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ABSTRACT. The 3-glucosidase from the hyperthermophilic archa&ymococcus furiosu¢CelB) is the

most thermostable and thermoactive family 1 glycosylhydrolase described to date. To obtain more insight
in the molecular determinants of adaptations to high temperatures and study the possibility of optimizing
low-temperature activity of a hyperthermostable enzyme, we generated a library of random CelB mutants
in Escherichia coli This library was screened for increased activitypemtrophenyls-p-glucopyranoside

at room temperature. Multiple CelB variants were identified with up to 3-fold increased rates of hydrolysis
of this aryl glucoside, and 10 of them were characterized in detail. Amino acid substitutions were identified
in the active-site region, at subunit interfaces, at the enzyme surface, and buried in the interior of the
monomers. Characterization of the mutants revealed that the increase in low-temperature activity was
achieved in different ways, including altered substrate specificity and increased flexibility by an apparent
overall destabilization of the enzyme. Kinetic characterization of the active-site mutants showed that in
all cases the catalytic efficiency at 2C on p-nitrophenyl-p-glucose, as well as on the disaccharide
cellobiose, was increased up to 2-fold. In most cases, this was achieved at the expgegatacfosidase
activity at 20°C and total catalytic efficiency at SU. Substrate specificity was found to be affected by
many of the observed amino acid substitutions, of which only some are located in the vicinity of the
active site. The largest effect on substrate specificity was observed with the CelB variant N415S that
showed a 7.5-fold increase in the ratiophitrophenyls-p-glucopyranosidgtnitrophenylf-p-galacto-
pyranoside hydrolysis. This asparagine at position 415 is predicted to interact with active-site residues
that stabilize the hydroxyl group at the C4 position of the substrate, the conformation of which is equatorial
in glucose-containing substrates and axial in galactose-containing substrates.

Carbohydrate polymers can be degraded by a wide varietyhydrolases from hyperthermopbhilic organisms, that optimally
of glycosylhydrolases that have been classified into more grow at and around the normal boiling point of water. These
than 70 different families on the basis of amino acid sequenceinclude theg-glucosidase fronThermotoga maritimg6),
comparisons (http://afmb.cnrs-mrs¥fgedro/CAZY/db.html) the -glycosidase LacS frorulfolobus solfataricu$z, 8)

(1, 2). In recent years, considerable progress has beenand the3-glucosidase CelB ang-mannosidase BmnA from
achieved in the determination and characterization of primary Pyrococcus furiosugd—11). The crystal structure of LacS
and three-dimensional structures from family 1 glycosylhy- as well as the structure of theglycosidase fronThermo-
drolases. Of the family 1 enzymes isolated from mesophiles, sphaera aggreganisave recently been reporteti 13). A

the crystal structures have been solved of the 6-phogpho- three-dimensional model for CelB, based on 3.3 A X-ray
galactosidase (LacG) frolractococcus lactisnd thes-glu- diffraction data, is available39, 40). The comparison of
cosidase fromBacillus polymyxa(3—5). Both of these these structures with the homologous structures from the
enzymes have been cocrystallized with either the substratemesophiles allows for studying of the molecular adaptations
or an inhibitor in the active site and therefore allow analysis of family 1 enzymes to high temperatures.

of the interactions between the enzyme and its substrate. \we have focused on the most thermostable member of
Biochemical characterization and primary structure deter- the family 1 glycosyl hydrolases, CelB from the archaeon
mination have been reported for several family 1 glycosyl- p_fyriosus CelB was purified fronP. furiosus character-
ized, and found to be a tetrameric enzyme of 230 kDa with
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chloro-3-indolyl-p-galactopyranoside. disaccharide laminaribiosel@ 14). Low activity was
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detected on pNp-mannose and pNp-xylose. €& gene hydrolysis of the X-Glc. Single blue colonies were transferred
was cloned, sequenced, and functionally overexpressed into microtiter plates containing 20@L/well TY broth
Escherichia coli(9). By site-directed mutagenesis, Glu 372 supplemented with 3@g/mL kanamycin.

was identified as the active-site nucleophile, being the  gcreening for Increased Aetly on pNp-Glc at Room
equival_ent of the r_1uc|eophi|e in m_esophilic homologues Temperature A replica of the random CelB library was
according to a multiple sequence alignmesjt Moreover,  yrepared in microtiter plates and bacterial growth was
a recent study indicated that the enzymes ffenfuriosus  qantified by determination of the optical density at 560 nm

and the mesophilic bacteriugrobacterium faecalishare \ith 3 Thermomax microplate reader (Molecular Devices).
a common catalytic mechanisi). The three-dimensional  pa13 were exported into a spreadsheet (Excel, Microsoft)
model for CelB shows that the conformation of the active 5,4 corrected for blank absorptidg. coli cells were lysed

site is identic_al to that of other family 1 enzymg}g,(40)_ by a combination of freezing/thawing and addition of¢ 0
_ An alternative approach to study structafanction rela- ot opjoroform and 5L of 0.1% SDS. No negative effect of
tions in enzymes is that of directed evolution by combining o6 aqditives on CelB activity was detected in control

random mutagenesis, in vitro recombination, and rapid : : : :
. ' SO experiments. Viscosity was reduced by addingggimL
screening procedure$&—18). Subsequent biochemical and Dl\Fl)ase | and 10 mMyMgQI CelB activi)t/y at ZogoC was

structural analysis of selected mutant enzymes has beenassayed by transfer and mixing ofi of lysed cells to a
shown to contribute to understanding the molecular basis Ofsecond set of microtiter plates containing Ld0well 150

the observed phenotypic changes and as such to our : : )
knowledge of enzyme catalysis and stability. Directed mM sodium citrate (pH 4.8) and 1 mM pNp-Glc. After 30

