGCTT TTTGAG

adhA

AGOCTCAA1rCTCTTCATAAATGTCCAAAA^TTATA|AAAAACATCAAGCTTATATTGCTGGGAGGGATAAA|ÄTG|
TTGAACGAAAAACTC:TCCjGAGTTA]AGAGAAGTATTTACAGGTTTTTAATATTTTTTGTAGTTCGAA.TATAACGACCCTCCCTATTTTAC
I O
-BS i-<
i - < -100
!"3
FNR-box

Figure 7. The intergenic region between the celB and the adhA genes. Transcription initiation sites are
indicated by arrows (+1); conserved residues surrounding the TATA boxes (boxed) are indicated in bold
face, the putative ribosome binding sites are underlined and initiation codons are boxed. For clarity
reasons onlyinverted repeats (1-1to1-4)andthepalindromic sequence(P)areshown.

Discussion
To provide insight in the way gene expression is controlled in hyperthermophilic
archaea, we studied the transcriptional control of the P.furiosus celB gene and the
divergently transcribed lamAoperon. The transcription initiation of the celBgene and
the lamA operon of P.furiosus was found to be controlled by the ß-linked glucose
polymers, cellobiose and laminarin. The celB gene encodes a ß-glucosidase, and the
lamA operonincludesthreeclustered genes,thelastofwhich,lamA,encodesthesecond
glycosyl hydrolaseofthe locus,theextracellular ß-l,3-endoglucanase. ThecelBgene is
transcribed asmonocistronicmRNA indicating the functionality ofthe typical archaeal
termination sequence downstream ofitscodingregion (Fig. 1)(Voorhorst etal, 1995).
Northern blot analysis showed that thetranscript ofthe lamAoperon is a polycistronic
mRNA. Termination of this 2.8 kb transcript most likely occurs downstream of the
lamA gene at a stretch of pyrimidine-rich residues, since the following birA gene is
transcribedinasinglemRNAthatisprobablyinititatedinthe41-bpintergenicregion.
Only few reports exist to date on the control of archaeal gene expression. The
identification ofthedivergenttranscriptsoftheP.furiosuscelBlocusallowedfor amore
detailed analysis of transcriptional regulation in hyperthermophilic Archaea.Induction
studies and their kinetics showed a rapid increase of ß-glucosidase activity levels upon
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addition of ß-linked glucose polymers to pyruvate growing cells. This was corrobated
by transcriptional analysis that revealed a tight control at transcriptional level of the
celB expression in P.furiosusand a rapid induction response within one fifth of the
generationtimeinthishyperthermophilic archaeon.
SeveraloftheenzymesencodedbygenesofthecelBlocushavebeenimpliedto
function cooperatively in substrate utilization of the large glucose polymer laminarin.
The extracellular ß-l,3-endoglucanase LamA is involved in the hydrolysis of this
polymerintoglucoseoligomersthat,following transport,areintracellularly degradedby
the ß-glucosidase CelB to generate glucose (Gueguen et al, 1997). The resulting
glucosecanbefurther metabolized viathemodified Embden-Meyerhof-Parnas pathway
that operates inP.furiosus (Kengen etal, 1994).In agreement withthe key roleofthe
two glycosyl hydrolases, high activities of the intracellular ß-glucosidase and large
amounts of the extracellular ß-l,3-endoglucanase were detected in cultures grown on
cellobiose or laminarin.No oronly background levels oftheseenzymes were observed
inpyrococcal cells grown onpyruvate ormaltose.In accordance with the celBand the
lamA transcripts were only found with total RNA extracted from cells grown on
cellobiose or laminarin, indicating co-regulation of the divergently orientated
transcripts.
Initiation of transcription ofthe celBgene and the lamAoperon using the cellfree transcription system for P.furiosus occured atthe same sites as identified invivo.
Nevertheless,theefficiency oftranscription initiationofthesetranscriptsinthe cell-free
system wasmore than 90-fold lower than found withthegdhgenethat isknown tobe
expressed efficiently in P.furiosus(Hethke et al, 1996). This may indicate that an
activatorisrequiredforefficient transcriptioninitiationofthesegenesinP.furiosus.
Thearchaeal TATAbox,equivalenttotheeucaryalTATA-box,hasbeenshown
to interact withthe TBPand is involved indirecting thetranscription (Rowlands et al,
1994;Hausner etal, 1996).Remarkably, thepromoters ofthe celBgene and thelamA
operon contain two identical TATA box sequences (ATTATA) both spaced by 25
nucleotidesfrom theirtranscription initiation site.Moreover,thesequences surrounding
the TATA box sequences of both genes showed high degree of conservation (Fig. 7)
and may play a role in determining the efficiencty of transcription intitiation. The
upstream region of the TATA box sequence is expected to interact with the initiation
complex, in which the TFIIB stabilizes the TBP-DNA binary comples (Hausner etal.,
1996). The highly A-T rich (71 %) intergenic region was further analyzed for features
that could berelated tothe control ofthetranscriptional co-regulation ofthe celBgene
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and the lamA operon and was found to consist of four inverted and direct repeats of
more than 5residues, and apalindromic sequence (Fig. 7).An almost perfect inverted
repeat (labeled 1-4)is present with a striking similarity with the binding-sites for the
FNR/CRP family of bacterial transcription regulators, and may be involved in the
coordinated regulation of the divergently orientated celBgene and lamA operon. The
locationofthisputativebinding site(-54to-68from theadhA and -86to -100from the
celB transcription initiation sites) is in agreement with that found for activators in
bacterial systems (Grallaand Collado-Vides, 1996). Theseresults suggestthe presence
of a bacterial-like activator system that should control gene expression in the
hyperthermophilic archaeonP.fiiriosus.

Experimentalprocedures
SequenceanalysisofthecelBlocuso/P.furiosus
To complete the nucleotide sequence of the P.fiiriosus celB locus we sequenced the
pyrococcal DNAinpLUW500(Voorhorst etal, 1995)coveringthe3.5-kbPstl-BamHl
fragment, including the adhA,adhBand lamAgenes(Fig. 1). Nucleotide sequence was
carried out on automated DNA sequencers Applied Biosystems 373Ausing aPrism™
Ready Reaction DyeDeoxy™ Terminator cycle sequencing kit or the Li-Cor 4000L
with the Thermo Sequenase fluorescent labelled primer cycle sequencing kit with 7deaza-dGTP(Amersham)usingIR-labelledoligonucleotides(MWG-Biotech).
Computer analysis of nucleotide and deduced amino acid sequences were
carriedoutwiththePC/GENEprogramversion5.01(IntelliGenetics Inc.)andtheGCG
package version 7.0 (Devereux et al, 1990) at the CAOS/CAMM centre of the
University ofNijmegen (TheNetherlands)andthemultiple sequenceprogramClustalW
1.6 available on internet (BCM Search Launcher, Human Genome Center, Baylor
CollegeofMedicine,HoustonTX).
Growth andinduction conditions
P.furiosusstrain DSM3638 was cultured at 98°C in synthetic seawater as previously
described (Kengen etal, 1993)using pyruvate (40 mM),cellobiose (10 mM), maltose
(10 mM) or laminarin (2 g/1) as growth substrate. Cells were grown for several
generations on these substrate to allow adaptation before any analysis was performed.
Growth ofP.furiosus wasfollowed by spectrophotometricallyanalyzing theincrease in
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optical density and determining the hydrogen production using a Packard
gaschromatograph. Under these conditions late exponential growth phase corresponds
withanODat450nmof0.8-0.9.
For the induction with cellobiose, cells were grown on pyruvate to OD at 450
nm of 0.7-0.8 and supplemented with cellobiose (10 mM). Samples were taken before
andafter inductionandimmediatelycooledonicepriortofurther processing.
Preparation ofcell-freeextractsandenzymeactivities
Cellsgrowntolateexponential growthphasewereharvested bycentrifugation, washed
with fresh medium, and subsequently resuspended in citrate buffer as described
previously (Voorhorst et al, 1995). Following sonication to disrupt the cells, the cell
debris was pelleted and the resulting supernatant was used as cell-free extract for
activity measurements and immunological analysis. The ß-glucosidase activity was
determined using by hydrolysis of ß-D-glucopyranoside-p-nitrophenyl (Boehringer,
Mannheim GmbH, FRG) (Kengen et al, 1993). Protein concentration was measured
usingBradford reagents(Bio-RadLaboratories)withBSAasstandard.
Polyacrylamidegelelectrophoresisand Western-blotting
Electrophoretic analysis ofprotein samples was performed by an 11% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970). Protein
samples for SDS-PAGE were prepared by heating for 5 min at 100°C in an equal
volume of sample buffer (0.1 M Tris-HCl, 5% SDS, 0.9% 2-mercaptoethanol, 20%
glycerol, pH 6.8). Proteins separated by SDS-PAGE were transferred to nitrocellulose
membrane by semi-dry blotting (Bio-Rad Laboratories). Immunological detection was
performed as previously described (Voorhorst et al, 1997) using antiserum raised
against the AdhA and LamA protein purified from E.coli (Gueguen et al, 1997;
Voorhorst etal, 1997).
Isolation oftotalmRNA,Northern analysisandprimerextension
Cells were harvested by centrifugation and RNA was isolated using guanidinium
isothyiocyanate andß-mercaptoethanolaspreviouslydescribed (Voorhorst etal, 1995).
For Northern blot analysis 15 ug RNA was separated on a formaldehyde-1% agarose
gel. Following gel electrophoresis the RNA was transferred by capillary blotting to a
Hybond N+-membrane (Sambrook et al, 1989). Gene-specific probes were obtained
after appropriate digestion of DNA from the plasmid pLUW500 or pLUW501
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(Voorhorst etal, 1995),purified byGeneClean(Bio 101,LaJolla,CA)andlabelledby
nick-translation (Sambrook etal, 1989).Duringthehybridizations Southernblotswere
included to verify the specificity of the probes. Primer extension experiments on the
isolated or synthesized RNA templates were done as previously described (Hethke et
al, 1996).Thefollowing oligonucleotideswereusedfortheindicatedtemplates5'-CCA
AGAATATCCAAACATGAAG-3'(celB) and 5'-GGCAATCTTCTCTAACCT
ATCAAC-3' (adhA)
Cell-freetranscriptionsystemofP.furiosus.
Cell-free transcription reactions using partially purified transcription factors and highly
purified RNA polymerase (Superdex fraction) were essentially done as previously
described (Hethke etal, 1996). Cell-free transcription assays were performed at 70°C
withapotassiumchlorideconcentrationof300mM.
Nucleotidesequenceaccessionnumber.
The nucleotide sequence reported has been submitted to GenBank/EMBL Data Bank
withtheaccesionnumberxxxxx
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The hyperthermostable serine protease pyrolysin
from t h e h y p e r t h e n n o p h i l i c a r c h a e o n Pyrococcus furiosus w a s purified from membrane fractions. T w o proteolytically active fractions w e r e obtained, d e s i g n a t e d h i g h
(HMW) and low (LMW) molecular weight pyrolysin, that
s h o w e d immunological cross-reaction and identical
NH 2 -terminal s e q u e n c e s in w h i c h the third residue
could be glycosylated. The HMW pyrolysin s h o w e d a
subunit m a s s of 150 k D a after a c i d denaturation. Incubation of HMW pyrolysin at 95 °C resulted in the formation of LMW pyrolysin, probably as a c o n s e q u e n c e of
COOH-terminal autoproteolysis. The 4194-base pair pis
g e n e e n c o d i n g pyrolysin w a s isolated and characterized, and its transcription initiation site w a s identified.
The d e d u c e d pyrolysin s e q u e n c e indicated a prepro-enzyme organization, w i t h a 1249-residue mature protein
composed of a n NH 2 -terminal catalytic d o m a i n w i t h considerable homology to subtilisin-like serine proteases
a n da COOH-terminal d o m a i n t h a t c o n t a i n e d m o s t of t h e
32 possible iV-glycosylation sites. The archaeal pyrolysin
s h o w e d highest homology w i t h eucaryal tripeptidyl peptidases II o n the amino acid level but a different cleavage specificity a s s h o w n by its endopeptidase activity
toward caseins, c a s e i n fragments including a s l - c a s e i n
and synthetic peptides.

Hyperthennophilic microorganisms with an optimum
growth temperature of at least 80 °C have been studied in
recent years to gain insight in biochemical adaptations to their
extreme environment (1, 2). While few hyperthermophiles utilize carbohydrates, which in some cases are fermented via
novel pathways (3, 4), most of these unusual microorganisms
are capable of growing rapidly on proteins and peptides (2, 5).
Several extracellular proteases t h a t may be involved in the
first step ofprotein utilization have been characterized, and all
are derived from hyperthermophilic microorganisms that belong to the domain of the Archaea, the third lineage of life (6).
A cell envelope-associated protease from Sulfolobus acidocaldarius has been purified and shown to belong to a new class of
* Part ofthis work was supported by contract BIOT-CT93-0274of
the European Union. The costs of publication of this article were defrayed in part by the payment of page charges. This article must
therefore be hereby marked "advertisement"in accordance with 18
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tothe GenBank™/EBI Data Bank with accession Humberts)U55835.
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Suchtelenweg4,6703CTWageningen,TheNetherlands.Tel.:31-317483100; Fax: 31-3174-83829; E-mail: willem.devos@algemeen.micr.
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acid proteases based on its gene sequence that showed the
presence of a signal sequence and several potential Af-glycosylation sites (7,8).Other hyperthermostable proteases that have
been biochemically characterized include a thiol protease from
Pyrococcus (9) and serine proteases from Desulfurococcus (10),
Tkermococcus stetteri (11), and Pyrococcus furiosus (12—15).
Moreover, a serine protease gene h a s been described in
Pyrobaculum aerophilum, but its product has not yet been
characterized (16).
All purified archaeal proteases show a high thermostability
and thermoactivity, but the most thermostable protease to date
is pyrolysin from P. furiosus with a half-life value of4 h at the
normal boiling point of water (12, 13). Here we describe the
purification, post-translational modification, and substrate
specificity ofpyrolysin. Viareversed geneticsthe corresponding
pis gene has been cloned, and its transcription initiation and
nucleotide sequence were determined. The results indicate that
pyrolysin has a prepro-enzyme structure and isa true endopeptidase belonging tothe family ofsubtilisin-like serine proteases
(17).
MATERIALSANDMETHODS
Bacterial Strains, Plasmids, and Culture Conditions—P. furiosus
(DSM3638) cells were cultivated at 95°C in a 30-liter stainless steel
fermentor (Bioengineering, Wald, Switzerland)with a 20-liter working
volume,spargedwithN2gas.Thegrowthmediumconsistedofsynthetic
seawater containing proteinaceous material (peptone 5 g/liter, yeast
extract 1g/liter) without elemental sulfur as described previously(12).
Escherichia coli strain TGI (18) was grown in L broth. The vector
pUC19 (Pharmacia Biotech Inc.) was used for cloning and sequencing
procedures.
Purification and CharacterizationofPyrolysin—P. furiosus cells(35
g)wereresuspended in 25mlofP-buffer (50mMsodium phosphate,pH
6.5), homogenized by sonication, and passed through a French press.
Themembrane fraction wasseparated from the cytoplasmicfraction by
centrifugation (17,500 x g, 20 min), resuspended in 10 ml of P-buffer
supplemented with 6 M urea, and incubated for 4 h at 95°C. After
centrifugation toremovethecelldebrisand denatured proteins,sample
buffer (6Murea, 0.1MTris-HCl,0.9%1-mercaptoethanol,20%glycerol,
pH6.8)wasaddedtothesupernatantthatwassubjectedtopreparative
ureagelelectrophoresis(urea-PAGE)1withtheBio-Radmodel491Prep
Cell (Bio-Rad).The gel (11% acrylamide, 10 X2.5cm)was made up to
6 M urea, and proteins were electroeluted in native PAGE-buffer (192
mMglycine, 25 mMTris, pH 8.5) and analyzed for activity. Fractions
containing proteolytic activity were pooled in a high molecular weight
(HMWpyrolysin)and alowmolecularweightfraction (LMWpyrolysin)
and loaded onto an anion exchange column ( 1 x 3 cm) of Fractogel®
EMDtrimethylaminoethyl-650(M)(Merck)equilibrated in50mMTrisHCl, pH 8.5. Subsequently, the buffer system of the anion-exchange
column was changed to P-buffer, and after equilibration, the bound
1
The abbreviations used are: PAGE, Polyacrylamide gel electrophoresis; HPLC,high pressure liquid chromatography; TPPs,tripeptidyl peptidases II;ORF,open reading frame; kb,kilobasepair(s).
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proteins were eluted by a linear gradient 0-1.5 M NaCl in P-buffer.
Fractions containing proteolytic activity were pooled, dialyzed, and
concentrated using adiaflow cellwith acut-off value of30kDa (Filtron
Technology Corp.)- The NH3-terminal amino acid sequences ofthe purified proteasesweredetermined,eitherfrom immobilizedproteins that
had been separated by SDS-PAGE or directly from a purified preparation,byEdmandegradation usinganApplied Biosystems477AProtein
Sequencer (Applied Biosystems).Purified protease fractions were used
toraiseantibodiesinrabbits,andcrudeserumwasusedinimmunoblot
experiments as described previously (19). Glycoproteins were stained
following urea-SDS-PAGE by the periodic acid-Schiff technique using
fuchsin-sulfite stain (Sigma-Aldrich)(20).
PolyacrylamideGelElectrophoresis—SDS-PAGEwas carried outaccordingto Laemmli (21)using9.5%Polyacrylamide gels.Acid denaturationofpyrolysinpriortoelectrophoresis wasachievedbyincubation in
5 M formic acidfor45min at roomtemperature. Equimolar amountsof
potassium hydroxide were used for subsequent neutralization. Analytical urea-SDS-PAGE was essentially the same as SDS-PAGE with the
addition of 6 Murea, and samples were prepared as described for the
preparative urea-PAGE using sample buffer supplemented with 5%
SDS. A method was developed for the in situ detection of proteolytic
active proteins on urea-(SDS)-PAGE using an overlayer of Kodak XOMAT AR röntgen film (Eastman Kodak Co.). Following a 10-min
incubation at 95°Cthe gelatin layerofthe Kodakfilmwas transferred
to the gel and degraded on places where proteolytic activity was present. The nondegraded gelatin background was subsequently stained
with Coomassie Brilliant Blue, resulting in a blue gel with cleared
bands of activity.
ActivityAssays and Substrate Specificity—Theproteolytic activityof
pyrolysin toward casein was assayed for 30 min at 95°Cas described
previously (12). Total casein and purified a si -, ß-, and k-casein were
incubated with pyrolysin, and degradation products were analyzed by
SDS-PAGE (22). The enzyme activity toward synthetic substrates (1
mM final concentration) was assayed in 0.5 ml of 0.1 Mpotassium
phosphate buffer, pH 7.5,at 95°Cand followed spectrophotometrically
at 405nmona BeekmanDU7500spectrophotometer (BeekmanInstruments Inc.). Synthetic substrates were obtained from Bachern
Feinchemikalien (Bubendorf, Switzerland) or from Chromogenix AB
(Mölndal,Sweden).Thetripeptidyl-peptidase substrateAla-Ala-Phe-pnitroanilideanditsinhibitor,Arg-Ala-SAla-Val-Ala(whereSAlaisSAla,
dehydroalanine), were kindly provided by B.Tomkinson (University of
Uppsala, Sweden) (23,24).The cleavage specificity ofpyrolysin in the
peptide asl-casein-(l-23) was determined by HPLC analysis of initial
cleavageproducts (22,25)obtained byincubating 25ml ofa solutionof
asl-casein-(l-23)(10mg/ml), 1ml ofthe purified LMWpyrolysin (0.25
mg/ml),and50mlof0.1Mpotassium phosphatebuffer, pH7.5,at 95°C.
Atvarious times,aliquotsof20ml were cooled and supplemented with
an equal volume ofsolvent B,composed of acetonitrile/water/trifluoroacetic acid (900:100:0.7,v/v).As a reference the degradation pattern of
asl-casein-(l-23) obtained by the Pill-type protease from Lactococcus
lactis was used as described previously (22,25).
Cloningofthepis GeneEncodingPyrolysin—Adegenerated oligonucleotidewasdesignedagainsttheconservedregion aroundthehistidine
activesiteresidue ofsubtilisin-like serine proteases,with the sequence
GTICCIGCIACRTGIGTICCRTG-3' (I, inosine; R, A, or G) (primer 1,
Fig. 2). Additionally, the NH2-terminal amino acid sequence of the
purified pyrolysin was used to design a degenerated oligonucleotide
against residues 5-11 with the sequence, ACITGGGTIATWAAYGCIYT-3' (I, inosine; W, A or T; Y, C or T) (primer 2, Fig. 2). PCR
reactions wereperformed using 100ngofbotholigonucleotides and 250
ngP.furiosus chromosomal DNAas template (19)in a final volumeof
100 ml.After denaturation ofthe template (5min 95°C), 30 cycles (1
min 95"C, 2min 35°C, and 3min 72°)were performed, followed by a
final extension of 7 min at 72°C on a DNAThermal Cycler (PerkinElmer). Southern hybridization ofP. furiosus chromosomal DNA was
performed with the obtained 0.6-kb PCR fragment. Hybridizing fragments were isolated from agarose gels using GeneClean (BIO 101),
cloned into the vector pUC19, and transformed to E. coli TGI by
established methods(26).
For the construction of a lambda library, pyrococcal DNA was digested with Sau3AI under conditions optimized for the generation of
fragments with a size of 15-20 kb that were isolated using Qiaex
(Qiagen Inc.),cloned in lambda EMBL3SamHI-arms provided byPromega and introduced in E. coli KW251 following in vitro packaging
using the PackageneR Lambda DNA Packaging System (Promega
Corp.).
RNA Isolation and PrimerExtension—Total RNAwas isolated from
P.furiosus cellsgrownonpeptoneusingguanidinium isothiocyanate as
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FIG. 1. Urea-SDS-polyacrylamide gel electrophoresis of purified HMW and LMW pyrolysin. Purified HMW (lane 1) and LMW
(lane2)pyrolysinweresubjected directly tourea-SDS-PAGE (A,B, and
C) or after acid denaturation (D). A and D, proteins stained with
Coomassie Brilliant Blue.B, activity staining using a Kodak film overlay;lane1' represents HMWpyrolysin after 1-hincubation at 95°C.C,
detection ofglycosylated proteins using periodic acid-Schiff staining.
described previously (27). The purified RNA was used as template in
primer extension experiments as described previously (19) with oligonucleotide, GTTGGTTAGGGAGTATAGAAGTTG-3' (primer 3,Fig.2).
SequenceAnalysis—Nucleotide sequence analysis of PCR products
was carried out bythe AmpliTaqRcycle sequencing kit (Perkin-Elmer)
and analyzed on a automated DNA sequencer (Applied Biosystems
373A). A Prism™ Ready Reaction DyeDeoxy™ Terminator cycle sequencingkit(AppliedBiosystems)wasusedtosequencebothstrandsof
PlasmidDNA.
Computer analysis ofnucleotide and deduced amino acid sequences
were carried out with the PC/GENE program version 5.01 (IntelliGenetics Inc.)and the GCGpackage version 7.0(28)at theCAOS/CAMM
Centre ofthe University ofNijmegen (The Netherlands).
Nucleotide Sequence Accession Number—The nucleotide sequence
reported has been submitted to the GenBank/EMBL Data Bank with
the accession number U55835.
RESULTS
Purification of Pyrolysin —Cells ofP. furiosus grown on peptides are known to contain high levels of pyrolysin, the highly
thermostable serine protease t h a t is mainly associated with the
cell envelope (12). The membrane fraction of pyrococcal cells
grown on peptone was enriched for pyrolysin via a preincubation in 6 M urea at 95 °C, during which the proteolytic activity
remained constant while the total protein concentration decreased approximately 100-fold, most likely due to the proteolytic activity of pyrolysin. The remaining proteins were separated by preparative urea-PAGE followed by a final
purification step using anion-exchange chromatography. This
resulted in HMW and an LMW pyrolysin fraction (Fig. LA)with
apparent molecular masses on urea-SDS-PAGE of 105 and 80
kDa, respectively. Activity staining showed that HMW and
LMW pyrolysin each contain one proteolytically active band
(Fig. I ß ) .
Characterization of HMW and LMW Pyrolysin —The NH 2 terminal amino acid sequences ofboth HMW (35 residues) and
LMW (5 residues) pyrolysin were determined and found to be
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1ATTACAACCAAAAGTAQAATGGTAGCGGQQCGAaQATTTGAACCTCGGACCTCCQQGTTATGAGCCCaOCGQCCACTCCTAGCTQCCCCACCCCGCTGCACQACCCATTACTAACTTTTA
121TTGGTAGGCTTATAAAGTTTGCGCTCTCTGGTCCTTAATTAATTTAATTTTATCCTCCTTTATCCTCCTTQATTTAAATTATAAGATATAATCACTCCGAGTGATGAGTAAGATACATCA
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3 6 1 CTTTCAGTAGTTCCAGTGCACTTTGTGTCCGCAGGAACACCACCGGTTAGTTCAGAAAATTCAACAACTTCTATACTCCCTAACCAACAAGTTGTGACAAAAGAAGTTTCACAAGCGGCG
-134 L S V V P V H F V B A
G T P P V S S E N S T T S I L P N Q Q . V V T E E V S Q A A
4 8 1 CTTAATGCTATAATGAAAOGACAACCCAACATGGTTCTTATAATCAAGACTAAGGAAGGCAAACTTGAAGAGCSCAAAAACCGAGCTTGAAAAGCTAGGTGCAGAGATTCTTGACGAAAAT
-94
1 , H A 1 H E G Q P N H V 1 , 1 1 E T K B G K L S E A E T E L E E 1 ' G A S I L Q E H
6 0 1 AGAGTTC^TAACATGTTGCTAGTTAAGATTAAGCCTC^GAAAGTTAAAGAGCTa^CTATATCTCATCTCTTGJVAAAAGCCTGGCTTAACAGAGAAGTTAAGCTTTCCCCTCCAATTGTC
- 5 4 B V L N H L L V S I S P S E V E E L H Y I S S L B S A W L N E B V E L S P P I V
7 2 1 GAAAAGGACGTCAAGACTAAGGAGCCCTCCCTAGAACCAAAAATGTATAACAGCACCTGGaTAATTAATGCTCTCCAGTTCATCCAGGAATTTGGATATGATGGTAGTGaTaTTGTTGTT
- 1 4 B K D V E T K E P S L E P K
«,, Y N
S T W V I H A r . O g l O K P Q Y D f l a a V V V
8 4 1 GCAGTACTTGACACGGGAGTTGATCCGAACCATCCTTTCTTGAQCATAACTCCAGATGGÄCQCAGGAAAATTATAGAATGGAAGGATTTTACAQACGAGGGATTCGTGaATACATCATTC
27 K V T ,
T l - P f l V P P
N H P F L S I T P D G R R K I I E W K D F T D E Q F V D T S F

4 2 0 1 CCAAGAGTCTCAATCTTGACACTTAACTrcCTTGGCTACTCATaGTACAGACTATATTCACAGAAGTTTGACGAATTGTACCAAAAGGCCCTTGAATTGGGAGTGGACAACGAOACATTA
1147
P R V S I L T L N F L G Y S W Y R L Y S Q K F D S L Y Q K A L E t G V D H H T I ,
4 3 2 1 GCTTTAGCCCTCAaCTACCATGAAAAAGCCAAAGAGTACTACGAAAAGGCCCTTGAGCTTAGCGAaGGTAACATAATCCAATACCTTGGAGACATAAaACTATTACCTCCATTAAGACAG
1187
A L A I j S Y H B K A K E Y Y B K A L E l i S E G N I I Q Y L G S I R L I i P F I i R g
4 4 4 1 GCATACATCAATGAAATGy^GGCAGTTAAGATACTGGAAAAGGCCATAGAAGAATTAGAGGGTGAAGAGTAATCTCCAATTTTTCCCACTTTTTCTTTTATAACATTCCAAGCCTTTTCT
1227
A Y I N B H B A V K l b S K A l E B L B G E E *

F I G . 2 . G e n e t i c o r g a n i z a t i o n a n d p a r t i a l n u c l e o t i d e a n d a m i n o a c i d s e q u e n c e o f t h e pis g e n e . A, p h y s i c a l a n d g e n e t i c m a p o f t h e pis
g e n e a n d f l a n k i n g r e g i o n s w i t h s u b c l o n e s a n d r e l e v a n t r e s t r i c t i o n s i t e s (S, Sspl; H, H i n d l l l ; P, Pst\; E, EcoRl). T h e arrowheads
indicate t h e location
a n d o r i e n t a t i o n of t h e p r i m e r s t h a t w e r e u s e d i n P C R ( p r i m e r s 1 a n d 2 ) o r p r i m e r e x t e n s i o n e x p e r i m e n t s ( p r i m e r 3 ) . B, n u c l e o t i d e a n d d e d u c e d
a m i n o a c i d s e q u e n c e o f t h e 3 ' e n d o f t h e pis g e n e a n d i t s u p s t r e a m r e g i o n , i n c l u d i n g t h e t R N A M e t g e n e (overlined).
T A T A b o x o f t h e pis g e n e i s
i n d i c a t e d ; i t s t r a n s c r i p t i o n i n i t i a t i o n s i t e i s m a r k e d b y t h e arrow, a n d i t s r i b o s o m e b i n d i n g s i t e i s s h o w n b y t h e asterisks.
T h e s i g n a l s e q u e n c e of
t h e p y r o l y s i n p r e c u r s o r i s s h o w n i n italics a n d underlined,
w h e r e a s t h e i d e n t i f i e d N H 2 - t e r m i n a l a m i n o a c i d r e s i d u e s of t h e m a t u r e p y r o l y s i n a r e
underlined
a n d shaded. C h a r g e d r e s i d u e s p r e s e n t i n t h e p r o p e p t i d e a r e underlined.
C, n u c l e o t i d e a n d d e d u c e d a m i n o a c i d s e q u e n c e o f t h e 5 ' e n d
of t h e pis g e n e w i t h t h e p r o p o s e d t e r m i n a t i o n s e q u e n c e c o m p o s e d of s t r e t c h e s of t h y m i d i n e r e s i d u e s (overlined).
The predominant Leu and Glu
residues are
underlined.
i d e n t i c a l (Fig. 2). T h e r e l a t e d n e s s of b o t h p y r o l y s i n f r a c t i o n s
w a s s u p p o r t e d b y t h e o b s e r v a t i o n t h a t t h e t h i r d r e s i d u e of t h e i r
NH

2

t e r m i n i could not be d e t e r m i n e d following E d m a n degra-

dation, even after repeated trials (data not shown). Inspection

of the amino acid sequence deduced from the pis gene (Fig. 2,
see below) revealed that the third position of the mature pyrolysin is an asparagine that could be post-translationally modified, since it is the first residue of the well-known JV-glycosylation motif Asn-X-(Ser/Thr) (29). Therefore, periodic acidSchiff staining was performed on HMW and LMW pyrolysin
separated by urea-SDS-PAGE (Fig. 1C). The results indicate
that both proteins are glycosylated to a similar extent and t h a t
LMW is not a deglycosylated form of HMW pyrolysin.
A mutual relation between the HMW and LMW pyrolysin
could further be demonstrated by immunological cross-reaction
using antisera raised against both purified pyrolysin fractions
(data not shown). Moreover, a prolonged incubation of purified
HMW pyrolysin at 95 °C resulted in its decrease and the formation of LMW pyrolysin. This is illustrated by the semiquantitative in situ detection of a new proteolytic activity with
the size of LMW that originated from HMW pyrolysin, indicating that LMW pyrolysin is a processing product of HMW pyrolysin (Fig. IB). Finally, a multimer structure ofHMW pyrolysin
was further excluded by applying rigorous acid denaturation

conditions followed by separation by urea-SDS-PAGE (Fig. LD).
HMW pyrolysin showed a single band with apparent molecular
mass of 150 kDa. Two proteins were obtained after acid denaturation of the LMW pyrolysin fraction with apparent molecular masses of 130 and 105 kDa, the smallest of which is most
likely a result of autoproteolytic processing of the 130-kDa
protein.
Cloning and Characterization of the pis Gene Encoding Pyrolysin—A data base search revealed t h a t the NH 2 -terminal
amino acid sequence of pyrolysin showed significant similarity
with subtilisin-like serine proteases (17). This includes a potential active site aspartate residue at position 30 (Fig. 2, see
below), suggesting that pyrolysin is a member ofthis family of
serine proteases. Subtilisin-like serine proteases are characterized by the sequential order ofthe active site residues Asp, His,
and Ser and the high degree of homology on amino acid level
around these residues that form the catalytic triad (17). Two
degenerated oligonucleotides based on the conserved region
surrounding the active site histidine residue of subtilisin-like
proteases and on the identified NH 2 -terminal amino acid sequence (primers 1and 2,Fig. 2)were used in a PCR reaction on
chromosomal DNA from P. furiosus. Sequence analysis of the
resulting 0.6-kb PCR fragment (data not shown) indicated that
indeed a fragment ofa subtilisin-like protease gene was ampli95
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FIG.3. Transcription initiation site of the pis gene. Primer
extension was performed using primer 3 (PEt primer extension product).ADNAsequenceladderwasobtained with the sameprimer and is
shown for size comparison (lanesA, G,C,and T). The arrow indicates
the deduced transcriptional initiation in the complementary strand.