; ‘ ; min reactions were stopped by addition of 2d00f 0.5 M
evolutlon.tﬁppr%achtesﬂr:ave h'tthbe.[.tf beder;] restnc')t{ed tt% en'NaQCOS. Free pNp formation was quantified at 405 nm with
Zymes with moaderate thermostabliity and have Not yet BNy, o e momax microplate reader. Potential high-perfor-
applied to enzymes from hyperthermophiles. CelB is ex-

tremelv suitable to be used as a hvoerthermostable modef™21ce mutants were selected on the basis of an increased
y s yp . -~ ratio of OD!5"M O D" relative to wild-type controls. These
enzyme in the development of such a procedure, since it is

efficiently produced inE. coli, is not posttranslationally mutants were regrown and rescreened according to the same
modified. and is capable c;f hydrolyzing chromogenic procedure. Plasmid DNA of confirmed high-performance

substrates at both low and high temperatures. In this studygqelljéi:}fnwas subjected to a second round of mutation and
we describe the construction of a random CelB library and '

the screening of this library for increased activity on pNp- ~ Characterization of High-Performance Mutantsligh-
glucose at room temperature. Multiple random mutants were Performance mutants were grown overnight in 10 mL of
selected and characterized, with the aim to gain insight into Selective TY medium at 200 rpm. Cells were spun down,
substrate recognition and catalysis at both low and high resuspended in 1 mL of a 20 mM sodium citrate buffer (pH
temperatures and into the relation of these features with4.8), and lysed by sonication (Branson sonifier). Cell debris

thermoactivity and thermostability. was spun down and cell-free extract was incubated for 10
min at 80°C. DenaturecE. coli proteins were precipitated
MATERIALS AND METHODS by centrifugation. Protein concentration of the heat-stable

Construction of a Random Mutant CelB Libraandom  cell-free extract was determined according to Bradf@@) (
mutations were introduced into ticelBgene on pLUW511  Using the Bio-Rad protein assay (Biorad, Veenendaal, The
(40) by PCR amplification with primers BG238 '(&C- Netherlands). SDSPAGE analysis revealed that CelB was

GCGCCATGGCAAAGTTCCCAAAAAACTTCATGTT- at least 90% pure in heat-stable cell-free extract (not shown).
TG; Ncd restriction site underlined) and BG309'(5 CelB activity at 20 and 96C was determined relative to
GTTAGCAGCCGGATCCCTA: BanH| restriction site that of wild-type CelB in 0.5 of mL 150 mM sodium citrate
underlined) and proofreading-deficiéfaqgDNA polymerase ~ (PH 4.8), containing 3 mM pNp-Glc or 40 mM pNp-Gal.
(Pharmacia, Uppsala, Sweden). DNA shuffling of teB The pNp-Glc concentration was chosen as 3 mM because at
gene was performed essentially according to the protocol of higher concentrations the occurring substrate inhibition will
Stemmer 16) with the optimization described by Lorimer ~cause an underestimation of the enzyme activity. pNp-Gal
and Pastani@). The resulting shuffled DNA fragments were could be used at 40 mM since there is no indication at all
digested witiNcd andBanHl, the restriction sites of which ~ for substrate inhibition for the wild-type CelB and any of
overlapped theelBstart and stop codons, respectively. The the characterized mutant enzymes. Reactions were stopped
fragments were subsequently cloned into expression vectorby addition of 1 mL of 0.5 M NgCO; and the free pNp
PET9d as a translational fusion with phagig0 translation ~ concentration was quantified at 405 nm on a Hitachi U-1100
initiation and termination signal®(). The resulting plasmids ~ spectrophotometer. Temperature optima were determined in
were used to transfornk. coli JM109(DE3) R1, 22). 150 mM sodium citrate buffer (pH 4.8) containing 3 mM
Transformation mixtures were plated onto selective TY agar pNp-Glc at desired temperatures up to°@8in a water bath.
plates (1% tryptone, 0.5% yeast extract, and 0.5% NaCl, with Thermostability was analyzed in an oil bath at F06 Heat-
1.5% granulated agar and 3@/mL kanamycin) supple-  stable cell-free extract was diluted to B@/mL protein in a
mented with 16 ug/mL of the chromogenic substrate 20 mM sodium citrate buffer, pH 4.8. Samples (120 were
5-bromo-4-chloro-3-indolyf-p-glucopyranoside (X-Glc, Bio-  incubated in glass vials closed by screw caps with Teflon
synth, Switzerland). Transformants harboring only pET9d inlay and incubated at 108C. Residual CelB activity after

or nonfunctional celB variants will remain white after 1 h of incubation was determined at 20 as described above
overnight growth at 37C, while transformants harboring and compared to the activity of a sample kept at room
functional celB genes will develop a blue color due to temperature.
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DNA Sequencing and Three-Dimensional Structure Analy- to be negligible. For eacK,, andk.,; determination, at least
sis Plasmid DNA was isolated from 3 mL cultures by using 14 substrate/velocity data pairs were determined. Kinetic data
the Qiaprep spin plasmid kit (Qiagen, Westburg, The were fitted according to functions describing Michaelis
Netherlands) according to the included protocol. SequencingMenten kinetics or, when necessary, according to a second-
was performed with infrared-labeled oligos (MWG, Ger- degree function describing substrate inhibition by using the
many), complementary to pET9d sequences immediately nonlinear regression program Tablecurve (Tablecurve 2D for
flanking the cloning site on the plasmid, and the Thermo Windows, version 2.03, Jandel Scientific). In the second-
Sequenase kit (Amersham Life Science) on the Li-Cor 4000L degree inhibitor function, a [8term has been added to the
automated sequencer. Amino acid substitutions were deducedienominator of the MichaelisMenten equation.
from identified mutations in the DNA sequence of teB The formation of reaction products after 30 min of