fled. The 0.6-kb PCR fragment was subsequently used as probe
on a Southern blot containing chromosomal DNA ofP. furiosus
digested with various restriction enzymes. A strongly hybridizing 2.7-kbfftndlll-tftndlll fragment was cloned into Hindllldigested pUCl9, resulting in pLUW701 (Fig.2).Sequence analysis of the insert of pLUW701 revealed that it contained an
incomplete ORF, coding for the NH 2 -terminal amino acids determined from the mature pyrolysin, however, without a potential translation start codon (Fig. 2). Southern hybridization
of P. furiosus DNA with a pLUW701-derived probe showed a
hybridizing 1.7-kb Sspl-Pstl fragment, which was cloned in
Smal-Ps/I-digested pUCl9, resulting in pLUW702 (Fig. 2). Sequence analysis of the insert of pLUW702 showed indeed the
presence ofthe 5' end ofthepis gene (Fig. 2). The 3' end of the
pis gene was cloned from a lambda EMBL3 library consisting of
15-20-kb Sau3A fragments of P. furiosus DNA. A pool of approximately 2400 independent plaques were screened by hybridization with the HïndIII-//indIII insert of pLUW701 resulting in 49 hybridizing phages. A 2.5-kb EcoRl fragment of
one of these phages carrying the 3' end of the pis gene was
identified by hybridization and cloned into ÊcoRI-digested
pUCl9, resulting in pLUW703 (Fig. 2).
Sequence Analysis of the pis Gene, Flanking Regions, and the
pis Gene Product Pyrolysin —Sequence analysis ofthepis gene,
contained in pLUW701,pLUW702, and pLUW703, revealed an
ORF of 4194 base pairs. The first ATG codon at position 3 1 6 319 of this ORF is preceded by a stretch of purine-rich nucleotides (at position 301-308) that may function as a ribosome
binding site, suggesting that this is the translation initiation
site of the pis gene (Fig. 2). If so, the pis gene encodes a
1398-residue protein. The NH 2 -terminal sequence determined
from the purified pyrolysin was found to be encoded by nucleotides 763-868, indicating that the mature NH 2 terminus is
preceded by a leader sequence of 149 amino acids (Fig. 2). The
first 26 residues of this leader have the characteristics of a
signal sequence with a high content of hydrophobic residues
that can form a transmembrane-spanning helix and is followed
by a putative consensus processing site (30). The remaining
123 residues could code for a propeptide that has a high number (36 residues) of charged residues, predominantly Lys and
Glu (17 and 16 residues, respectively) (Fig. 2). The calculated
molecular mass ofthe pyrolysin precursor is 155 kDa and after
removal of the leader 138.5 kDa.
Identification of Transcription Initiation Site and Regulatory
Sequences —Primer extension experiments were performed on
total RNA isolated from pyrococcal cells grown on peptone to
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FIG. 4.Alignment of pyrolysin with eucaryal TPPs and Bacillus subtilisin BPN'. Partial sequences are shown around the active
site residues aspartate, histidine, and serine,and the asparagine present in the oxyanion hole (indicated by arrows). The number of amino
acid residues are given between the boxes that are present in the
proteins.Large insert isindicated bysolidbar; boldand double underlined residues are conserved between pyrolysin and the other sequences. Sequences were deduced from the following accession numbers: BASBPN, subtilisin BPN' from Bacillus amyloliquefaciens
(K02496); MMTPP2, TPP from Mus musculus (mouse) (X81323);
HSTPP2, TPP from Homosapiens (human) (M73047); DMPGA9, TPP
from D. melanogaster(R.Nusse and F.van Leeuwen, personal communication);CETPP2,TPPfrom C. elegans (U23176);PFPYRO, pyrolysin
from P. furiosus.
identify the transcription initiation site and resulted in a prominent extension product (Fig. 3). The size of this product corresponded with transcription initiation at the thymidine residue
located 28 nucleotides upstream of the assumed translation
start site (Fig. 2).Ahexanucleotide with the sequence TTTATA
is located 26 nucleotides upstream of this transcription initiation site and resembles the TATA box, which is involved in
binding of the archaeal RNA polymerase (Fig. 2) (31,32).
Downstream of the pis gene a conserved structure is found,
composed of stretches of at least four subsequent thymidine
residues, that could be involved in termination of transcription
(31), which is further followed by another ORF with an unknown function (Fig. 2). Upstream and in opposite orientation
ofthepis gene, the gene for a tRNA M e t is located t h a t could be
the initiator tRNA, since it contains all the characteristics for
an archaeal initiator tRNA (33).
Substrate Specificity —Comparison of the deduced amino
acid sequence of pyrolysin with those of other subtilisin-like
serine proteases present in the data bases revealed t h e highest degree of homology (28-32% identity in the catalytic
domain) with the tripeptidyl peptidases II (TPPs) from eucaryal origin, i.e. human, mouse, Drosophila melanogaster, and
the nematode Caenorhabditis elegans (Fig.4).The eucaryal TPPs
are intracellular proteases with exopeptidase activity (34, 35),
whereas all other known subtilisin-like serine proteases are
endopeptidases (17).
The substrate specificity of pyrolysin was analyzed with
chromogenic peptide substrates (Table I).Both tripeptidyl and
tetrapeptidyl substrates were cleaved by pyrolysin. A preference for the conversion of substrates with a positively charged
(Lys, Arg) residue at the P I site was observed (nomenclature
according to Schechter and Berger) (36). In spite of its homology with TPPs, pyrolysin showed no activity with the known
substrate for TPPs, Ala-Ala-Phe-p-nitroanilide, and is not inhibited by the dehydroalanine-containing peptide Arg-AlaSAla-Val-Ala that has been shown to be a competitive inhibitor
ofTPPs from human and rat (23, 24).Nodifference in substrate
specificity was found between HMW or LMW pyrolysin (data
not shown).
To demonstrate that pyrolysin has endopeptidase activity, it
was incubated with a s l - , ß- or k-caseins and casein fragments.
The degradation of caseins was followed in time and revealed
that for all caseins the first cleavage products constituted a
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TABLE I

Substrate specificityofpyrolysin
Purified pyrolysin was tested for the degradation of synthetic substrates. <Glu, pyroglutanyl; Sue, succinyl; MeO,methoxy;pNA,p nitroanilide.
Substrate

Activity

P4 P3 P2 PI*
Sue-Ala-Ala-Pro-Lys-pNA
Sue-Ala-Ala-Pro-Arg-pNA
Suc-Ala-Ala-Pro-Met-pNA
Sue-Ala-Ala-Pro-Phe-pNA
Suc-Ala-Glu-Pro-Phe-pNA
Sue-Ala-Lys-Pro-Phe-pNA

H-D-Val-Leu-Lys-pNA
MeO-Suc-Arg-Pro-Tyr-pNA
<Glu-Pro-Val-pNA
Ala-Ala-Phe-pNA

100
32
13
14
7
65
41
52
0.5
<0.01

a
Nomenclature according to Schechter and Berger(36).
6

100% activity represents a specific activity of 300 nmol/min/mg
protein.
number of distinct protein bands that were subsequently completely degraded (data not shown). To identify its preferential
endopeptidase cleavage sites, pyrolysin was incubated with the
peptide a s l -casein-(l-23), and degradation products were analyzed by HPLC (Fig. 5). The results indicate t h a t a s l -casein(1-23) can be completely degraded by pyrolysin resulting in the
appearance offour new peptides t h a t were identified based on
their retention time. Prolonged incubation showed a decrease
of the peptides 1-16 and 10-23 and the appearance of new
cleavage products (indicated as asterisks in Fig. 5).The results
demonstrate that pyrolysin is an endopeptidase with two preferential cleavage sites in a s l -casein, at bonds 9-10 and 16-17
(Fig. 5).
DISCUSSION

The hyperthermostable serine protease pyrolysin was purified from peptone-grown cells ofP. furiosus and characterized,
and itspis gene was cloned via reversed genetics. An essential
step in the purification method ofpyrolysin from the membrane
fraction appeared to be its preincubation in 6 M urea at 95 °C.
This resulted in two proteolytic active fractions, HMW and
LMW pyrolysin, that were separated by preparative ureaPAGE and shown to have identical NH 2 termini. Incubation of
the purified HMW pyrolysin at 95 °C resulted in the formation
of LMW pyrolysin, and both forms appeared to be glycosylated
to a similar extent. Therefore, the differences in molecular
masses of the HMW and LMW pyrolysin are likely to be a
consequence of autoproteolytic removal of a COOH-terminal
part of the HMW pyrolysin t h a t results in LMW pyrolysin.
Similar processing has also been suggested for the serine protease from the related archaeon Thermococcus stetteri (11).
Moreover, COOH-terminal processing is a common feature of
serine proteases (37).
It has frequently been observed that proteins from hyperthermophiles are not denatured during standard SDS-PAGE
(3,38,39). This was also found for pyrolysin that was subject to
autoproteolysis under these conditions. Acid denaturation of
HMW pyrolysin demonstrated a molecular mass of 150 kDa.
Autoproteolytic processing of pyrolysin may also explain the
previously reported heterogeneity of pyrolysin, evidenced by
the multiple activity bands on substrate-PAGE (12-14). Alternatively, pyrolysin may form a complex either with itself, as
found for TPPs (40), or with a cell envelope structure as found
in Staphylothermus
marinus where a serine protease is
associated with a filamentous surface protein assembly
called tetrabrachion (39).
Thepis gene-encoding pyrolysin is most likely transcribed as

B
a sl -casein(1-23):
Arg-Pro-Lys-His-Pro-lle-lys-His-GIni Gly-Leu-Pro-Gtn-Glu-Val-Leu*Asn-Glu-Asn-Leu-lue-Arg-Phe

FIG.5.Reversed-phaseHPLCpattern ofdegradation products
of a sl -casein-(l-23) by pyrolysin. A, pattern of cleavage products
resulting from the incubation ofasl-casein-(l-23)with pyrolysin for 0
min(pattern 1),20min(pattern 2),and40min(pattern3)at 95°C.The
known pattern (22, 25) of asl-casein degradation obtained with the
P m -type protease from L. lactis is shown for comparison (pattern 4).
Identified productsare indicated;asterisks indicate newcleavage products after prolonged incubation. B, amino acid sequence ofasl-casein(1-23) with the preferential cleavage sites indicated bythe arrows.
a single unit, since the transcription initiation site and TATA
box could be identified upstream of the gene, whereas downstream it was followed by conserved archaeal termination sequences. Furthermore, upstream of the pis gene a tRNA M e t
gene is found in the opposite orientation that most likely is the
initiation tRNA.
Analysis of the deduced amino acid sequence indicates that
pyrolysin is synthesized as a prepro-enzyme with a common
signal sequence (30), suggesting t h a t export of proteins in P.
furiosus occurs in a similar way as in Eucarya and Bacteria.
The propeptide of pyrolysin shows little homology with the
consensus identified for different propeptides of subtilisin-like
serine proteases; however, it shares with these propeptides a
high number of charged residues (41).
The mature part of the deduced pyrolysin sequence shows
the highest homology with eucaryal TPPs, which form a distinct subgroup of the subtilisin-like serine proteases. The mature pyrolysin, as several other subtilisin-like serine proteases,
can be divided into two domains, the NH 2 -terminal catalytic
domain that extends to about residue 500 followed by a COOHterminal extension to residue 1249(17).The catalytic domain is
characterized by the three active site residues, Asp-30, His216, and Ser-441, and the presence of the conserved Asn-342
present in the oxyanion hole t h a t stabilizes the reaction intermediate. The catalytic domains of pyrolysin and the TPPs
contain a large insert of more than 150 residues between the
aspartate and histidine in comparison with the Bacillus subtilisin (Fig. 4). A number of conserved residues among all
members could be identified within the insert, which may
imply an evolutionary relationship between the archaeal pyrolysin and the eucaryal TPPs (Fig. 4). In addition, pyrolysin
shows weak homology in the large COOH-terminal domain
where the TPPs also have many conserved residues (data not
shown).
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The COOH-terminal domain, if present, in subtilisin-like
serine proteases can have different functions but is often related to localization or anchoring of the protease (17). The last
80 amino acids of pyrolysin do not contain known hydrophobic
anchoring sequences, but they are characterized by a high
number of Glu and Leu residues (14 and 13 residues, respectively) that may be involved in the observed association of
pyrolysin to the cell envelope.
The COOH-terminal domain of pyrolysin together with the
large insert present in the catalytic domain contain almost all
(29of32)ofthe possibleTV-glycosylation sites (Asn-X-(SerZThr))
present in pyrolysin. The presence of a gap at position 3 in the
determined NH 2 -terminal amino acid sequence suggests that
Asn at t h a t position is modified, presumably due to glycosylation; whether the other possible glycosylation sites are indeed
post-translationally modified and what the structure is of the
bound glycan is presently unknown. This form of post-translational modification may function in the thermostabilization of
the enzyme as has also been suggested for the extracellular
protease from S. acidocaldarius (7). Mature pyrolysin without
the 16.5-kDa prepropeptide has a calculated molecular mass of
138.5 kDa. The higher apparent molecular mass observed for
the acid-denatured HMW pyrolysin (150 kDa) could be explained by glycosylation.
The substrate specificity of pyrolysin was analyzed using
chromogenic substrates, different caseins, and the small peptide a s l -casein-(l-23). Degradation of the caseins and a s l casein-(l-23) into distinct intermediates followed by the complete degradation ofthese proteins implies that pyrolysin is not
an exopeptidase like the eucaryal TPPs but a true endopeptidase like all other subtilisin-like serine proteases. The specificity studies indicated that pyrolysin has a rather broad substrate specificity with a preference for Arg or Lys residues at
the P I position. Such a preference is to be expected when
pyrolysin autocatalytically removes its propeptide as is commonly found with serine proteases (42-44) (see Fig. 2). Modelling of pyrolysin on known three-dimensional structures in
combination with functional expression and mutational analysis could give further insight in this processing and the molecular mechanisms of adaptation ofthis extracellular serine protease to extremely high temperatures.
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The hyperthermophilic archaeon Pyrococcus furiosus
produces an extracellular, glycosylated hyperthermostable subtilisin-like serine protease, termed pyrolysin (Voorhorst,W.G.B., Eggen,R.I.L., Geerling,A.C.M.,
Platteeuw,C, Siezen,RJ. and de Vos,W.M. (1996) J. Biol.
Chem., 271, 20426-20431). Based on the pyrolysin coding
sequence, a pyrolysin-like gene fragment was cloned and
characterized from the extreme thermophilic archaeon
Thermococcusstetteri. Likepyrolysin,thededuced sequence
of this serine protease, designated stetterlysin, contains a
catalytic domain with high homology with other subtilases,
allowing homology modelling starting from known crystal
structures. Comparison of the predicted three-dimensional
modelsof the catalytic domain of stetterlysin and pyrolysin
with the crystal structure of subtilases from mesophilic
andthermophilicorigin,i.e.subtilisinBPN'andthermitase,
and the homology model of subtilisin S41 from psychrophilic origin, led to the identification of features that could
be related to protein stabilization. Higher thermostability
was found to be correlated with an increased number of
residues involved in pairs and networks of charge-charge
and aromatic-aromatic interactions. These highly thermostableproteaseshaveseveralextrasurfaceloopsand inserts
with a relatively high frequency of aromatic residues and
Asn residues. The latter are often present in putative
N-glycosylation sites. Results from modelling of known
substrates in the substrate-binding region support the
broad substrate range and the autocatalytic activation
previously suggested for pyrolysin.
Keywords: ArchaeaJPyrococcusfuriosus/serine protease/Thermococcus .stetteri/thermostability

Introduction
To gain insight in the molecular basis of thermostability
of proteins, structurally homologous proteins with different
thermostability have been compared using known crystal
structures or predicted structures from homology modelling
(Teplyakov et al, 1990; Davail et al, 1994; Heringa et al,
1995; Tomschy et al, 1994; Muir et al, 1995; Szilâgyi and
Zâvodszky, 1995). The recent isolation and characterization
of proteins and their genes from hyperthermophiles, microorganisms able to grow optimally at 80°C or higher (Stetter
et al, 1990), generates the possibility to extend the structural
analysis to extremely stable proteins to gain insight in the
© Oxford University Press

stabilization mechanisms that allow proteins to be functional
near the maximum temperature of life. Analysis of threedimensional structures and modelled structures of proteins
from hyperthermophiles and their comparison with those from
less stable proteins has resulted in identification of features
that may be related to protein stabilization. Mechanisms by
which proteinsfrom fhermophiles arestabilizedresemble those
identified for mesophilic model proteins and include hydrogen
bonds,hydrophobic interactions, ion-pairs, secondary structure
stabilization, cavity filling, reduction of the length of loops
and conformational strain (reviewed by Tomschy et al, 1994;
Völkl et al, 1994; Muir et al, 1995; Szilâgyi and Zâvodsky,
1995; Korndorfer et al, 1995; Yip et al, 1995; Vieille
and Zeikus, 1996; Knapp et al, 1997). It seems that each
thermostable protein is stabilized by a unique combination of
different mechanisms resulting in a more rigid structure. A
common theme that has now emerged from analysis of the
structures identified so far for hyperthermophiles suggests that
an increased number of ion-pairs, that may be arranged
in extensive networks, contributes 'to the observed extreme
thermostability (Korndorfer et al, 1995; Yip et al, 1995;
Knappetal, 1997).Moreover,manyproteinsfrom hyperthermophiles are not only extremely thermostable, but also show a
higher resistance to chemical denaturation and proteolytic
degradation than their less stable counterparts (Fontana, 1991).
This can be illustrated with pyrolysin, an extracellular serine
protease from the archaeon Pyrococcus furiosus that shows
optimal growth at 100°C (Fiala and Stetter, 1986). This
protease has a half-life value of 4 h at 100°Cand is still active
in the presence of 6 M urea (Eggen et al, 1990; Voorhorst
et al, 1996).
The family of subtilisin-like serine proteases, also referred
to as subtilases (Siezen et al, 1991; Siezen and Leunissen,
1997) has been extensively studied from psychrophilic, mesophilic andthermophilic origintogaininsightin thermostability,
catalytic activity and substrate specificity (Wells and Estell,
1988; Davail et al, 1994; Daniel et al, 1995; Feller et al,
1996). However, knowledge of subtilases from hyperthermophilic origin is limited to pyrolysin from P.furiosus (Eggeri
et al, 1990; Voorhorst et al, 1996) and STABLE from
Staphylothermusmarinus (Mayr etal, 1996),which havebeen
extensively characterized onthebiochemical levelwith specific
attention for thermostability and substrate specificity. Moreover, the subtilase aerolysin from the hyperthermophile
Pyrobaculum aerophilum has been analysed for features that
could be related to its thermostability using homology modelling (Völkl et al, 1994).
The amino acid sequence homology in the catalytic domain
of pyrolysin with other subtilases is sufficiently high to allow
for homology modelling (Voorhorst et al, 1996). However,
the identification of features as being important for protein
stabilization based on only a single enzyme may lead to
misinterpretation (Querol et al, 1996). Therefore, we have
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now isolated and characterized the gene encoding a homolog
of pyrolysin, designated stetterlysin, from the extreme thermophilic archaeon Thermococcusstetteri that grows optimally at
75°C (Miroshnichenko etal., 1989).The amino acid sequence
homology within the core of the catalytic domain between
stetterlysin, pyrolysin and other subtilases allowed homology
modelling using known three-dimensional protein structures
of subtilisin BPN' from the mesophilic bacterium Bacillus
amyloliquefaciens with an optimum growth temperature
between30and40°C(Heinzetal, 1991;Gallagheretal, 1995)
andthemorethermostablethermitasefrom Thermoactinomyces
vulgaris that grows optimally at 50°C (Gros etal, 1989). The
predicted three-dimensional structures of the highly thermostable pyrolysin and stetterlysin were compared with the
homology model of subtilisin S41 from the psychrophilic
Bacillus T41 (optimal growth temperature of 4°C), that has a
half-life value of only a few minutes at 50°C (Davail
et al, 1994), and with subtilisin BPN' and thermitase, with
half-life values of 23 min at 60°C (Braxton and Wells,
1992) and 1 h at 85°C (Daniel et al, 1995), respectively.
Conformational characteristics of the catalytic domain of
stetterlysin and pyrolysin were analysed that could be related
to their thermostability regarding overall composition, ionpair formation, aromatic-aromatic interactions, amino acid
replacements, helix stabilization, and calcium-binding sites.
Additionally, the substrate binding regions of these archaeal
subtilases were modelled in detail with respect to substrate
specificity and interactions between the enzymes and their
known substrates.
Materials and methods
Bacterial strains, plasmids and enzymes
Cells of Thermococcus stetteri (DSM 5262) grown on tryptone
were kindly provided by Dr G.Antranikian (Klingeberg et al,
1995). Escherichia coli TGI (Gibson, 1984) was cultured in
LB-based medium at 37°C. The plasmids pUC18, pUC19
(Pharmacia Biotechnologies) and pGEMR-T (Promega
Corporation) were used ascloning vectors. Standard molecular
biological techniques were performed as described by
Sambrook etal.(1989).Restriction enzymes, DNA modifying
enzymes and TaqDNA polymerase were acquired from Life
Technologies Inc.Oligonucleotides werepurchased from Pharmacia Biotechnologies.
Isolation and cloning ofplsT gene codingfor stetterlysin
from T.stetteri
Degenerated oligonucleotides were designed against the conserved regions around the Asp and Ser active-site residues of
subtilisin-like serine proteases in combination with the known
sequence of pyrolysin from P.furiosus(Voorhorst et al., 1996)
and include BG95(Asp): 5'-GTIGCIGTIMTIGAYACIGG-3'
and BG31(Ser): 5'-GGISYIGCCATISWGTICC-3' (I, inosine;
M, A or C; Y,C or T; S, G or C; W, A or T). PCR reactions
were performed using 100 ng T.stetteri chromosomal DNA
(Eggen et al., 1991) as template in a final volume of 100|Xl.
After denaturation of the template (5 min, 95°C) amplification
was performed for 35 cycles (1 min, 95°C; 2 min, 35°C and
3 min, 72°C), followed by a final extension of 7 min at 72°C
on a DNAThermal Cycler (Perkin Elmer Cetus).This resulted
in a prominent product of 1.4 kb that hybridized with a
pyrolysin-derived probe.The 1.4kbPCRfragment wasisolated
from agarose gel using Gene Clean (BIO 101), cloned into
thevectorpGEMR-Tandtransformed toE.coliTGI.Nucleotide
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sequence analysis showed the presence of a Kpnl restriction
site in the amplified fragment that could be used for cloning
chromosomal DNA fragments. A Southern blot containing
chromosomal DNA of T.stetteri digested with different combinations of Kpnl and other restriction enzymes was probed
with the cloned PCR fragment. Positively hybridizing fragments were subsequently cloned in appropriately digested
pUC18 and characterized by nucleotide sequence analysis.
Sequence analysis and alignment
Automated nucleotide sequence analysis of plasmid DNA was
carried out on either an Applied Biosystems 373A sequencer
(Applied Biosystems Inc.) using a Prism™ Ready Reaction
DyeDeoxy™ Terminator cycle sequencing kit or the Li-Cor
4000L sequencer (Li-Cor Inc.) using the Amersham Thermo
Sequenase cycle sequencing kit with 7-deaza-dGTP and
infrared labelled oligonucleotides (MWG-Biotech, Germany).
Computer analysis of nucleotide and deduced amino acid
sequences was carried out with thePC/GENE program version
5.01 (IntelliGenetics Inc.) and the GCG package version 7.0
(Devereux et al, 1990) at the CAOS/CAMM Centre of the
University of Nijmegen (The Netherlands).
The amino acid sequences of pyrolysin and stetterlysin were
included in the multiple sequence alignment of the catalytic
domains of the entire subtilase family (Siezen et al, 1991;
Siezen andLeunissen, 1997).In this way the sitesof insertions
in the catalytic domain could be identified. The numbering of
subtilisin BPN' indicated by stars (*) was used as reference.
Modelling of the catalytic domains of pyrolysin and
stetterlysin
Homology modelling was performed using QUANTA 3.2.3
(Molecular Simulations, Cambridge, UK) (Sali and Blundell,
1993) and CHARMm 22 (Brooks et al, 1983) running on a
Silicon Graphics 4D25TG workstation. The model is based
on sequence homology between pyrolysin, stetterlysin and
members of the subtilase family as reflected in the given
alignment (Figure 1), and on the known X-ray structures of
subtilisinBPN' incomplex withtheinhibitor R45-eglin (Heinz
et al, 1991), thermitase in complex with eglin (Gros et al,
1989) and subtilisin incomplex withitspro-peptide (Gallagher
et al, 1995). Insertions of more than six residues relative to
eithersubtilisin orthermitase werenotmodelled.After addition
of H-atoms the entire molecule was subjected to energy
minimization after constraining the active site residues
(Asp32*,His64* and Ser221*), the Asnl55* of the oxy-anion
hole,andthetwo ß-sheet strand backbones el andelll involved
insubstrate binding.The atomic coordinates of the twomodels
are electronically available (ftp://ftp.caos.kun.nl/pub/molbio/
siezen97/).
The backbone conformation of eglin residues 40-47 or
subtilisin pro-peptide residues -6 to -1 (i.e. the segment that
interacts with subtilisin or thermitase in the crystal structures)
was used to model enzyme-substrate interactions of pyrolysin
by substituting the side chains by the appropriate P6-P2'
residues—nomenclature as described (Schechter and Berger,
1967)—of eitherpro-pyrolysinorof a s r caseinresidues 11-18.
Nucleotide accession numbers
The nucleotide sequence reported has been submitted to
the GenBank/EMBL Data Bank with the accession number
AF015225.
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Fig. 1. Amino acid sequence alignment of the catalytic domains of subtilisin BPN' (Subt), thermitase (Ther), subtilisin S41 (S41), stetterlysin (Stet) and
pyrolysin (Pyro). The number ofnot-modelled residues ininserts is indicated. Catalytic residues D32*, H64* and S221* are indicated by (*). Structurally
conserved core regions ofsubtilisin/thermitase are shaded, and common secondary structure elements are labelled (Siezen etai, 1991;Siezen and Leunissen,
1997). The numbering of subtilisin BPN' isused.

Results
Isolation and characterization of the pyrolysin-like gene
from T.stetteri
To expand ourknowledge of highly stable subtilases,the
extreme thermophilic archaeon T.stetteri wasscreened for
the presence ofa serine protease similar to pyrolysin from
P.furiosus (Voorhorst et al, 1996). A PCR approachwas
used with degenerate oligonucleotides derived from conserved
amino acids surrounding the active site Aspand Ser of
subtilases and pyrolysin. From the obtained PCR products a
1.4 kb fragment was the most prominent one and hybridized
with apyrolysin-derived probe.This PCR fragment was cloned
and sequence analysis indicated that indeed afragment coding
for apyrolysin-like serine protease was amplified. The cloned
PCR fragment was used as hybridization probe to identify
T.stetteriDNAfragments thatencodedthepyrolysin-like serine
protease. Two adjacent fragments, a 2.9 kb Sphl-Kpnl anda
1.5 kbKpnl-BamHl fragment, were cloned in appropriately
digested pUC18. Nucleotide sequence analysis of these cloned
T.stetteri fragments confirmed the sequence ofthe PCR fragment and revealed the presence ofa 2667 bpopen reading
frame, starting with anATG and preceded bya purine rich
region that may constitute the ribosome binding site; no stop
codon was found to terminate this open reading frame.Its
deduced sequence of 888 amino acids contained a complete

catalytic domain ofa serine protease, that we have designated
stetterlysin after its source T.stetteri.
Homology between stetterlysin and pyrolysin
The sequence of stetterlysin showed the highest overall homology with asubgroup ofthe subtilase family that includes the
archaeal pyrolysin andtripeptidyl-peptidases from eucaryal
origin (Voorhorst etai, 1996; Siezen and Leunissen, 1997).
The predicted organization of stetterlysin also showed high
similarity to that of pyrolysin and starts with aprepro-peptide
of 159 residues (26% identity to pyrolysin) followed by a488
residue N-terminal catalytic domain (46% identity) and an
incomplete C-terminal extension of at least 241 residues (30%
identity). The catalytic domain of these archaeal proteases,as
other subtilases, can be divided into the core,residues that are
also present in subtilisin and/or thermitase, and the inserts,
residues that are additional tothe core (Siezen etal, 1991).
The core ofthe archaeal proteases stetterlysin and pyrolysin
showed high amino acid sequence homology (upto 56%
similarity, and 44% identity) with other subtilases (Figure1).
Both pyrolysin and stetterlysin have an unusually large insert,
almostone-thirdofthecatalyticdomainresidues,just preceding
the catalytic His. These inserts show 39% identity, but are not
homologous to any known proteins or specifically to the large
inserts at theequivalent position in tripeptidyl peptidases,
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Fig.2. Stereoplot of three-dimensional models of stetterlysin (a) and pyrolysin (b) catalytic domain core showing ionic interactions. Only the negatively
and positively charged side chains are shown, coloured red and blue,respectively. The core structure backbone is shown in green and positions of insertsin
yellow;the number of not-modelled residues in these inserts isindicated. Catalytic residues Asp,His and Ser are shown in the centre, and the substrate
binding region is between the two ß-strands (light blue) in the front. Drawn with MOLSCRIPT (Kraulis, 1991).

suggesting that stetterlysin and pyrolysin are most closely
related in an evolutionary sense (Siezen and Leunissen, 1997).
Homology models
Three-dimensional structuremodelsfor stetterlysin andpyrolysinwereconstructedbasedonthecrystalstructuresof subtilases
from mesophilic andthermophilic origin,respectively subtilisin
BPN' and thermitase, and on the sequence alignment of the
core residues of stetterlysin and pyrolysin with subtilisin and
thermitase (Figure 1). Inserts in stetterlysin and pyrolysin of
more than six residues, and in particular the large inserts of
163 residues in stetterlysin and 147 residues in pyrolysin
between the catalytic Asp and His residues, could not be
modelled.Thehomologymodellingresultedinpredictedthreedimensional models of the catalytic domain core (Figures 2
and 3) for which over 92% of the residues (excluding Gly,
Pro) had phi-psi angles in most favoured or allowed regions
inaRamachandran plot; moreover, sidechain parameters were
all within acceptable limits as assessed by PROCHECK
(Laskowski et al, 1993; data not shown). The alignment and
the predicted three-dimensional models were used to analyse
amino acid composition (Table I) and structural features of
the catalytic domain that could be related to thermostability,
as discussed below.
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Charged residues and ionpair formation
The frequency of charged residues inthe core of the subtilases
increased from subtilisin via thermitase to the two archaeal
proteases stetterlysin and pyrolysin, with a doubling of negatively charged residues (Table I).Moreover, the inserts in these
archaeal subtilases contain an even higher percentage (14%)
of negatively charged residues, specifically caused by Asp
residues. As a consequence, these archaeal proteases have an
overall excess of negatively charged residues in the catalytic
domain, which is also reflected in its low (calculated) pi (3.84.0), both with and without the inserts (Table I).
The predicted three-dimensional structures of the catalytic
core of stetterlysin and pyrolysin were analysed for possible
ion-pair formation (Figure 2), defined as oppositely charged
amino acid side chains in the vicinity of each other, preferably
within a distance of 4.0 Ängstrom (Barlow and Thornton,
1983). The number of charged residues involved in such ion
pairs increased from subtilisin (9 residues), thermitase (16
residues), stetterlysin (21 residues) to pyrolysin (34 residues)
(Table II) (see also Siezen et al, 1991). In stetterlysin and
pyrolysin a number of these charged residues are predicted to
be arranged in such a way that one charged residue has
multipleinteractions withoppositely charged residues resulting

Homology modelling ofhyperthermostablesubtilases

Fig.3. Stereo plot of three-dimensional models of stetterlysin (a) and pyrolysin (b) catalytic domain showing aromatic-aromatic interactions.Only the
aromatic side chains are shown,in purple. Other details asin Figure2.