gene, and their position and possible interactions in the three-incubation at 20 and 9tC of 20ug of wild-type CelB with
dimensional structure of CelB were analyzed by using the 20 and 150 mM cellobiose was analyzed by HPLC using a
3D structures of BglA fronB. polymyx&5; PDB accession  polyspher OAHY column (Merck, Darmstadt, Germany).
code 1bgg.pdb) and LacS fro@. solfataricus(12, PDB Solutions (20 mM) of glucose, cellobiose, and a mixture of
accession code 1gow.pdb) and the three-dimensional modete|lulodextrines were used as standards. Thermal inactivation
for CelB (39, 40), with the use of the molecular visualization of pure enzyme Samp|es was studied by incubation of 50
software Rasmol (Raswin Molecular Graphics version 2.6; g/mL samples of wild-type and mutant CelB at 105 in
Sayle, Glaxo Research and Development, U.K.) on a personabg mMm sodium citrate buffer (pH 4.8). Remaining activity
computer, and Insightll (V 97.0, Molecular Simulations Inc.) - as a function of time was assayed relative to a standard kept

on a Silicon Graphics Indy workstation.

Purification of CelB and Determination of Biochemical
ParametersOne liter of selective TY mediunmi2 L baffled
Erlenmeyer flasks was inoculated with coli harboring
expression plasmids containing either wild-type or mutant
celB genes and cultured overnight at 3C with vigorous

at room temperature. First-order plots of inactivation yielded
half-life values for thermal inactivation.

RESULTS AND DISCUSSION

Construction of a Random Mutant CelB Libraryhe

shaking. Cell lysate was prepared and CelB was purified with hyperthermostablg-glucosidase CelB fron®. furiosusis
heat precipitation and anion-exchange chromatography es-optimally active at 102105 °C, and its activity at room

sentially as describe®) with an additional gel filtration in
20 mM Tris-HCI buffer (pH 8.0) on a 300 mL Superdex 75

temperature does not exceed 1% of its optimal activity. To
study the possibility of increasing this low activity at room

column (Pharmacia, Sweden). Pure CelB fractions were temperature and in order to gain more insight into the factors
pooled and dialyzed against 20 mM sodium citrate buffer determining this temperature dependence of activity, we
(pH 4.8). Protein concentrations were determined at 280 nmsubjected thecelB gene to random mutagenesis and low-

with an extinction coefficient for one subunit ef?%" =
1.28x 10° M1 cm* according to Gill and von Hippek@).
Initial CelB activity of pure fractions was monitored continu-
ously in a total volume of 1.0 mL of 150 mM sodium citrate
buffer (pH 4.8, set at 20C) at 20 and 90C on a Hitachi

U-2010 spectrophotometer equipped with an SPR-10 tem-

perature controller (Hitachi, Tokyo, Japan).
The amount of wild-type and mutant CelB in the activity

temperature activity screening. Random mutations were
introduced into thecelB gene by use of error-prone PCR
and in vitro recombination by DNA shuffling according to
Stemmer 16). After the mutatedelB genes were cloned in

E. coli, transformants harboring functional CelB enzymes
were selected by their ability to hydrolyze the chromogenic
substrate analogue X-Glc at low temperature. An ordered
library consisting of 6160 randonk. coli mutants was

assays on pNp-Glc/Gal and cellobiose/lactose was in theconstructed. Complete DNA sequence analysis of nine

range of 5-20 ug at 20 °C and 906-240 ng at 90°C.
Formation of hydrolyzed pNp was measured at 405 nm.
Catalytic activities were calculated by using extinction
coefficients for pNp in the assay buffer gf*°>"m= 0.178
mM~tcmtat 20°C andey,*%"™= 0.561 mM* cm™* at 90

°C. Turnover rateskgs, in reciprocal seconds) were calcu-
lated from the subunit molecular weight of CelB ¥ 54,580
Da. A turnover rate of 0.967°% corresponds to a catalytic
activity of 1 unit/mg, in which 1 unit is defined as the amount
of -glucosidase activity needed to catalyze the liberation
of 1 umol of p-nitrophenol/min at the given temperature.
Kinetic parameters were determined by measuring initial

randomly picked mutants revealed an average mutation
frequency of 2.3 base paic®lB gene, indicating that on
average 1 or 2 amino acids will be changed in each CelB
enzyme (data not shown).

Screening for Increased Actly on pNp-Glc at Room
Temperature The mutant CelB library was screened for
increased activity on pNp-Glc at room temperature. This
resulted in the identification of about 400 mutants with
significantly higher activity than the wild-type controls. These
mutants were transferred to new microtiter plates and
rescreened. Heat-stable cell-free extracts of the 42 most active
mutants were further analyzed for low-temperat@rglu-

velocity at varying substrate concentrations, ranging from 0 cosidase activity. Eventually, the nine most active mutants

to 8 mM pNp-Glc (up to 40 mM for N415S at 9C) and
0.2-40 mM pNp-Gal. Hydrolysis of disaccharides was
performed in 150 mM citrate buffer (pH 4.8) with—A50
mM cellobiose or 6300 mM lactose at 20 and 9%C.