in ion-pair networks. These include for instance K247* in
stetterlysin and E143* in pyrolysin (Table II). The predicted
ion-pair networks were found to cover the surface of the
catalytic core of both enzymes (Figure 2). Only two ion pairs,
R247*-D197* and R247*-E251*, are found to be highly
conserved. The ion pair R247*-D197* is conserved among
subtilisin, thermitase and stetterlysin and subtilisin S41 from
psychrophilic origin (Davail et al, 1994), while the pair
R247*-E251* is conserved among subtilisin, thermitase, stetterlysin and pyrolysin. Another ionic interaction is conserved
among the thermostable thermitase, stetterlysin and pyrolysin,
andincludestheresiduesD49*,R94*andD52*;these residues
contributetoCa 2+ ionbinding inthermitase(Grosetal, 1989).
Aromatic residues and interactions
The frequency of aromatic residues in subtilases increased
from mesophilic (5.8%) to hyperthermophilic origin (13.8%)
(TableI).Moreover, theinsertsinthestetterlysin and pyrolysin
were found to be extremely rich in aromatic residues, particularly those of pyrolysin that contained 20% aromatic residues.
In contrast to what is often found in globular proteins, these
aromatic residues were all more or less exposed to the outside
of the domain core (Figure 3). The only exception to this was
the internal Phe (F149*) in stetterlysin that could be involved
in improvement of packing efficiency.
The moderately conserved aromatic residues for all subtilases at position 6, 50, 113 and 189 (Siezen et al, 1991) were

alsofound tobeconserved inpyrolysin and stetterlysin, except
for the equivalent of residue 50 in stetterlysin (Figure 1).
The side chain of an aromatic residue can interact with the
side chain of another aromatic residue by weak non-bonded
forces, leading to so-called aromatic-aromatic interactions as
described by Burley and Petsko (1985). The surrounding of
the side chain of each aromatic residue in the predicted
structure of stetterlysin and pyrolysin was analysed for the
possibility to be involved in such aromatic-aromatic interactions (Figure 3). Since nearly all of these aromatic residues
were located at the surface of the domain core, they hardly
encounter any conformational constraints, andhenceitislikely
that aromatic residues in the vicinity of each other show an
interaction in the native protein. The number of aromatic
residues predicted to be involved in such aromatic-aromatic
interactions is 7, 14, 14 and 15 for respectively subtilisin,
thermitase,stetterlysin andpyrolysin (TableII)(see alsoSiezen
etal, 1991). No aromatic pairs are highly conserved and each
enzyme appears to use a different set of aromatic residues for
stabilization.
Amino acid composition and replacements
The frequency of polar residues in the core of stetterlysin and
pyrolysin wasfound tobedecreasedbyalmostathird compared
with the less thermostable subtilases, subtilisin and thermitase
(Table I). The frequency of Ala and Ser residues decreased
about twofold going towards higher thermostability, whereas
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Table I. Amino acic

frequencies (%) a in the catalytic

Amino acids
Isoelectric point

Subtilisin
275
pi = 6.6

Thermitase
279
pi = 7.4

(core)
273
pi = 4.1

(insert)
215
pi = 3.6

(total)
488
pi = 3.8

(core)
273
pi = 4.7

(insert)
236
pi = 3.5

(total)
509
pi = 4.0

Charged
Acidic
Basic
Polar
Hydrophobic
Aromatic

12.4
5.5
4.7
28.4
36.7
5.8

12.1
5.4
5.4
31.8
35.1
8.7

16.2
10.3
3.7
19.4
39.2
9.6

18.1
14.0
2.8
24.2
30.1
13.9

17.0
11.9
3.3
21.5
35.5
12.5

18.3
10.3
5.5
19.4
38.1
8.5

17.0
13.6
3.0
22.1
33.1
19.9

17.7
11.8
4.3
20.6
35.8
13.8

A Ala
CCys
D Asp
E Glu
FPhe
GGly
H His
I He
KLys
L Leu
M Met
N Asn
PPro
QGln
R Arg
S Ser
TThr
V Val
WTrp
YTyr

13.5
0.0
3.6
1.8
1.1
12.0
2.2
4.7
4.0
5.5
1.8
6.6
5.1
3.6
0.7
13.5
4.7
10.9
1.1
3.6

15.8
0.4
4.7
0.7
1.1
11.8
1.4
5.0
3.6
3.2
0.4
7.5
4.3
4.3
1.8
10.8
7.9
7.9
2.2
5.4

9.5
0.0
7.0
3.3
4.8
12.1
2.2
8.1
2.6
5.9
3.7
4.4
5.5
1.8
1.1
7.0
6.2
9.2
1.8
4.0

3.3
0.0
10.2
3.7
3.7
9.8
1.4
5.6
0.5
9.3
3.3
8.4
4.2
3.3
2.3
2.8
9.8
7.4
1.4
9.8

6.8
0.0
8.4
3.5
4.3
11.1
1.8
7.0
1.6
7.4
3.5
6.2
4.9
2.5
1.6
5.1
7.8
8.4
1.6
6.6

8.8
0.0
5.9
4.4
3.7
14.3
2.6
7.3
3.3
4.8
2.6
3.7
4.7
1.8
2.2
7.0
7.0
11.4
2.2
2.6

4.2
0.0
8.9
4.7
5.1
8.9
0.4
5.1
1.3
7.2
1.3
6.8
5.1
2.1
1.7
5.9
7.2
9.3
2.1
12.7

6.7
0.0
7.3
4.5
4.3
11.8
1.6
6.3
2.4
5.9
2.0
5.1
4.9
2.0
2.0
6.5
7.1
10.4
2.2
7.3

domain.
Stetterlysin

1

Pyrolysin

Charged, RKHDE; acidic, DE; basic, KR; polar, NCQST; hydrophobic, AILFWV; aromatic: FWY.

their frequency in the inserts decreased even further (Table I).
ManyoftheAlaresiduespresentinthermitase were specifically
replaced by Leu or Val in stetterlysin and pyrolysin (data
not shown).
Specific replacement of residues such as Lys—>Arg,Gly—»
Ala, Ser—>Thr and Asp-»Glu have been suggested to be
related to thermostability (Argos et ai, 1979; MenéndezArias and Argos, 1989). The modelled proteases were
analysed for these specific replacements, but none of these
was found to occur to any significant extent (data not
shown). Moreover, for basic residues only substitutions in
the opposite direction, i.e. Arg-»Lys, were observed at three
positions from thermitase to stetterlysin. Nevertheless, the
overall replacement ratio R/(R+K) increased from subtilisin
(0.15) to pyrolysin (0.4), suggesting a preference for Arg
residues that are more suitable to form multiple stabilizing
ion pairs.
Helix stabilization
Compensation of a-helix dipoles can lead to stabilization of
a protein (Querol et ai, 1996). Analysis of the helices in
stetterlysin and pyrolysin showed that except for helix D
(nomenclature Siezen et ai, 1991; Siezen and Leunissen,
1997), all helices appeared to have a negatively charged
residue, mainly Asp, near the N-terminus of the helix that may
function as N-cap to compensate the helix dipole. At the Cterminus of the helices no preference in amino acid residues
could be identified. The compensation of the dipole at the Nterminus has also been observed for the hyperthermostable
aerolysin (Völkl etai, 1994).However, the subtilase S41 from
psychrophilic origin also showed N-helix capping (Davail
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et ai, 1994).Therefore, the role of N-helix capping in protein
thermostabilization is doubtful (Völkl et ai, 1994).
Changing the helix composition was found to be another
feature contributing to protein stabilization (Nicholson et ai,
1988;Fershtand Serrano, 1993).Alaresidueshavebeen found
to be prevalent in a-helices of thermostable enzymes and
were also identified as stabilizing this secondary structure
(Menendez-Arias and Argos, 1989;Fersht and Serrano, 1993).
In the archaeal proteases stetterlysin and pyrolysin no correlation was observed between the number of Ala residues in
the helices and thermostability, comparable with what was
observed for the citrate synthase from P.furiosus(Muir et ai,
1995). This contrasts with the situation described for the
hyperthermostable aerolysin from P.aerophilum where transitions to Ala at the ends of a-helices were suggested to be
related to thermostability (Völkl et ai, 1994). However, for
stetterlysin and pyrolysin some of the other described stabilizing interactions, ion pairs and aromatic-aromatic interaction
were found within some of the helices (Figure 2 and 3).
Ca2+ ion binding
Thebindingofcalcium ionsinaproteincanleadtostabilization
by reducing the local flexibility. For the family of subtilases
a number of calcium binding sites are known: three of these,
Cal, Ca2 and Ca3, are occupied by a Ca 2+ ion in thermitase
(Gros etai, 1989; Siezen etai, 1991).None of these calcium
binding sites was found to be present as such in stetterlysin
or pyrolysin, since suitable ligands are not present at the
equivalent positions in the sequence. However, a few ligands
at the Ca2 site were found to be conserved, viz D49* and
D52*;thesemaybeinvolvedincalciumbinding incombination

Homologymodellingofhyperthermostablesubtilases
Table H. Ionic and aromatic interactions deduced from crystal structures of subtilisin BPN'
modelling of stetterlysin (Stet) and pyrolysin (Pyro)
Residues
Ionic:

10-184
42[+7]-42[+5]
42[+8M6
48-109
87-22
94-49
94-52
97-106
101-99
136-140
141-112
144-143
145-116
170-195
173-140
173-143
181-203
185-258
192-262
194[+1]-197
194[+11-251
194[+11-260
195-1941+3]
239-2391+2]
239-2751+1]
247-1941+5]
247-197
247-251
248-244
248-2751+1]
255-12
267-184
267-255
272-255
272-271
272-275

Subt

Ther

Stet

Pyro

R-D

R-D
R-E
K-E

K-D
K-D

R-D
R-D
R-D
R-D

K-D

K-E
R-D
R-D

K-E
K-D
K-E
K-E
K-E
R-E
R-D
R-D
R-E

R-E
R-D

R-E
K-D
K-E
K-E
K-E
R-D
R-E

Residues

Subt

Ther

Stet

Pyro

Aromatic:

K-D
K-E

R-D
R-E

(Subt) and thermitase (Ther), and predicted from homology

K-D
K-E

R-E
K-D

4-206
4-214
4[+l]-17
6-206
6-214
21-274
47-113
48-50
48-113
50-113
57-59
91-113
99-101
101-106
136-137
137-144
167-170
167-171
188-189
188-203
189-203
192-262
206-214
211-213
213-214
240-241
261-262
262-263

Y-Y
Y-Y
F-W
W-Y
W-F
Y-W
W-Y
W-F
W-Y
F-Y

Y-Y
F-W

F-Y
F-W

Y-W
F-F
F-W
F-Y
Y-W
Y-Y

Y-Y
Y-Y
F-F
F-Y
F-Y
Y-Y
F-Y
Y-Y
Y-Y
Y-Y

F-Y
Y-Y

Y-W

R-E
K-D
R-D
R-D
K-D
K-D
K-E

K-E

Numberingofsubtilisin BPN'isusedasreference throughout;numbersbetweenbracketsrefertotheinserts(seealsoSiezenetal,1991).
withligandsoriginatingfrom theinsertsthat areclosely located
to this site. Moreover, other calcium binding sites in either
stetterlysin or pyrolysin may well be present within inserts,
since the enzyme activity of pyrolysin is known tobe affected
by EDTA (Eggen et al, 1990).
Substrate binding and specificity of pyrolysin
For pyrolysin the preferential endopeptidase cleavage sites
have been determined using the small peptide a s l -casein(l23) and showed a fairly broad specificity with preference
for cleavage after large residues, both polar and non-polar
(Voorhorst etal, 1996).The substrate binding region was also
predicted by homology modelling of the catalytic domain of
pyrolysin (Figure 4a).Pyrolysin may activate itself autocatalytically by removal of its own propeptide, as has been demonstrated for other members of the subtilisin-like serine protease
family (Power et ai, 1986;Germain etai, 1992;Leduc et al,
1992). Therefore, the P4-P2' segment around the pro-peptide
cleavage site in precursor pyrolysin was modelled as substrate
as well as the previously identified cleavage site at bond 1617 in a S i-casein(l-23) (Voorhorst et al, 1996) (Figure 4a).
The interaction with the pro-peptide is also shown in detail in
a stereo view (Figure 4b).
In subtilisin and thermitase the substrate specificity appears
to be largely determined by interactions of the substrate P4
and PI residue side chains with the large, hydrophobic S4 and

SI binding subsites (Gron etal, 1992).In pyrolysin these two
subsitesarepredicted tobesimilartosubtilisin, also suggesting
a preference for large hydrophobic PI and P4 side chains such
as Phe, Tyr, Leu and Met. In addition, long side chains with
a polar end group may also bepreferred since they could form
H-bonds with N129* and S167* at the bottom of the SI and
S4 subsites, respectively. Electrostatic interactions between
enzyme and substrate could occur in the S1 subsite where the
E156* should lead to a preference for basic PI residues (Lys,
Arg), and at the S3 subsite where the R101*should lead to a
preference for acidic P3 residues (Glu, Asp). The previously
observed substrate specificity with chromogenic substrates is
generally in good agreement with this model, although positively charged P3 residues appear to be even more favourable
than negatively charged ones (Voorhorst et al, 1996).
The two larger peptide substrates modelled meet the P1-P4
requirements very well (Figure 4). The aSi-casein fragment
has large hydrophobic (Leu) and polar residues (Gin) at the
PI and P4 positions and an acidic residue (Glu) at P3.In propyrolysintheP4-P2' residuesaroundtheputativecleavagesite,
i.e. Leu-Glu-Pro-LysiMet-Tyr, appear toform very favourable
hydrophobic and charge interactions within the substratebinding region (Figure 4), providing support for autocatalytic
activation of pyrolysin. An increased number of electrostatic
interactions between pyrolysin and its substrate may explain
107

VV.G.B.Voorhorst et al.

Fig. 4. (a) Schematic representation of the substrate binding region of pyrolysin. Catalytic residues are D32*, H64* and S221*, and N155* is the oxyanion
hole residue (large bold). Binding subsite nomenclature S4-S2' according to Schechter and Berger (1967). The two substrates depicted are Gtsi-caseinfD-lS)
(Gln-Glu-Val-Leu^Asn-Glu), at the top, and pro-pyrolysin residues - 4 to +2 (Leu-Glu-Pro-LyslMet-Tyr) at the bottom; cleavage site after the PI residue is
indicated by a large arrow. Substrate backbone atoms are shown as solid spheres (nitrogen), small open spheres (carbon) and large open spheres (oxygen);
potential backbone hydrogen bonds between the substrate and pyrolysin are dotted, (b) Stereo view of the modelled substrate binding region of pyrolysin (thin
lines) in complex with pro-pyrolysin residues P6-P2' (thick lines).

theobservedhigherthermostability ofpyrolysin inthepresence
of substrate (Figure4b) (data not shown).Itisageneral feature
ofenzymesfrom mesophilesandthermophilesthatthepresence
of substrate confers enhanced stability to the protein.
Substrate binding modelling of stetterlysin
The substratebinding region predicted for stetterlysin appeared
to be somewhat different from that of pyrolysin and had the
substitutions H62*Q, D99*E, R101*F, M104T, G166*H and
M217*W (compare to Figure 4a). The main difference was
the presence of a H166* residue at the end of the SI subsite,
suggesting that the enzyme may have preference for cleavage
after a negatively charged residue. Cytolysin from Enterococcusfaecalis is the only other subtilase with a His residue
at the same position (Siezen and Leunissen, 1997) and it has
a very specific substrate specificity with cleavage after a Glu
residue (Booth et al, 1996).
The predicted substrate binding region and the postulated
autoproteolyticcleavagesite(after Lys-Leu-Pro-Asp)ofstetterlysin suggest a substrate specificity with preference for a
negatively charged residue at the PI position to generate a
stabilizing interaction between the substrate and the enzyme.
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Discussion
Proteinsfrom hyperthermophiles
For the identification of features important in protein thermostabilization comparative structural dataarerequired for related
proteins with differences in thermostability. Numerous conformational characteristics related tothermostability havebeen
identified in this way (reviewed by Daniel et al, 1995;
Goldman, 1995; Ó Fâgâin, 1995; Rees and Adams, 1995;
Daniel, 1996; Querol et al, 1996; Vieille and Zeikus, 1996).
Combined with the hypothesis that the first organisms on
this planet were hyperthermophiles (Stetter, 1994), and that
therefore the organisms grown at lower temperature are in
fact cold adapted, it is essential to include proteins from
hyperthermophilic organisms in structural comparisons to
identify features related to protein stabilization. To date no
subtilases from hyperthermophiles have been crystallized.
Therefore, three-dimensional models of the catalytic domain
core were predicted by homology modelling using known
crystal structures. The homology modelling was initiated with
pyrolysin, but for the identification of conserved features
related to protein thermostabilization the modelling approach

Homology modelling of hyperthermostablesubtilases

Table III. Features of the catalytic domain of subtilases that may berelated to thermostability

Opt. growth temperature host (°C)
Half-life values
Charge-charge interactions3(# residues)
Aromatic-aromatic interactions3(# residues)
Disulfide bonds
Frequency of Asn + Gin(%)
Possible N-glycosylation sites in inserts

S41

Subtilisin

Thermitase

Stetterlysin

Pyrolysin

4
3min/50°C
4
0
1
9.7

30
23min/60°C
9
7
0
10.2

50
1h/85°C
16
14
0
11.8

75

-

-

-

100
4h/lOO-C
34
15
0
7.1
8

-21
14
0
8.7
7

excluding inserts

was extended with stetterlysin, a pyrolysin homolog from
T.stetteri. The predicted three-dimensional models of the catalytic domain core of these two highly thermostable subtilases
allowed for a detailed analysis of substrate binding and
prediction of the specificity. In the case of pyrolysin this
confirmed the experimentally determined autocatalytic cleavagesite(Voorhorstetal., 1995).Moreover, thededuced models
of stetterlysin and pyrolysin complete the temperature range
for subtilases that have an identified or predicted threedimensional structure, allowing identification of features
related to thermostabilization of the core of subtilases as
summarized in Table III. The temperature range starts at
the lower temperature for life with the subtilisin S41 from
psychrophilic origin and via subtilisin BPN' and the more
thermostable thermitase to the upper temperature for life with
the highly thermostable stetterlysin and hyperthermostable
pyrolysin.
Residues sensitive to thermal destruction
Disulphide bridges have been identified to contribute to the
overall stability of proteins and the introduction of disulphide
bridges can enhance thermal stability (Masazumi etal, 1989).
However, proteins from hyperthermophiles in general show a
strong decrease in the number of cysteine residues, since at
higher temperatures cysteines are sensitive tothermal destructionanddisulphidebridgestend toscramble (Gupta, 1991; Vieille and Zeikus, 1996). Therefore, it is not surprising that
stetterlysin andpyrolysin have nocysteine residues.
Forotheraminoacidresiduessensitivetothermaldestruction,
such as Asn and Gin, a reduction in abundance is observed in
the catalytic domain core of the highly thermostable proteases
stetterlysin and pyrolysin as also has been observed for other
proteins from hyperthermophiles (Vieille and Zeikus, 1996).
However, the inserts in the catalytic domain of these archaeal
proteases have a higher frequency of Asn residues, despite the
fact that they are often located at the surface of the protein.
Closeranalysis of thelocal aminoacid sequence shows thatthe
increased frequency is due to Asn residues that are present in
the well known N-glycosylation motif, Asn-X-(Ser/Thr) (see
below).
Ionpairs
Charged residues contributing to ion pairs have been identified
as one of the major factors that can influence protein stability
(forreview seeQuerole-/ai, 1996;VieilleandZeikus, 1996).A
correlation has been found with the increased number of ion
pairs and a higher thermostability, but also the formation of
ion pair networks and thermostability (Tomschy et al, 1994;
SzilâgyiandZâvodsky, 1995;Yipetal, 1995).Fortheglutamate
dehydrogenasefrom P.furiosusanetworkwhichincluded 18ion
pairswasfound, withresidueshavingmultipleinteractions with

oppositely chargedresidues(Yipetal, 1995).Fortheproteases
compared inour workthereisalargeincreaseinthenumberof
residues involved inionpair andnetwork formation inthecore
ofsubtilasesfrommesophilictohyperthermophilicorigin(Table
III).Thiscanbefurther extendedtopsychrophiles sincesubtilisin S41 has even less residues involved in ion pair formation
(Davail et al, 1994). Calculation of the number of residues
involved inionpairformation causes anunderestimation of the
exactnumber of ionpairs inthenative protein,especially since
multiple interactions of a charged residue seem to increase
towards higher temperatures (Yip et al, 1995). However, the
modelling doesnotallowafurther refinement intheexactnumberof ion-ion interactions.
Simultaneously with this increased number of residues
involvedinion-ion interactionstowardsthermostableenzymes,
there isadramatic decrease down tozero of positively charged
residuesthatarenotinvolvedinsuchinteractions.Theobserved
increase of negatively charged residues inthe catalytic domain
of the studied archaeal subtilases is due to a large increase in
Aspresiduesthataremainlylocatedatthesurfaceofthecatalytic
domain. This may not be regarded as an adaptation to high
temperature, since the subtilase S41 from psychrophilic origin
shows asimilarfrequency ofAspresidues (Davailetal.,1994).
Modelling studies of a malate dehydrogenase from halophilic
origin suggests stabilization by a hydration shell formed by
exposed negatively chargedresiduescovering theentireprotein
surface thatmayprotectagainstaggregation athighsaltconcentrations (Dymetal, 1995).
Aromatic interactions
Analysisoftheaminoacidcompositionofthedifferent proteases
analysed in this study and their (predicted) structures strongly
suggests a further positive correlation in thermostability of the
enzymewiththepresenceofaromaticresiduesthatareinvolved
ininteractionsinthecatalyticdomain(TableIII).Whereassubtilisin S41 from psychrophilic origin has no aromatic-aromatic
interactions(Davailetal,\ 994),subtilisinhassevenandthermitase has 14 residues that are involved in aromatic-aromatic
interactions that are important in the enhanced stability of the
structure (Teplyakov et al, 1990; Siezen et al, 1991). The
predictedcorestructuresofstetterlysinandpyrolysincontainan
equal number of aromatic residues at the surface of the core
compared withthermitase andmostofthemareorientedinsuch
amannerthatthey maybeabletointeractoreven form clusters
asfound inthermitase(Figure3)(Teplyakovetal, 1990;Siezen
etal, 1991).Additionally,theinsertswithinthecatalyticdomain
of stetterlysin and pyrolysin, that are in loops onthe surface of
the core, contain a high percentage of aromatic residues. This
suggests that inthetotalcatalytic domain even more aromaticaromatic interactions may occur to stabilize the structure. That
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aromatic-aromatic interactions maybeimportant inprotein stabilization has also been deduced from the high percentage of
aromatic residues in proteins from P.woesei, which has an
optimalgrowthtemperatureof 100°C(Hensel, 1993).Additionally,thefrequency ofaromaticresiduesinthermostableß-glucosidases was also found to be higher than in their mesophilic
homologues (Voorhorst etal., unpublished results).
Histidine residues have also been reported to interact with
aromatic residues and thereby stabilize the protein (Fersht and
Serrano, 1993).For stetterlysin andpyrolysin such interactions
seemtobepresent andpossibly extend the size of the aromatic
clusters (data notshown).
Stabilization oftheexternal regions
The length of loops connecting elements of regular secondary
structurehasbeensuggestedtobeimportantfor thermostability,
such that reducing the length would result in a more compact
and therefore more stable enzyme (Rüssel etal, 1994).In contrast,thehyperthermostable proteasespyrolysin and stetterlysin
contain large inserts inthecatalytic domain. Forthe other hyperthermostable archaeal subtilases, STABLE and aerolysin,
structural core elements were also found to be connected by
longer instead of shorter sequences (Volkl et al., 1994; Mayr
etal.,1996).Atthesametimetheseloops(orinserts)ofallthese
archaeal subtilases contain a relatively high number of Asn
residues,whichareknowntobesensitivetothermaldestruction.
It is known that deamidation of Asn residues can be delayed
or prevented by appropriate hydrogen bonding to the peptide
backbone. On the other hand, various of these Asn residues
are part of the possible N-glycosylation site Asn-X-(Ser/Thr),
suggesting that these Asn residues may be post-translationally
modified (TableIII).Indeed,allofthehighlystableextracellular
archaealproteaseshavebeenfoundtobeglycosylated,including
the serineproteasespyrolysin and STABLE (Mayretal, 1996;
Voorhorst et al, 1996). This suggests that such modifications
may be an additional way to stabilize the structure and prevent
(auto)proteolysis.
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Hyperthermophiles are recently discovered microorganisms which are able to
grow optimally above 85°C. Most hyperthermophiles belong to theArchaea, thethird
domain of life. One ofthe main interests inhyperthermophiles to deepen the insight in
the way their proteins are stabilized and how to apply this knowledge to improve the
stability of biotechnologically relevant enzymes. In this thesis attention has been
focused onhydrolyticenzymesfrom hyperthermophilicarchaeatoprovideinsightinthe
way these microorganisms stabilize their proteins and are able to perform catalysis
around the normal boiling point of water as well as to functionally produce these
enzymes in a mesophilic heterologous host. Additionally, the organization and
expression of a number of genes in a hyperthermophilic archaeon were studied.
Members oftwo different classes ofhydrolytic enzymes,thatrepresent key enzymes in
the metabolism ofhyperthermophilic archaea, havebeencharacterized atthe molecular
level: (i) glycosyl hydrolases that are required for growth on ß-linked sugars, and (ii)
serine proteases that are involved in the growth on proteins and peptides. The most
extensively studiedhyperthermophilic archaeonPyrococcusfuriosuswasusedasmodel
organismfortheworkdescribedinthisthesis.
Chapter 1gives a brief introduction into different aspects of hyperthermophilic
archaea, including an overview of the metabolism of polymeric substrates and the
hydrolytic enzymes involved, a listing of the mechanisms by which hydrolases and
other enzymes from hyperthermophiles are stabilized, and the main characteristics of
theirmolecularbiology.ThemainpartofthethesisdealswiththecelBlocus(Fig. 1)of
P.furiosusandserineproteasesof'P.furiosus andtherelated Thermococcusstetteri.
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Figure 1.Geneticandtranscriptionalorganization oftheP.furiosuscelB locus.
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Inchapter 2the isolation and characterization oftheextremely thermostable ßglucosidase (half-life of 3days at 100°C) and its celBgene of P.furiosus is described.
The transcriptional organization of the celBgene was analyzed and indicated a single
transcriptional unit,whichwassustainedbyNorthernblot analysis (seebelow)(Fig.1).
The deduced amino sequence of the ß-glucosidase showed that it is a member of the
glycosyl hydrolase family 1. The pyrococcal celB gene was overexpressed in the
mesophilic host Escherichiacoli using the tac promoter, which resulted in a high
production level of ß-glucosidase (up to 20% of the total soluble proteins). The
P.furiosusß-glucosidase was produced in an active form by E.coli with kinetic and
stability characteristics identical to that of the native pyrococcal enzyme. The
production of the hyperthermostable ß-glucosidase in a mesophilic host allowed for a
simplepurification procedureconsistingofaheat-treatmentofthecell-extracts followed
by a single column chromatography. The highproduction level ofthe ß-glucosidase in
the genetically well-accessible host E.coli allowed for protein engineering to gain
insight instructure-stability andfunction relations.Mutational analysisoftheactivesite
oftheß-glucosidase from P.furiosus showedthatthemechanisms for catalysis nearthe
boiling point ofwater doesnot differ from that usedbyhomologous enzymes from the
family 1 ofglycosylhydrolasesoptimallyactiveatlowertemperatures.
Over the last years, the potential of the extremely thermostable P.furiosusßglucosidase asabiocatalyst hasbeenstudied. Dueto itsbroad substrate specificity and
high chemical and thermal stability a wide variety of products could be in
glucoconjugation and transglycosylation reactions in water and organic solvents at
temperaturesinbetween75to95°C(Fischeretal, 1996;Trinconeetal, 1997).Theßglucosidase from P.furiosushasalsobeenanalysedfor itspotential asbiocatalyst inthe
production of ß-galacto-oligosaccharides from lactose (Jansen et al, 1997).
Furthermore, the celB gene has been developed into a genetic marker to study plantbacterium interactions and in competition experiments with differently marked
Rhizobium strains (Sessitsch et al., 1996). The applicability of this system is
exemplified bythedevelopmentoftheCelBGeneMarkingKit(FAO/IAEA).
Due to the high production level of the pyrococcal ß-glucosidase in E.coliand
its simple purification procedure, sufficient pure protein has been generated to initiate
crystalization experiments in collaboration with the group of Prof. G.E. Schulz
(University ofFreiburg)andresulted incrystalsthat diffract to3.5 Angstromresolution
(Schulz 1997). Efforts are under way to elucidate a high resolution three-dimensional
structure of ß-glucosidasefromP.furiosus guided by the recently determined structure
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of the homologous Sulfolobus solfataricusß-glycosidase LacS in conjunction with a
mutational approach to improve the packaging of the pyrococcal crystals and resolve
uncertainregions.
Analysis ofthe genomic region preceding thecelBgene ofP.furiosus, revealed
the presence of two tandem genes, oppositely orientated of celB(Fig. 1). These have
beendesignated adhAandadhB,sincetheir predicted products showed high homology
to short-chain and iron-containing NADP(H)-dependent alcohol dehydrogenases
(ADHs), respectively. In chapter 3these two distinct types of ADHs are studied. The
AdhA ofP.furiosus showed ahigh degree of conservation in itsprimary structure with
bacterial and eucaryal short-chain ADHs, suggesting that a short-chain ADH Was
present in the last common ancestor. The AdhB is a member of the group of ironcontaining ADHs that is characterized by the presence of four conserved histidine
residues.TheadhAandadhBgeneswereoverexpressed inE.coliresulting in functional
proteins. AdhB showed NADP(H)-dependent activity with methanol as substrate, but
this activity wasrapidly lost preventing a detailed characterization. The purified AdhA
showed a stable NADP(H)-dependent activity towards a broad range of primary and
secondary alcohols. AdhA revealed an optimum activity for substrates with a carbon
chain of 5 residues, with a preference for the oxidation of secondary over primary
alcohols.Ahigher affinity for aldehydes than for alcohols was observed for AdhA and
the pH optimum of this reaction is near the optimum pH for growth ofP.furiosus.
Therefore, it is most likely that the physiological role of AdhA is the reduction of the
aldehyde to the corresponding alcohol thereby removing reduction equivalents and
regenerating the cofactor. Given the localization of the adhA and adhB genes, in the
vicinity ofthe latnA andcelBgenes,ittemptingto speculatethatAdhAandAdhBboth
haveafunction inthemetabolismofß-linkedglucosepolymers.
In chapter 4 the molecular characterization of an endo-ß-l,3-glucanase and its
lamA gene from P.furiosus is described. The lamA gene was found to be located
downstreamofthetandemadhA-adhBgeneswithinthecelBlocus(Fig. 1).Theendo-ß1,3-glucanase isthe first archaeal member ofthe glycosyl hydrolases family 16that is
composed of endo-ß-1,3 and endo-ß-l,3-l,4-glucanases. The lamA gene, without the
codingsequencefor itsN-terminalleader,wasclonedbehindtheT7-promoter inE.coli.
Using this expression system a functional and extremely stable endo-ß-l,3-glucanase
was produced in E.coli up to 15 % of the total soluble protein. The purified
endoglucanase showedthehighest activity ontheß-l,3-glucose polymer laminarin, but
has also activity on the ß-l,3-l,4-glucose polymers lichenan and ß-glucan. The
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pyrococcal endoglucanase showed optimal activity atpH 6-6.5 andthetemperature for
maximumactivitywas 100-105°C,whileat 100°Cithasahalf-life of 19h.Aminoacid
sequencealignmentoftheglycosylhydrolasesoffamily 16showedtwosubgroups;one
with endo-ß-l,3-l,4-glucanase activity and another with predominantly endo-ß-1,3glucanaseactivity.Thelattergroupischaracterizedbyanadditionalmethionineresidue
in the predicted active site. Removal of this methionine in the pyrococcal endo-ß-1,3glucanase by protein engineering did not alter its substrate specificity, but only the
catalyticactivity.
It was found that P.furiosus was able to grown on laminarin and that the
endoglucanase invitrohydrolysed laminarin into oligomers and glucose.However, the
hydrolysis proceeded more efficiently in combination with the ß-glucosidase of
P.furiosus. These observations suggestakeyrolefor theextracellular endoglucanase as
well astheintracellular ß-glucosidase intheutilization ofß-l,3-linked glucosepolymer
laminarin.
Chapter 5 describes the regulation of transcription of the divergent celB gene
and the adhA-adhB-lamA gene cluster in P.furiosus.Northern blot showed that the
adhA-adhB-lamA genecluster form a2.8-kb Operon,designated the lamAoperon. This
operonisflanked upstreambythecelBgeneinoppositeorientation anddownstreamby
the birAgene,withthe celBgene being transcribed asmonocistronic messengers (Fig.
1). The expression of the enzymes encoded by the celBgene and the lamAoperon of
P.furiosuswas found to be largely dependent on the carbon source present and was
highest when the pyrococcal cells were grown on the ß-linked glucose polymers
cellobiose and laminarin. The celB gene and the divergently orientated lamA operon
were found to be controlled at thetranscriptional level. Moreover, the transcripts were
co-regulated and induced by growth on ß-linked glucose polymers. The transcription
initiation sites of the celBgene and the lamAoperon were found to be separated by a
relatively small intergenic spacer of 142 nucleotides that included the back-to-back
promoters, that showed a high degree of conservation, including identical archaeal
TATA-box sequences.Transcriptionalanalysisusinganinvitrotranscription system for
P.furiosusrevealed that both transcripts are initiated from their in vivoinitiation site.
However, the efficiency of transcription initiation was significantly lower than that of
the gdh gene of P.furiosus, suggesting that a positive regulator may contribute to
increase the efficiency of transcription of the divergent celBgene and lamAoperon in
P.furiosus.If so, this would be a bacterial type of regulation. A putative regulatory
binding-site could be identified upstream of the promoters of the celBgene andlamA
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Operon.Thesefindings openthewayusethecell-free transcription systemofP.fiiriosus
for the identification of the regulator that is likely to be involved in regulation of the
divergently orientated genes of the celB locus. Alternatively, in vivo analysis of the
transcriptional control of the celB locus may become feasible with the recent
development ofatransformation system'mP.furiosus(Aagaardetai, 1996).
Acombination ofthecurrentknowledgeandideasoftheutilization ofß-linked
glucose polymers and the transcriptional regulation inthehyperthermophilic archaeon
P.fiiriosusled to the following working model (Fig. 2). Large polymeric substrates
containing ß-l,3-linked glucose residues, such as laminarin are depolymerized to
smaller fragments by the extracellular endo-ß-l,3-glucanase (LamA). After uptake
these fragments can be degraded by the intracellular ß-glucosidase activity of CelB.
The complementary activity ofthese twohydrolases has been shown invitro.Thecoregulation of transcription of the genes encoding these hydrolases support their
concerted actioninpolymèredegradation.
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Figure2.Model fortheutilization of ß-linked glucose polymers,like laminarin. 1,theextracellularendoß-l,3-glucanase (LamA); 2, unknown uptake system for oligosaccharides; 3, ß-glucosidase (CelB); 4,
ADP-dependent hexokinase.