(harboring plasmids pLUW838pLUW846) were selected,
analyzed in detail, and found to contain heat-stgblglu-
cosidase activities that were up to 3-fold higher at room
temperature than that d&. coli producing wild-type CelB

Glucose formation was quantified by use of the Peridochrom (Table 1). Variation in enzyme production levels was ruled
glucose kit (Boehringer Mannheim, Germany) according to out as an explanation for this increased activity since protein
the included protocol. The signals of the reaction substratesanalysis by SDSPAGE showed that CelB expression levels
cellobiose and lactose and the product galactose were foundvere similar in all mutants (data not shown). Plasmid inserts
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Table 1: Characterization of High-Performance CelB Mutants

% act. on % act. on % act. on % act. on temperature thermostability
plasmid amino acid pNp-Glc pNp-Gal pNp-Glc pNp-Gal optimum (% residual act.
pLUW substitution(s) class at20°C at 20°C at 90°C at 90°C (°C) after 1 h at 106°C)

pLUW511 wild type 100 100 100 100 >98 100
pLUW839 N415S | 259 64 35 35 >98 100
pLUW842 M424v | 199 140 53 49 85 24
pLUWS843 T371A | 148 139 101 91 830 14
pLUW846 A419T | 159 109 64 98 85 53
pLUW844 K285R 1l 155 103 55 81 8590 58
pLUW841 V211A | 260 151 141 120 850 <1
V163l 1l
F447S Il
pLUWS84 P N415S | 308 27 24 63 85 <1
V211A |
Y227H Il
E26G 1
pLUW845 1161V Il 110 37 86 125 98 84
E119G 1
pLUW840 K70R Il 175 147 42 <1 70-80 <1
L45P 1l
F344L 1]
pLUWB838 167T 1 110 97 70 70 >98 100
D159N 1]
A341T 1

@ For each mutant the amino acid substitutions are listed, as well as their classification. Class | involves amino acid substitutions in the active-sit
region; Class I, at or very near to the subunit interfaces, and class lll, at the surface of the protein or buried in the interior and not in one of the
other categories. Specific activities on 3 mM pNp-Glc and 40 mM pNp-Gal at 20 afi@ 9@re determined and are listed in percentages relative
to wild-type CelB; absolute values of specific activities of wild-type CelB are 13.4 units/mg with pNp-Glc°&,Z04 units/mg with pNp-Gal at
20 °C, 1655 units/mg with pNp-Glc at 98C, and 2482 units/mg with pNp-Gal at 9C (see also Tables 2 and 3). Temperature optima were
determined up to 98C, and thermostability relative to the wild type was determined at@6 pLUW847 was selected from a second-generation

library.

were sequenced and amino acid substitutions were deducedhterfaces. The remainder of the mutations were assigned to
from the changes in the DNA sequence (Table 1). class Il and involve substitutions at the protein surface or
Amino Acid Substitutions in High-Performance Mutants buried in the interior of the monomers. Five of the high-
The three-dimensional model of CelB9Y 40), and the performance mutants contained single amino acid substitu-
crystal structures of Lac22) and BglA fromB. polymyxa tions. While in these mutants the genotyjhenotype
complexed with gluconate in the active sit®) (vere used relation is straightforward, this is less clear in the remaining
to analyze the position and possible interactions of each of mutants containing multiple amino acid substitutions.
the amino acid substitutions found in the high-performance The majority of the amino acid substitutions in those
mutants. LacS is a close relative of CelB (53% amino acid mutants containing only a single substitution belong to class
identity), with an identical arrangement of subunits into a | (Figure 3). These mutations predominantly affect the
tetrameric conformation. BglA is distantly related, with only C-terminal part of the enzyme. Plasmid pLUW839 encodes
17% amino acid identity but 100% conservation of the active- amino acid substitution N415S, which involves an asparagine
site residues (all residues depicted in Figure 3 are identicalresidue that is hydrogen-bonded to active-site residues
in both CelB and LacS as well as in BglA). Because of the glutamine 17 and glutamate 417. These two residues directly
low resolution of the present CelB model, we have been interact with the hydroxyl group at the C4 position of the
careful in evaluating interactions and mainly restricted this substrate. The serine side chain in the mutant is much shorter
to the active-site region, where high structural homology than the original asparagine. Therefore, interactions will be
between CelB, LacS, and BglA is found. In other regions significantly weakened or destroyed and a cavity may be
we restricted the analysis to an evaluation of the position of introduced. In homologous family 1 glycosylhydrolases this
the mutations and expected general effects. residue is conserved except for lactis LacG (and other
The position of the identified amino acid substitutions is 6-phosphgs-galactosidases), which contains a valine (or a
marked in the CelB sequence in a multiple amino acid leucine or glutamine) at this position (Figure 2p). Mutant
sequence alignment, which furthermore highlights the active- N415S displays the highest increas@iglucosidase activity
site residues and residues involved in intersubunit contactsand is as thermostable as the wild-type enzyme. DNA of
(Figure 1). Analysis of the position of the substitutions in  pLUW839, coding for this mutant, was therefore used to start
the CelB model revealed a more or less uniform distribution a second-generation evolution, resulting in a derivative
over the enzyme (Figure 2). On the basis of the position of (harboring pLUW847) with considerably higher activity on
the substitutions in the enzyme structure, three classes ofpNp-Glc than the N415S mutant CelB (Table 1).
CelB mutants were distinguished (Table 1, Figure 2). The Plasmid pLUW842 encodes the single amino acid substi-
first class (class 1) involves substitutions of residues in the tution M424V, which involves a methionine that, like the
immediate vicinity of the active site that often directly asparagine at position 415, contacts active-site glutamate 417.
interact with active-site residues. The second class (class II)The valine in the resulting mutant CelB introduces a shorter
involves substitutions that are located at or near subunit but more bulky side chain that may influence the conforma-
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T B-GLU  : GDYPELVLEFAREYLPENYKD--- SEYGLNYY KFDPDAPAKVSFVERDLPK : 319
BP B-GLU  : GKYPEDMVEWYGTYLNGLDFVQPG- / SIWRSTNDASL-LOVEQVHMEE : 321
AF B-GLU  : GEYPAEMMEALGDRMPVVEAE----- YRVADDATPGVEFPA-TMPA : 320
LL 6P-GAL : GHYSDKTMEGVNHILAENGGELDLRDEDFQALDAAKDLNMATCRIS@MMS DWMOAFDGETEIJHNGKGEKGSSKYQIKGVGR : 333
340 360 380 400
T .L A . ..
PF B-GLU  : GFAKSGRPAGDFGEEMYPEGLENL@KYLNNANE--LPMIJRSONEMA - -~ -—- -~ D pflfLvSERKAVYNAMKEEA : 402
SS B-GLY  : SVSLAGLPTEDFGEEFFPEGLYDVITKYWNRMH-~LYMY| R DDARYOEPYMLVSENMYQVHRAINSER : 417
PF B-MAN  : TLSKDDRPVEDIGQELYPEGMYDSHVE-AHKNG--VPVY| TA--------- DS PYNIASER{KMIEKAFEDEY : 444
T B-GLU  : =-----—----] EIVPEGI YWIEKKVKEE GOAWKATQERV : 390
BP B-GLU ! PV------- DMGQETHPESFYKL@TRIEKD KACHRFIEEEG : 394
AF B-GLU  : PAVSD--VK@DIGWEVYAPALHTLYETLYE GIVADLIRDEY : 397
LL 6P-GAL : RVAPDYVPREDWDQTIYPEGLYDORMRVKND j EVLSDAIA : 413
420 440 N 460 480
* § **T v e S. e
PF B-GLU : DEEEMLHESLTENEE RMENRSR VIR FERKKR Y LRPSALY -HREMATOKET PEELAHLADLKFVT --RK 2472
§S B-GLY : DHNeMIH@WSL EQAS PSALV-MREMATNGAITDEIEHLNSVPPVKPLRH : 489
PF B-MAN  : ERAL EKSVS IGREMVANNGVTKKIEE-————--~ ELLRG 1 510
™™ B-GLU EfAE] DSGYW-J{SNEVRNNGLED 1 446
BP B-GLU E| osALW-K KNGF 448
AF B-GLU  : EQAE] SGKW-HSAMASGFPRGNHGVAKG : 459
LL 6P-GAL : NSSEMFT S@SN 348 B DIYOER Y PIIK SAHW-JKKMAETQVIE 1 468
500 520 540 560