116

Summary andconcluding remarks

The two remaining experimental chapters deal with the characterization and
molecularmodellingofproteasesinvolvedinthegrowthonproteinaceous substrates.In
chapter 6 the isolation and characterization of the hyperthermostable serine protease,
pyrolysin, and its gene from P.furiosus are presented. The extracellular pyrolysin was
found to be associated tothe cell membrane of P.furiosus. Themajor purification step
for pyrolysin wasobtainedviaanautoincubation ofthemembrane fraction in6Murea
at 95°C,during which a 100-fold purification wasobtained. Thepurification procedure
resulted intwo proteolytically activity fractions, HMW and LMWpyrolysin that were
found to have identical NH2-termini and were glycosylated to a similar extent.
Additionally, autoincubation ofthe HMWpyrolysin resulted in aproteolytically active
fraction with the size of LMW pyrolysin. Together, these data indicate that the LMW
pyrolysin is generated from the HMW pyrolysin by the autoproteolytic removal of its
COOH-terminalpart.
Via reversed genetics thepis gene,coding for the pyrolysin of P.furiosus,was
cloned andcharacterized. Thededuced pyrolysin aminoacid sequence consists of 1398
residuesandissynthesizedasprepro-enzyme,withthematurepartof 1249residuesthat
showed the highest homology with eucaryal tripeptidyl-peptidases, that form a distinct
subgroupofthesubtilisin-likeserineproteases(alsoreferred toassubtilases).TheNH2terminalcatalyticdomain(approximately 500residues)showedconsiderable homology
to subtilisin-like serineprotease and contained a large insert ofmorethan 150residues
betweenthe aspartate andhistidine active siteresidues.TheCOOH-terminal domainof
pyrolysintogetherwiththelargeinsertinthecatalyticdomaincontainsalmostall(29of
32) of the possible N-glycosylation sites present in pyrolysin. Substrate specificity
studies indicated that pyrolysin is a true endopeptidase with a rather broad substrate
specificity andmayautocatalytically removeitsownpropeptide.
The amino acid sequence homology in the catalytic domain of pyrolysin with
othersubtilaseswassufficiently hightoallowforhomologymodellingtogaininsightin
howthe structure oftheenzyme isstabilized. However,the identification offeatures as
being important for protein stabilization based on only a single enzyme may lead to
misinterpretations. Therefore, we screened a number of hyperthermophiles for the
presence of subtilases using a PCR approach. Degenerated oligonucleotides were
deduced based onthe amino acid sequence ofpyrolysin aswell as onthat surrounding
the active site residues which are highly conserved among most of the subtilisin-like
serineproteases.Chapter 7describestheresults of such aPCR approachthat ledtothe
identification of aDNA fragment inthe genome ofthe extreme thermophilic archaeon
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Thermococcus stetteri, which could encode a serine protease, designated stetterlysin.
The deduced sequence of stetterlysin showed high homology with pyrolysin and
contained a similar sized insert between theaspartate and histidine active siteresidues.
The high homology between the two subtilases, stetterlysin and pyrolysin, and
subtilases with an identified three dimensional structure allowed for homology
modelling. Three-dimensional structure models for stetterlysin and pyrolysin were
constructed based on the crystal structures of subtilases from mesophilic and
thermophilic origin, respectively subtilisin BPN' and thermitase, and on the sequence
alignment of the core residues of stetterlysin and pyrolysin with subtilisin and
thermitase. The predicted model of subtilisin-S41 from psychrophilic origin was also
included in the comparisons. The alignment and the predicted three-dimensional
models were used tothe analyze amino acid composition and structural features ofthe
catalytic domain that could berelated to thermostability. The higher thermostability of
the subtilases, especially stetterlysin and pyrolysin, was found to be correlated with an
increased number of residues involved in pairs and networks of charge-charge and
aromatic-aromatic interactions. For stetterlysin and pyrolysin, most of the aromatic
residues were located on the surface of the catalytic core and present in inserts within
thisdomain, suggesting that for theoverall structure oftheproteases aromatic-aromatic
interactionsmayhaveaevenlargerimpactonthestabilityofthestructure.
Analysis of the location of N-glycosylation sites in highly thermostable
subtilases, including stetterlysin and pyrolysin, showed that most of these sites are
located in surface loops. The modelling of the substrate binding region with known
substrateswasingoodagreementwiththeobservedbroad substraterange for pyrolysin
andtheproposed autocatalyticactivation(chapter6).
The PCR approach with deduced oligonucleotides for subtilisin-like serine
proteases also resulted in products with the expected size with DNA from the
hyperthermophilic archaeon Pyrodictium abyssiand the hyperthermophilic bacterium
Fervidobacteriumpennavorans, thathybridized withapyrolysin-derived probeandhad
the expected size. The PCR products were cloned and characterized and their deduced
amino acid sequences showed significant homology with the catalytic domain of
subtilases. However, unlike pyrolysin and stetterlysin, they did not contain the large
inserts between the first two active siteresidues. Using this approach a F.pennavorans
genefor asubtilisin-like serinehasbeenisolatedandiscurrentlybeingcharacterized.
The hydrolases described in this thesis have been used as models to study
different aspects ofenzymes from hyperthermophiles, also referred to asthermozymes.
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Industry has screened hyperthermophilesfor enzymes that can be applied as industrial
biocatalysts to replace less stable homologous in current processes or to initiate new
processes. The industrial use of thermozymes is hampered by the cost-ineffective
fermentation properties of the hyperthermophilic organisms, in which they reside.
Therefore, functional overproduction of thermozymes in heterologous hosts may have
considerable impact on the development of these enzymes as biocatalyst. This thesis
describes the functional overproduction of number of thermozymes including a ßglucosidase an short-chain alcohol dehydrogenase and an endo-ß-l,3-glucanase.
Moreover, this work has contributed to the insight hydrolytic enzymes from
hyperthermophilic archaeaintherelationbetweentheirstructure-function andstructurestability.
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Hypertheraiofiele microorganismen worden gekenmerkt door groei rond het
kookpunt van water en de meeste van hen behoren tot het domein van deArchaea,
voorheen archaebacteriën. DeArchaeavormen samen met deBacteria en de Eucarya
de drie domeinen van het leven op aarde (Fig. 1). De hoge temperatuur van de
leefomgeving vandezeopmerkelijke microorganismen maakt het noodzakelijk dathun
biomoleculen zoalsDNA,RNA eneiwitten zijn aangepast aan dezeen andere extreme
condities. Zo zijn er eiwitten in hyperthermofielen gevonden die na 85 uur bij 100°C
nog de helft van hun enzymatische activiteit bezitten. Naast hun thermostabiliteit zijn
deze eiwitten vaak beter bestand tegen chemische denaturatie en minder gevoelig voor
Proteolyse dan homologen van mesofiele oorsprong. Vanwege deze bijzondere
kenmerken is de interesse voor eiwitten van hyperthermofielen de laatste jaren sterk
toegenomen vanuit zowel fundamenteel als ook biotechnologisch oogpunt. De
fundamentele interesse is erondermeer op gericht om inzicht krijgen inhet proces van
stabilisatie.Debiotechnologische interessekomtvoortuitdemogelijkheid omenzymen
uit hyperthermofielen te gebruiken als biokatalysator en om de kennis van hun
stabilisatie mechanismen toe te passen op biotechnologisch interessante enzymen uit
mesofielen.
Eucarya

Archaea
Green
nonsulfurbacteria

Thermofilum
Thermoproteus

flavobacteria
Melhanobacterium
Archaeoglobus
Halobacterium
Methanospirillum
Aquifex

Methanosarclna

Figuur 1Defylogenetische stamboomvanhetlevengebaseerdop 16SrRNA sequentie
analysemetdedriedomeinenaangegeven;Bacteria, EucaryaenArchaea. Dedikke
lijnen gevendehyperthermofiele microorganismenaan.
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Het onderzoek beschreven in dit proefschrift is ondermeer gericht op het
verkrijgen van inzicht in moleculaire mechanismen van adaptatie van eiwitten van
hyperthermofiele archaeadieleidentotextreme stabiliteitbij hogetemperatuur. Tevens
is getracht enzymen van hyperthermofielen te produceren in een heterologe gastheer
met behoud van hun biochemische karakteristieken, waardoor de toepassings
mogelijkheden van de enzymen uit hyperthermofielen vergroot worden. Om deze
doelstellingen te realiseren werd de aandacht geconcentreerd op twee groepen van
hydrolytische enzymen die een belangrijke plaats in nemen in het metabolisme van
hyperthermofiele archaea: (i) glycosyl hydrolases die betrokken zijn bij de groei op
polymère suikers waarvan de monomeren door middel van ß-verbindingen gekoppeld
zijn, en (ii) serine proteases die een rol vervullen bij de groei op eiwitten en peptiden.
Dekeuzevoorhydrolytischeenzymenkomtondermeervoortuithetfeit dathomologen
van mesofiele en thermofiele oorsprong goed gekarakteriseerd zijn op biochemisch,
genetisch alsook opstructureel niveau. Het organisme dat centraal heeft gestaan indit
proefschrift is de hyperthermofiele archaeon Pyrococcusfuriosus, de meest uitvoerig
bestudeerde vertegenwoordiger van de hyperthermofiele archaea. Regulatie van
transcriptie in dit archaeon is bestudeerd aan de hand vantwee divergente transcripten
waarvan de produkten betrokken zijn bij de degradatie van ß-gekoppelde glucose
polymeren. Het onderzoek dat in dit proefschrift beschreven wordt heeft met name
betrekking op het celB locus van het hyperthermofiele archaeon P.fiiriosus en serine
proteasesvanditarchaeonenvandeverwanteThermococcusstetteri.
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adhA
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Figuur 2. Genetische en transcriptionele organisatie van het celB locus van het hyperthermofiele
archaeaonP.fiiriosus.

Inhoofdstuk 1 wordt eenkorteintroductiegegeven indeverschillende aspecten
van hyperthermofiele archaea. Dit omvat ondermeer het metabolisme van polymère
substraten endehydrolytische enzymen diehierbij betrokkenzijn, demechanismendie
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een rol spelen bij de stabilisatie van eiwitten in hyperthermofielen, en een aantal
opmerkelijke kenmerkenvandemoleculairebiologievanArchaea.
In hoofdstuk 2 wordt de isolatie en karakterisatie van het extreem stabiele ßglucosidase (halfwaarde tijd van 3 dagen bij 100°C) en het coderende celB gen van
P.fiiriosusbeschreven. Ditß-glucosidaseisessentieel voorP.furiosusbij degroei opde
disaccharide cellobiose waar het de ß-l,4-glycoside binding tussen twee glucose
residuen splitst. De transcriptionele organisatie van het celBgen werd geanalyseerd en
suggereerde een aparte transcriptionele unit, hetgeen door Northern blot analyse
ondersteund werd (zie hieronder) (Fig. 2). Het celB gen coderend voor het ßglucosidase werd viareversed genetics geisoleerd en de afgeleide aminozuur sequentie
vertoonde de hoogste homologie met glycosyl hydrolases uit familie 1. Het celBvan
P.fiiriosuswerd tot overexpressie gebracht in de mesofiele gastheer Escherichia coli.
Dit resulteerde in een actief ß-glucosidase dat zowel kinetisch als structureel identiek
bleek te zijn aan het in P.fiiriosus geproduceerde eiwit. De productie van dit
hyperthermostabiel ß-glucosidase (tot 20% van totale oplosbare eiwit fractie) in de
mesofiele gastheer maakt de zuivering relatief eenvoudig door gebruik te maken van
een hitte behandeling gevolgd door een enkele chromatografische stap. Het hoge
productie niveau van het ß-glucosidase in de genetisch goed toegankelijke gastheer
E.colimaaktehet mogelijk omdoormiddel van 'protein engineering' inzichtte krijgen
in de structuur-stabiliteit en -functie relatie. Met behulp van plaatsgerichte mutagenese
konworden aangetoond dathet mechanisme vankatalysevoorhethyperthermostabiele
ß-glucosidase van P.furiosus overeenkomt met dat wat gevonden wordt voor een
homoloog uit de family 1 van glycosyl hydrolases dat optimaal actief is bij lage
temperatuur.
Vanwegezijn opmerkelijke kenmerkenisindeafgelopenjarengekekennaarde
mogelijkheden om het hyperthermostabiele ß-glucosidase van P.furiosuste gebruiken
als biokatalysator. Door de brede substraatspecificiteit van het ß-glucosidase was het
mogelijk om diverse produkten te synthetiseren inglucoconjugatie reacties inwater en
organische oplosmiddelen bij temperaturen van 75°C tot 95°C.Tevens is gebleken dat
het ß-glucosidase vanP.fiiriosus gebruikt kan worden voor de synthese van ß-galactooligosaccharides uit lactose, die een belangrijke rol kunnen spelen in de
voedingsmiddelen industrievanwegehunpotentiëlefunctie alsprebiotica (Jansenet al,
1997). Daarnaast is het celBgen van P.furiosus ontwikkeld tot een genetische merker
voorde studievanplant-bacterie interacties encompetitie vanRhizobium stammen. De