Ficure 1: Alignment of family 1 glycosylhydrolases. Sequences are obtained from GenBank and incR#@P£ 5-glucosidase (CelB)

from P. furiosus(AF013169), S¢3-Gal = f-galactosidase (LacS) fror8. solfataricugM346g6), Pfs-man= g-mannosidase fron®.
furiosus(U60214), Tm3-Glu = 5-glucosidase fronT. maritima(X74163), BpSs-Glu = 5-glucosidase (BglA) fronB. polymyxaM60211),

Af B-Glu = g-glucosidase (Abg) from. faecalis(M1g033), LI 6P-Gal= 6-phosphgs-galactosidase (LacG) froin lactis (M28357). The
active-site nucleophile and acithase catalyst are marked with N and A below the sequences, respectively, and other active-site residues
are marked with an asterisk. Residues involved in intersubunit interactions are indicated with dots. Identified amino acid substitutions in
high-performance mutants are indicated in boldface type and underlined.
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FicUrRe 2: Model of the CelB tetramer based on 3.3 A X-ray diffraction dag&40). Subunits are depicted in light-gray ribbon presentation.

The amino acids that have been substituted in the high-perfomance CelB mutants are shown in space-filling presentation with class |
substitutions in dark gray, class Il substitutions in light gray, and class Ill substitutions in black. The figure has been generated with Swiss
PDB viewer (Glaxo Welcome Experimental Research) in combination with the ray tracing program POV-RAY.

tion of this active-site glutamate. Residues at position 424 substitution K285R. This mutation is located at the kink in
in homologous enzymes are either methionine or lysine, thea-helix that creates a tunnel in the side of th@)g barrel,
which both have long, unbranched side chains (Figure 1). which probably forms the substrate entrance to the active
In LacG this lysine, together with a serine instead of E417, site (12). K285R is, however, a very conservative mutation
and a third conservative mutation (a tyrosine at position 426 and the residue is not conserved at all in homologous
instead of phenylalanine), serves to stabilize binding of the enzymes. The model of CelB predicts an ion-pair interaction
negatively charged phosphate group on the subsiatdy. between K285 and E281, which may still be formed in the

Plasmid pLUW843 encodes T371A CelB, with a substitu- mutant K285R CelB.
tion that results in the removal of the polar side chain of a  The fifth substitution in the active-site region, although
threonine residue that is located adjacent to the catalytic not as close to the active site itself as the other substitutions,
nucleophile E372. Although this threonine does not seem to is V211A, which involves a completely buried valine in the
interact directly with the glutamate side chain, the fact that sameo-helix as active-site residues N206 and the acid/base
this residue and several adjacent residues are completelycatalyst E207. Residues at this position are always hydro-
conserved in all family 1 glycosylhydrolases strongly sug- phobic and the mutation will introduce a cavity. This
gests that interactions in this region are critical for correct substitution is found in combination with two class Il
catalysis (Figure 1). substitutions, V163l and F447S, at the subunit interface in

Plasmid pLUW846 encodes A419T CelB, which involves the CelB mutant encoded by pLUW841. The V163l substitu-
a buried alanine at the top of the active-site barrel next to tion is located in a loop that is only present in the tetrameric
W418 that interacts with the hydroxyl group at the C3 family 1 enzymes. The phenylalanine at position 447 is
position of the substrate. Because the alanine is buried, thecompletely buried close to the subunit interface and its
larger threonine side-chain will probably change the side substitution to serine will therefore result in a cavity. The
chain packing in this area. Remarkably, the same substitutionaromatic ring at this position in the enzyme seems to be
into threonine or into the similar polar residue serine has important, since in all family 1 enzymes either a phenyl-
also occurred in 6-phosph®galactosidases (Figure 15). alanine or a tyrosine residue is present.

Another plasmid that contains only a single base change Two of the above-mentioned active-site substitutions,
in the celB gene is pLUW844, coding for the amino acid N415S and V211A, are also present in the enzyme encoded
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tivity. None of these residues is completely conserved among
close relatives, and moreover, LacS also contains a threonine
at position 341 (Figure 1).