124

Samenvatting

toepassingsmogelijkheden van dit systeem heeft uiteindelijk geleidtot de ontwikkeling
vandeCelBGeneMarkingKit(FAO/IAEA).
Het hoge productie niveau van het pyrococcus ß-glucosidase in E.coli en de
eenvoudige zuiveringsprocedure maakte het mogelijk om voldoende gezuiverd eiwit te
genereren zodat kristallisatie experimenten opgezet konden worden in samenwerking
met de groep van Prof. G. Schulz (Universiteit van Freiburg).Dit heeft geresulteerd in
kristallen die diffracteren met een resolutie van 3,5 Angstrom (Schulz, 1997).
Momenteel wordt geprobeerd om een drie-dimensionale structuur met hoge resolutie
van het ß-glucosidase van P.furiosus op te lossen, gebruik makend van de recent
bepaalde structuur van het homologe LacS van Sulfolobus solfataricusin samenhang
metplaatsgerichtemutageneseomeenbeterepakkingtebewerkstelligen.
Het celBgen vanP.furiosus isgelegennaast een integenover gestelde richting
georiënteerd gencluster coderend voor twee alcohol dehydrogenasen (adhA, adhE)en
eenendoglucanase (lamA) (Fig.2).Inhoofdstuk 3zijn detwee NADP(H)-afhankelijke
alcoholdehydrogenases (ADHs)bestudeerd dieelktoteenafzonderlijke groepbehoren,
de korte-keten ADH's (AdhA) en de ijzer-bevattende ADH's (AdhB). De primaire
structuur van het AdhA van P.furiosusvertoont een hoge mate van homologie met
korte-keten ADH's van bacteriële en eukaryele oorsprong. Dit kan als een aanwijzing
gezien worden dat er al een korte-keten ADH aanwezig was in de laatste
gemeenschappelijke voorouder van het leven, deprogenoot. Deprimaire structuur van
AdhB van P.furiosusvertoont de hoogste homologie met ijzer-bevattende ADHs, een
relatief kleine groep die gekenmerkt wordt door ondermeer 4 geconserveerde histidine
residuen. De adhA en adhB genen zijn tot expressie gebracht in E.coli hetgeen
resulteerde in functionele eiwitten. Het AdhB, geproduceerd inE.coli,was in staat om
methanol omte zetten in eenNADP(H)-afhankelijke reactie, maar deze activiteit ging
snel verloren waardoor er geen gedetailleerde karakterisatie plaats kon vinden. Het
gezuiverde AdhA daarentegen vertoonde een stabiele NADP(H)-afhankelijke activiteit
met een groot aantal primaire en secundaire alcoholen. Het substraat waar AdhA de
hoogste activiteit mee vertoonde bestaat uit eenkoolstofketen van 5residuen, met een
voorkeur voor secundaire boven primaire alcoholen. De affiniteit van hetP.furiosus
AdhA bleek hoger voor aldehydes dan voor alcoholen en het enzym had een pH
optimumvoordezereductiedatdichtbij defysiologische pHligtvanP.furiosus. Hetis
danookhetmeestaannemelijk datdefysiologische rolvanAdhAbestaatuitdereductie
van de aldehyde tot het corresponderende alcohol waarbij het de reductie-equivalenten
verwijdert en cofactor regenereert. De lokatie van de adhA en adhB genen, in de
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nabijheid vanhet lamAenhet celBgen,maakt het verleidelijk te speculeren dat AdhA
en AdhB beiden een rol vervullen in het metabolisme van ß-gekoppelde glucose
polymeren.
In hoofdstuk 4 wordt de moleculaire karakterisatie van een endo-ß-1,3glucanase en het hiervoor coderende lamA gen van P.furiosusbeschreven. Het lamA
gen ligt stroomafwaarts van de tandem adhA-adhBgenen (Fig. 2). Dit endo-ß-1,3glucanase vanP.furiosus is inhetdomein van deArchaeadeeerste vertegenwoordiger
van de glycosyl hydrolase familie 16, die bestaat uit endo-ß-1,3- en endo-ß-1,3-1,4glucanases. Voor de expressie inE.coliwerdhet lamAgen, zonder het DNA-fragment
coderend voor deN-terminale leader sequentie, achter een T7promoter geplaatst. Met
dit expressiesysteem werd een functioneel en stabiel endo-ß-l,3-glucanase
geproduceerd, dat 15% vanhet totale oplosbare eiwitfractie vanE.coliuitmaakte. Het
gezuiverde enzym had de hoogste activiteit met ß-1,3-glucose polymeren, maar
vertoonde ook activiteit met deß-l,3-l,4-glucose polymeren lichenan enß-glucan.Het
endoglucanase vertoonde optimale activiteit bij pH 6-6.5 en een maximale activiteit bij
100-105°C,terwijl hetbij 100°Cdehalfwaarde tijdhadvan 19uur.Vergelijking vande
aminozuurvolgordevanglycosylhydrolasesvanfamilie 16geeft eenonderverdeling te
zien in een subgroep met endo-ß-l,3-l,4-glucanase activiteit en een tweede subgroep
met voornamelijk endo-ß-l,3-glucanase activiteit. Deze laatste subgroep wordt
gekarakteriseerd door een extra methionine residue in de voorspelde actieve site.
Verwijdering van deze methionine in het endo-ß-l,3-glucanase van P.furiosus door
middel van 'protein engineering' resulteerde niet in een veranderde substraat
specificiteit, maareenverlaagdekatalytischeactiviteit.
Het is gebleken dat P.furiosusin staat is om op het ß-l,3-gekoppelde glucose
polymeer laminarine te groeien. Daarnaast bleek dat het endoglucanase in vitro
laminarine te hydrolyseren tot oligomeren en glucose.Echter, door toevoeging van het
ß-glucosidase van P.furiosus verliep de hydrolyse veel efficiënter. Deze
complementaire activiteiten van het extracellulaire endoglucanase en het intracellulaire
ß-glucosidase suggerereneenessentiëlerolvoordezeenzymenbij groeioplaminarine.
Inhoofdstuk 5wordt deregulatie vantranscriptie beschreven van het celBgen
en het divergent georiënteerde adhA-adhB-lamA gencluster in P.furiosus.Met behulp
vanNorthern blot analyse kon worden aangetoond dat de adhA-adhB-lamA genen een
2.8-kb operonvormen,hetlamAoperon.Ditoperon wordt stroomopwaarts geflankeerd
doorhetcelBgendateentegenovergestelde oriëntatie bezit en stroomafwaarts doorhet
birA gen (Fig. 2). Het celB gen bleek overgeschreven te worden als monocistrone
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messenger.Deaanwezigheid vandeenzymen,ß-glucosidase,alcohol dehydrogenaseen
endoglucanase, die gecodeerd worden door het celB gen en het lamA operon van
P.furiosus,was in hoge mate afhankelijk van de aanwezige koolstofbron. De hoogste
enzym niveau's werden gevonden in P.furiosus cellen die gegroeid waren op ßgekoppelde glucose polymeren, zoals cellobiose en laminarine. Transcriptionele
analysesvanhetcelBgenenhetdivergent georiënteerde lamA operongavenaandatde
controle plaats vindt op transcriptie niveau. Bovendien vindt er co-regulatie van de
transcripten plaats en worden ze geïnduceerd door groei op ß-gekoppelde glucose
polymeren. De transcriptie initiatie startplaatsen van het celBgen en het lamAoperon
lagen slechts 142 nucleotiden van elkaar verwijderd. De promotoren van beide genen
vertoonden een hoge mate van conservering, waaronder de identieke archaele TATAbox. Analyse van transcriptie initiatie met behulp van een invitrotranscriptie systeem
voor P.furiosustoonde aan dat transcriptie van het celB gen en het lamA operon op
dezelfde plaats startalsinvivo.Echter,deefficiëntie vantranscriptie initiatievanzowel
het celBgen alshetlamAoperon inditsysteem waren significant lager dandat vanhet
efficient overgeschreven gdh gen van P.furiosus. Dit suggereert dat een positieve
regulator een bijdrage zou kunnen leveren aan de efficiëntie van transcriptie van de
divergente transcripten van celBgen en het lamAoperon in P.furiosus. Een mogelijke
bindingsplaats voor een dergelijke regulator bevindt zich stroomopwaarts van de
promotoren van het celB gen en het lamA operon. De resultaten van deze
transcriptionele analysesmakenhetmogelijk omcontrolevantranscriptie tebestuderen
in het invitrotranscriptie systeem van P.furiosus en een regulator te identificeren die
betrokken is bij de regulatie van de divergente genen van het celB locus. Daarnaast
wordt een in vivo analyse van transcriptionele controle van het celB locus wordt
wellicht haalbaar met de recente ontwikkelingen in het transformatie systeem voor
P.furiosus.
Eencombinatie vandehuidige standvanzakeneninzichten metbetrekking tot
het metabolisme van ß-gekoppelde glucose polymeren en de transcriptionele regulatie
in het hyperthermofiele archaeon P.furiosusheeft geleid tot het volgende werkmodel
(Fig. 3).Deeerste stap iseendepolymerisatie vangrotepolymèresubstraten die ß-1,3gekoppelde glucose verbindingen bevatte, zoals laminarine, tot kleinere fragmenten
door het extracellulaire endo-ß-l,3-glucanase (LamA). Na opname worden de kleine
fragmenten intracellulair gehydrolyseerd door ß-glucosidase activiteit van CelB. De
complementaire activiteiten van deze twee glycosyl hydrolases kan inderdaad invitro
worden aangetoond. Ook de co-regulatie van transcriptie van de genen coderend voor
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deze twee hydrolases impliceert een gezamelijke rol in de afbraak van specifieke
glucosepolymeren.
De laatste twee experimentele hoofdstukken vandit proefschrift beschrijven de
karakterisatie en moleculaire modelling van serine proteasen die betrokken zijn bij de
afbraak van caseïne en andere eiwit-achtige substraten. In hoofdstuk 6 wordt de
zuivering en karakterisatie van het hyperthermostabiele serine protease pyrolysine en
het coderendepis gen van P.furiosus beschreven. Het pyrolysine is een extracellulair
protease dat geassocieerd is met de celmembraan van P.furiosus.De zuivering van
pyrolysine werd voor een groot deel tot stand gebracht door een autoincubatie van de
membraanfractievanP.furiosuscellenin6Mureumbij 95°C.Nadezuiveringsstappen
bleven er twee proteolytisch actieve banden over, een hoog moleculaire en een laag
moleculairefractie, respectievelijk hetHMWenLMWpyrolysine.
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Figure 3. Model voor de groei op ß-gekoppelde glucose polymeren zoals laminarin. 1, extracellulaire
endo-ß-l,3-glucanase (LamA); 2, onbekend opname systeem voor Oligosacchariden; 3, ß-glucosidase
(CelB);4,ADP-afhankelijk hexokinase.
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De HMW en LMW pyrolysine fractie bleken identieke N-termini te hebben en
vertoonden een vergelijkbare mate van glycosylering. Tevens resulteerde een
autoincubatie vanhetHMWpyrolysineineenproteolytisch actievefractie met dezelfde
grootte als het LMW pyrolysine. De meest plausibele verklaring voor de resultaten is
dathetLMWpyrolysine gevormdwordtdoorautoproteolysevandeC-terminus vanhet
HMWpyrolysine.
Viareversed geneticswerdhetpis gencoderend voorpyrolysine vanP.fitriosus
gekloneerd. De afgeleide pyrolysine sequentie omvat 1398 aminozuren en is
opgebouwd uit een pre-pro domein dat gevolgd wordt door een matuur domein van
1249 aminozuren. Het laatste domein omvat ondermeer de active-site residuen
karakteristiek voor subtilisine-achtige serineproteasen, ook wel subtilases genoemd, en
vertoont een hoge mate van homologie met tripeptidyl-peptidases van eukaryele
oorsprong, een subgroep van de subtilases. Het N-terminale katalytische domein
(ongeveer 500residuen)heeft tevenseenhogehomologiemeteenanderesubgroepvan
subtilases,hoewel het een insertievanmeer dan 150residuen bevattussen de aspartaat
en histidine active site residuen. Het C-terminale domein van pyrolysine bevat samen
methetinsertinhetkatalytischedomeinbijna allemogelijke 7V-glycosyleringssites(29
van de 32) die in pyrolysine aanwezig zijn. Uit analyse van de substraatspecificiteit
blijkt dat pyrolysine een endo-peptidase is met een relatief breed substraatbereik.
Daarnaast verwijdert pyrolysine waarschijnlijk zijn eigen propeptide door middel van
eenautokatalytischereactie.
De hoge mate van homologie in de aminozuur volgorde in het katalytische
domein van pyrolysine met dat van andere subtilases waar een drie-dimensionale
structuur van bekend is maakt het mogelijk om op basis van deze bekende structuren
een drie-dimensionale modelstructuur te bouwen voor pyrolysine. Deze zogenaamde
homology modelling resulteerde in een model dat vervolgens geanalyseerd werd op
structurele kenmerken die betrokken zouden kunnen zijn bij de stabilisatie van
enzymstructuur.
De identificatie van factoren die belangrijk zijn voor eiwitstabilisatie op basis
van één enzym kan echter tot verkeerde conclusies leiden. Daarom zijn een aantal
hyperthermofielen onderzocht op de aanwezigheid van een subtilase gebruik makend
van een specifieke amplificatie techniek, de polymerase chain reactie (PCR). In
hoofdstuk 7isbeschrevenhoemetbehulpvandezePCR-techniek eengengeïsoleerd is
uit de hyperthermofiele archaeon Thermococcus stetteridat codeert voor stetterlysine,
een serine protease waarvan de aminozuur volgorde een hoge mate van homologie
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vertoontmetdievanpyrolysine.Dehogematevanovereenkomsttussen detwee serine
Proteasen uit T.stetteri en P.fiiriosus,en de subtilases waarvan de drie-dimensionale
structuur zijn opgehelderd heeft homology modelling mogelijk gemaakt. Analyse van
de modelstructuren heeft inzicht gegeven in factoren die een bijdrage zouden kunnen
leveren aan de extreme stabiliteit van deze proteasen. Zo werd gevonden dat er een
correlatie istussenstabiliteit endetoenameinhet aantalzout-bruggen, zoalsdat ook in
ander eiwitten van hyperthermofiele oorsprong is gevonden. Tevens is er in de
stabielere proteasen een significante toename gevonden in het aantal aromatische
residuen, die betrokken kunnen zijn bij de vorming van interacties tussen aromatische
residuen.Zowelinstetterlysinealsinpyrolysineblekendemeestearomatischeresiduen
gelegentezijn aanhetoppervlak vandecatalytische coreeninhet insert inditdomein.
Dit suggereert dat voor de globale structuur van deze proteasen de interacties tussen
aromatischeresidueneenbelangrijke rolkunnenspelen.
Analyse van de locatie van 7V-glycosylerings sites in thermostabiele subtilases
waaronder stetterlysin en pyrolysin, gaf aan dat de meeste van deze sites zijn
gelokaliseerd in loops aan het oppervlak van de structuur. De modellering van de
substraat bindings regio's met de geïdentificeerde substraten vertoonden een goede
overeenkomst met het voorheen gevonden brede substraatbereik van pyrolysine en de
verondersteldeautokatalytischeactivering(Hoofdstuk 6).
De PCR benadering die gebruikt werd voor de isolatie van subtilisine-achtige
serine proteasen heeft geresulteerd in DNA fragmenten met de verwachte grootte voor
het hyperthermofiele archeaon Pyrodictiumabyssi en de hyperthermofiele bacterium
Fervidobacterium pennavorans.Beide vertoonde hybridisatie met een van pyrolysine
afgeleide probe. De PCR producten werden gekloneerd en gekarakteriseerd en de
afgeleide aminozuur sequentie bleek een significante homologie te hebben met het
catalytische domeinvaneenaantal subtilases.Echter,integenstellingtot stetterlysineen
pyrolysine, bevatten ze geengroot insert tussen de eerste twee active site residuen. Het
PCR fragment van F.pennavoranswerd vervolgens gebruikt voor de isolatie van
chromosomale DNA fragmenten die het gehele gen bevatten en worden momenteel
gekarakteriseerd.
Dehydrolases diebeschreven zijn inditproefschrift zijn gebruikt alsmodel om
verschillende aspecten te bestuderen van enzymen van hyperthermofiele
microorganismen, dezeenzymenworden ookwelthermozymen genoemd. De industrie
heeft in hyperthermofielen gezocht naar enzymen de gebruikt zouden kunnen worden
alsbiokatalysator tervervangingvanminder stabielehomologeenzymen ofomnieuwe
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processen te initiëren. Echter het gebruik van thermozymen in de industrie wordt
bemoeilijkt door de dure fermentatie processen die nodig zijn om de hyperthermofiele
microorganismen te kweken die de bewuste thermozymen bevatten. Functionele
overproductievanthermozymen inheterologegastherenzoudaaromeensterke bijdrage
kunnenleverenindeontwikkelingvanthermozymen alsbiokatalysator. Dit proefschrift
beschrijft de functionele overproductie van een aantal thermozymen inclusief een ßglucosidase, een korte-keten alcohol dehydrogenase en een endo-ß-l,3-ghicanase.
Tevens heeft het een bijdrage geleverd aan het inzicht in de structuur-stabiliteit en structuurfunctie relatievanhydrolytischeenzymenvanhyperthermofiele archaea.
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