Characterization of High-Performance CelB Variani$e
increase in the rate gf-glucosidase activity on pNp-Glc at
20 °C that is found in the heat-stable extract of the first-
generation mutants differs from 1.1- to 2.6-fold (Table 1).
A further increase to more than 3-fold higher activity was
obtained in the second-generation mutant. Howegfaya-
lactosidase activity is increased in only four of the mutant
CelB enzymes, is unchanged in three other mutants, and has
decreased in the remaining three mutant CelB enzymes
(Table 1). The largest increase in the ratio of pNp-Glc/pNp-
Gal hydrolysis is observed in the mutants containing the
active-site-associated mutation N415S (pLUW839 and
pLUWB847) as well as in the enzyme encoded by pLUW845.
This latter mutant CelB is remarkable because its amino acid
substitutions are at the enzyme surface (E119G) and on the
subunit interface (1161V), indicating that substrate specificity
is not solely determined by interactions in the active-site
region. Large reductions in bofhglucosidase and-galac-
tosidase activity at 90C are found in the mutant CelB
Ficure 3: Close-up of the active-site &. polymyxaBglA with mutants, except for the enzyme encoded by plasmid pLUW841
inhibitor gluconate ). Gluconate is depicted in ball-and-stick 4t has increased activity on both substrates, the active-site

representation. Active-site residues are shown in line representation. L .
Corresponding residues that are changed in the high-performancéutant T371A that has unchanged activity, and, again

CelB mutants (T371A, M424V, N415S, and A419T) are shown in remarkably, the CelB mutant encoded by pLUW845 that
ball-and-stick representation. Numbering of the residues is accordingshows increasef-galactosidase activity, although this was
to the homologous CelB residues in order to allow comparison with severely reduced at room temperature.

the text. The figure has been generated with Molsci@).( To study whether the low-temperature adaptation of the
mutant enzymes affected the activities at other temperatures,
their temperature optima were determined. Changes that were
detected in the optimum curves could be divided in three
categories (Figure 4); (i) flattening of the curve, as is found
for mutant N415S (Figure 4a), which shows below %D
higher activity than the wild-type CelB, while the reverse
was observed above 68Q; (ii) shifting of the curve to lower
temperature values, as observed for mutant M424V (Figure
4b); and (iii) a much earlier inactivation, as found for the
mutant encoded by pLUW840 (Figure 4c). All mutants with

by plasmid pLUW847 that was selected from a second-
generation library. The N415S substitution is derived from
the template plasmid in the DNA shuffling procedure; the
V211A substitution is introduced independently in this
second round of evolution. Two additional mutations are
present in pLUW847, resulting in E26G, in which a surface-
exposed charge is removed, and Y227H, in which intersub-
unit interactions are changed. This second-generation CelB
variant is significantly more active at room temperature than

N4155 CelB and exceeds the wild-type CelB activity by lower temperature optima for activity also have a lower

more than 3-fold (Table 1). resistance toward thermal inactivation (Table 1).

Two mutants contain multiple substitutions belonging to  pyrification and Thermal Inactiation of Wild-Type and
class Il and Ill. pLUW845 codes for substitution 1161V,  Active-Site Mutant CelBTo gain more insight in the effects
which is also located in the subunit interface loop that appearsealized by the amino acid changes in the vicinity of the
to be restricted to tetrameric members of fam”y 1 enzymes. active-sitE, we decided to purify and characterize mutant
Furthermore, the surface-exposed E119 has been exchange@elB enzymes containing a single substitution in this region,
for a glycine. This may result in the loss of electrostatic namely, N415S, M424V, T371A, and A419T. To obtain an
interactions and may have significant effects on the local accurate measure of the persistence of catalytic function at
flexibility of the polypeptide because of the large confor- high temperature, thermal inactivation of purified wild-type
mational freedom that is introduced with the glycine residue. ang CelB mutants was followed in time (Table 2). Mutant
pLUW84O codes for three substitutions: K70R, L45P, and N415S CelB is as thermostable as the W||d_type enzyme,
F344L. This triple mutant is highly destabilized, possibly \hile the other mutants are considerably destabilized:;
mainly by the L45P substitution in which the conserved compared to all other family 1 glycosylhydrolases they are,
leucine is changed to a proline, that may introduce severenowever, still extremely thermostable enzymes because they
strain into the polypeptide chain. all retain a considerable amount of activity after incubation

Plasmid pLUW838 codes for three class Il substitutions, at 106°C.
viz., I67T, D159N, and A341T. This CelB mutant displays Kinetic Characterization of Wild-Type CelB at 20 and 90
an unchanged temperature optimum curve, is as thermostabléC. The hydrolysis of pNp-GIC by wild-type CelB revealed
as the wild-type enzyme, and shows relatively minor effects an apparent inhibition in a hyperbolic Michaelidenten
on activity (Table 1). These properties indicate that even a plot, starting at substrate concentrations above 1 mM at 20
highly optimized, hyperthermostable enzyme is able to °C (Figure 5) and above-24 mM pNp-Glc at 90°C (not
incorporate changes without losing stability and thermoac- shown). A similar phenomenon was observed during cello-



Evolving Low-Temperature Catalysis B. furiosusCelB Biochemistry, Vol. 39, No. 13, 200663

a b ¢
100 5 100 v 100 "
/ /
80 4 80 / 80 {
;( LX" A a:‘ A
60 W 60 e 260 Y
z f T I = ] 2 ¥
8 20 30 40 50 . 8 / 8 /
R40 A ®40 ﬁ/ ' 240 A
/,/ % \e P
20 20 /g/ 20 /
wt T ‘// /ﬁ//
O = 1/' T T T, T T T 0 = \//> T T T T O T T T T T
20 40 60 80 100 20 40 60 g0 100 20 40 60 80 100
T{°C) T(°C) T(°C)

FiGure 4: Optimum temperature curve for wild-type CelB (n all panels) compared to (a) mutant CelB N4118, ((b) mutant CelB
M424V (H), and (c) mutant CelB K70R/L45P/F344Mm). The inset in panel a zooms in on the increased activity of N415S CelB below

50 °C.

Table 2: Kinetic Parameters of Wild-Type and Mutant CelB Enzymes &26n PNp-Glc, PNp-Gal, and(1,4)-Linked Disaccharides
Cellobiose and Lacto3e

pNp-Glc cellobiose pNp-Gal lactose thermostability
CelB Keat Km cat. eff Keat Km cat. eff Keat Km cat. eff Keat Km cat. eff tip at

variant (s1) (mMM) (MMisY) (s (MM) (MMis?) (sH) (MM) (MMish (s (mM) (mMMisY) 106°C (h)
wild-type 13 0.53 25 16 23 0.69 9.1 0.70 13 13 52 0.25 33
N415S 47 11 43 20 20 1.0 42 12 35 21 95 0.22 3.2
M424v 40 0.92 43 18 16 11 12 34 34 21 97 0.22 11
T371A 26 0.57 45 15 11 1.4 11 1.3 8.2 17 52 0.33 0.65
A419T 40 1.3 31 19 25 0.75 14 45 3.1 15 83 0.18 0.82

21n the last column the half-life of thermal inactivation at 1UB Is listed.? Catalytic efficiency= Kca/Km.

20

157

——— o 50 100 150
0 1 2 3 4 mM cellobiose

mM pNp-glu
) . . . Ficure 6: Comparison of the rate of cellobiose hydrolysis by wild-
FIGURE 5: (gompanscg IoBf lr\laﬁSOf pr'Glf hydrolysfls bg wild- v ne (a) and mutant T371A CelBN) as a function of substrate
type (») and mutant Ce S8 as a function of substrate  ;oncentration at 20C. Inset: LineweaverBurk plot for wild-
concentration at 20C. type CelB.

biose hydrolysis (Figure 6). Plotting the data according to a e aryl glycosides at 9¢C are 1.5- and 4-fold higher than
Lineweaver-Burk equation resulted in a curve typically reported earlier for the enzyme purified froBr coli by
found when substrate inhibition occurs (inset in Figure 6). \/gorhorst et al. and by Bauer and Kelly, respectivedy (
This process has not been reported in the previous kinetic15) This difference may be related to the observed substrate
characterization of CelB, presumably because employedinhibition or may reflect the variability between independent
maximum substrate concentrations did not exceed 1.5 MMenzyme preparations that have been purified by different
PNp-Glc at 90°C (15). Apparent substrate inhibition was, methods. Calculatet(, values at 9C°C are more or less
however, also observed with thgglucosidase fromT. similar to those already reported. Interestingly, wrilg
maritima (6). Fitting of the data according to Michaetis  values of wild-type CelB for pNp-Glc and cellobiose at 90
Menten kinetics, corrected for substrate inhibition, resulted °C decreasecompared to those at 20C, these values

in ake of 13 st and aky, of 0.53 mM for pNp-glucose at  increase for pNp-Gal and lactose. Substrate affinity is,
20°C (Table 2). The enzyme is 2-fold less efficient on pNp- apparently, highly influenced by the operation temperature.
Gal than on pNp-Glc, due to a lower hydrolysis rate and a It should be noted that, althoudsk, values for pNp-Gal and
lower affinity for the galactosyl substrate. On cellobiose and lactose are considerably higher than for pNp-Glc and
lactose, similarke,: values are found, but affinity for the cellobiose, the enzyme shows, based on catalytic efficiency,
B(1,4)-linked disaccharides is relatively lowrvalues for a higherf-glucosidase thapi-galactosidase activity.
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Table 3: Kinetic Parameters of Wild-Type CelB and Mutant N415S at®®@n PNp-Glc, PNp-Gal, and(1,4)-Linked Disaccharides

Cellobiose and Lactose

pNp-Glc cellobiose pNp-Gal lactose
CelB Keat Km cat eff Keat Km cat. eff Keat Km cat. eff Keat Km cat. eff
variant (s (MM) (MM7!s?) (s (MM) (MM7is?)  (shH  (MmM) (mM7is?) (s (mM)  (mMTisT)
wildtype 1600  0.42 3900 670 14 48 2400 5.0 480 1300 120 11
N415S 1400 14 1000 240 38 6.4 1000 8.5 120 530 220 2.4

a Catalytic efficiency= KealKm.

TransglycosylationTransglycosylation is common among

tosidase activity at room temperature but also at the expense

family 1 glycosylhydrolases. It has been described before of high-temperature catalysis. Because of the apparent

for P. furiosusCelB andA. faecalisAbg in the case of pNp-

unchanged temperature optimum and thermostability of this

xylose and pNp-arabinose substrates and for CelB as wellmutant, this effect is not caused by an overall destabilization

with cellobiose and lactosd %, 26—28). Cellotriose forma-
tion from cellobiose has been reported for BglA frdsn

of the enzyme but must be a direct result of the effects of
the single mutation on substrate binding and turnover rates.

polymyxaand for thefs-glucosidase fronT. maritima (29,
6). Analysis of reaction products of CelB incubated with 150 CONCLUSIONS
mM cellobiose by HPLC revealed, apart from glucose and  Screening of a random CelB library resulted in the
cellobiose, the presence of an additional product with the selection of CelB variants with significantly higher activity
same retention time as cellotriose, strongly suggesting thaton pNp-Glc at room temperature than the wild-type enzyme.
transglycosylation is indeed occurring. Kinetic characteriza- Amino acid substitutions were located in the active-site
tion of this process was not possible because its effect onregion (class 1), at or close to subunit interfaces (class Il),
product formation was completely masked by the large or either at the protein surface or buried in the subunit interior
observed substrate inhibition (see above). (class I1I). All mutants containing subunit interface substitu-
Kinetic Characterization of Acte-Site Mutant CelB  tions were less thermostable and had lower temperature
Enzymes at 26C. The catalytic efficiencies of mutated CelB optima than the wild-type CelB, suggesting that subunit
on pNp-Glc and cellobiose are increased up to 2-fold in interfaces play an important role in thermoadaptation.
comparison with wild-type CelB (Table 2). This has either Hyperthermostable enzymes are most probably highly op-
been achieved by large increase&dnvalues, as in the case  timized with respect to packing efficienc$q, 31). However,
of mutant N415S CelB on pNp-Glc (Figure 5a), or by a a recent database survey showed that proteins from meso-
decrease irKy, values, as observed for T371A CelB on philes and thermophiles essentially do not differ in packing
cellobiose (Figure 5b). The increase in efficiency of pNp- (32). The present study indicates that CelB is able to
Glc hydrolysis is at the expense of catalytic efficiency on accommodate amino acids in its interior with larger or
pNp-Gal. However, a similar effect is not observedsgh,4)- smaller side chains and different properties, without affecting
linked disaccharides; moreover, a significant increase in its thermostability or temperature optimum for catalysis.
efficiency is reported for T371A CelB on lactose. Evidently, Interestingly, none of the mutants displayed intact thermo-
the effect of the leaving group (either pNp or glucose for stability and increased activity at both low and high tem-
the aryl glycosides and the disaccharides, respectively) onperatures. This observation might indicate that CelB is highly
catalytic efficiency is not comparable for glucosyl and optimized regarding both stability and flexibility and that
galactosyl substrates. This is most clearly illustrated for severe restrictions exist on the simultaneous optimization of
mutant N415S CelB, for which a large reduction in maximum these intimately related parameters.
activity on pNp-galactose is found, which is now more than  Remarkably, substrate specificity of CelB seems to be a
10-fold lower than maximum activity on pNp-glucose. In characteristic that is determined by the enzyme as a whole,
contrast, cellobiose is hydrolyzed with the same maximum since changes in the ratio on pNp-Glc and pNp-Gal are not
velocity as lactose. The mutant enzymes show, in general, arestricted to substitutions in the active-site region. However,
higher substrate inhibition than the wild-type CelB, because the most drastic effect on the pNp-Glc/pNp-Gal ratio (a 7.5-
the substrate concentration at which the activity is reducedfold increase) is caused by the disruption of interactions

to %> Vmaxis lower for all the mutants than for the wild-type
CelB (results not shown).
Kinetic Characterization of Acte-Site Mutant CelB

between asparagine at position 415 and two active-site
residues that directly contact the hydroxyl group on the
substrate at the C4 position. This is exactly the (only) position

N415S at 9C°C. Because N415S CelB is as thermoactive at which glucose and galactose differ in orientation of this
and thermostable as the wild-type CelB, we decided to hydroxyl group. The loss of hydrogen bonds between the
analyze its kinetic parameters at 90 in order to see the  substituted asparagine and active-site residues Q17 and E417
relation between these characteristics at low and high may influence the position and the flexibility of these side
temperatures (Table 3). The maximum activity of mutant chains, thereby changing their interactions with the substrate
N415S CelB at 90°C was lower than for the wild-type and the ratio between binding and turnover on substrates with
enzyme for pNp-Glc and especially pNp-Gal. Because also either glucose or galactose moieties at this position. This is
Km values increase, N415S CelB is less efficient than wild- indeed found for mutant N415S on aryl glycosides and, to a
type CelB on pNp-Glc and pNp-Gal. The same is found for lesser extent, off(1,4)-linked disaccharides. In fact, a key
the disaccharides. Higher performance on pNp-Glc at room role in determining glucose/galactose specificity for residues
temperature is therefore not only at the expense of galac-interacting with the active-site Q17 and E417 was proposed
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recently on the basis of the interactions between the inhibitor
gluconate and active-site residuesBofpolymyxaBglA (5).
Further indications that slight changes in conformational
freedom of active-site residues may have large effects on
catalysis and substrate recognition is provided by the large
and opposing effect of operational temperature on affinities
for different substrates. While wild-type CelB has 8-fold
higher efficiency on pNp-glucose than on pNp-galactose at
90 °C, this ratio is reduced to 2-fold at 2C. Until recently

it was assumed, based on lactate dehydrogenase from
Thermotoga maritimandT. neapolitanaylose isomerase,

that an increased temperature causes the decrease of one

enzyme’s affinity for its substrate38—35). However, the

results presented here indicate that this assumption does not14.

hold. Also, for glutamate dehydrogenase frémfuriosus
and T. maritima we have reported different changes in
substrate affinity with increasing temperature, depending on
the substrate36, 37).

Our results show that the quality of the random CelB
library is good and that the sensitivity of the screening
procedure is sufficient to isolate mutants with only 10%
increase in activity. Mutants displaying evolved properties,
like N415S CelB with 2-fold increased catalytic efficiency
on pNp-Glc but unchanged stability, and mutant T371A CelB
with 2-fold higher affinity for cellobiose, could be interesting
candidates for industrial or diagnostic applications.

In conclusion, this random screening approach with a
hyperthermostable enzyme resulted in the identification of
residues that are critical in determining thermostability, low-
temperature activity, and substrate recognition. It was shown
that low-temperature activity can be engineered into a
hyperthermostable enzyme without affecting its extreme
stability. Not only is directed evolution a powerful approach
to introduce a desired property into an industrially relevant
biocatalyst, but as we have shown here, it may facilitate our
understanding of the mechanisms determining enzyme
catalysis, stability, and substrate recognition at physiological
or extreme conditions.
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