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ABSTRACT. Glycosynthases are engineered retaining glycosidases devoid of hydrolase activity that efficiently
catalyze transglycosylation reactions. The mechanism of the glycosynthase reaction is probed with the
E134A mutant ofBacillus licheniformisl,3-1,48-glucanase. Thigndaeglycosynthase is regiospecific

for formation of a3-1,4-glycosidic bond withu-glycosy! fluoride donors (laminaribiosyl as the minimal
donor) and oligosaccharide acceptors containing glucose or xylose on the nonreducing end (aryl
monosaccharides or oligosaccharides). The pH dependence of the glycosynthase activity reflects general
base catalysis with a kinetickg of 5.2 4+ 0.1. Kinetics of enzyme inactivation by a water-soluble
carbodiimide (EDC) are consistent with modification of an active site carboxylate group wkh afp

5.3+ 0.2. The general base is Glul38 (the residue acting as the generabasslin the parental wild-

type enzyme) as probed by preparing the double mutant E134A/E138A. It is devoid of glycosynthase
activity, but use of sodium azide as an acceptor not requiring general base catalysis yjeldsdasyl

azide product. Thek, of Glul38 (kinetic fKa on kealKv and K, of EDC inactivation) for the E134A
glycosynthase has dropped 1.8 pH units compared toKheglues of the wild type, enabling the same
residue to act as a general base in the glycosynthase enzyme. Kinetic parameters of the E134A
glycosynthase-catalyzed condensation betweep4&ts33GlcoF (2) as a donor and GRAGIcS-pNP

(15) as an acceptor are as followky = 1.7 s°1, Ky(acceptor)= 11 mM, andKy(donor) < 0.3 mM.

Donor self-condensation and elongation reactions are kinetically evaluated to establish the conditions for
preparative use of the glycosynthase reaction in oligosaccharide synthesis. Yields-808« ith aryl
monosaccharide and cellobioside acceptors, but5H4% with laminaribiosides, the lower yields (and
lower initial rates) due to competitive inhibition of thke1,3-linked disaccharide acceptor for the donor
subsites of the enzyme.

Retaining glycosidases are common biocatalysts used inhydrolase activity of the enzyme on the newly formed
chemoenzymatic oligosaccharide synthesis under conditionsglycosidic linkage.
that favor reversal of their hydrolytic reactions. This is Recent advances for overcoming this limitation came up
accomplished either by displacing the equilibrium with a with the glycosynthase concept: a hydrolytically inactive
large excess of acceptor (thermodynamically controlled glycosidase in which the catalytic nucleophile has been
synthesis) or by using activated glycosyl donors (kinetically replaced by a smaller non-nucleophilic residue catalyzes
controlled transglycosylation)1{-3). Scheme 1 illustrates efficiently the transglycosylation between an activated gly-
the well-established hydrolysis mechanism of a retaining cosyl fluoride donor (which has an anomeric configuration
glycosidase, in which two essential active site carboxyl that is the opposite of that of the normal substrate of the
groups provide a general aeitbase and nucleophilic  parental wild-type glycosidase) and an accep&r9j. As
catalysis in a double-displacement mechanidm7). Under shown in Scheme 2, am-glycosyl fluoride donor mimics
proper conditions, kinetically controlled transglycosylation the glycosyt-enzyme intermediate (Scheme 1) in the active
takes advantage of sugar donors with excellent leaving site of the nucleophile-less mutant ofseglycosidase, and
groups, such as glycosyl fluorides and aryl glycosides, to then is able to transfer the glycone to an acceptor that binds
increase the concentration of the glycesghzyme inter- in the acceptor subsites of the enzyme. The product that is
mediate which can then be intercepted by an acceptor otherformed is unable to be hydrolyzed by the mutant enzyme,
than water. Even after careful optimization of reaction so transglycosylation yields are very high. The first glyco-
conditions and solvent composition, condensation or trans-synthase was described on tBgoenzymef-glucosidase
glycosylation vyields rarely exceed 50% because of the from Agrobacterium faecali§l0), and subsequently applied
on theendoacting 1,3-1,45-glucanask from Bacillus li-
cheniformisin our group (1). Since then, few other
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Scheme 1: Double-Displacement Mechanism of a Retaifi@jycosidase
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Scheme 2: Glycosynthase Mechanism
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aNucleophile-less mutant of a retainiffyglycosidase with ar-glycosyl fluoride donor and a glycoside acceptor to yield a condensation

(transglycosylation) product.

glycosynthases have been constructed, derived from both3-anomer for the general acidbase mutant E138A). A third

exaglycosidasesi-glycosidase frongolfolobus solfataricus
(12), p-mannosidase frorCellulomonas fim{13), -galac-
tosidase frontEscherichia coli(14), anda-glucosidase from
Schizosaccharomyces pom{ib)] and endeglycosidases
[cellulase fromHumicola insoleng16), 1,343-glucanase from
Hordeumuwulgare (17), and mannanase fro@amponotus
japonicus(18)].

carboxyl residue, Aspl36, is also important for catalysis,
contributing to the K, modulation of the catalytic residues
(manuscript submitted for publication); the H-bond between
Aspl136 and the nucleophile Glu134 in the free enzyg# (
23) is disrupted in the covalent glycosygnzyme intermedi-
ate, where Asp136 is now within hydrogen bonding distance
of the general acid Glu138. On the other hand, the nucleo-

We describe here the detailed characterization of the first phile mutant E134A 1,3-1,48-glucanase fronB. licheni-

reportedendoglycosynthase, which was derived fro

licheniformisl,3-1,4$-glucanase, with regard to specificity,

mechanism, and synthetic applicatioBacillus 1,3-1,44-

formis proved to be an efficient glycosynthase able to
catalyze the condensation @flaminaribiosyl fluoride with
glucosides and cello- and laminaribiosides in excellent yields

glucanases have been widely studied in our laboratory (11). In combination with anotheendoglycosynthase, the

through mechanistic, reactivity, specificity, and structure
function analysesl@). These enzymes are family 16 glycosy!

hydrolases (retaining)20) with molecular masses of 25

30 kDa, with a monomeric jellyroff-sandwich structure that

E197A cellulase Cel7B, tandem glycosylations have been
performed to prepare complex mixed linkage oligosaccha-
rides @4). Here, detailed characterization of the E134A
glycosynthase derived fronB. licheniformis 1,3-1,48-

possesses an open binding site cleft composed of fourglucanase is reported.
glucosyl-binding subsites on the nonreducing end from the

scissile glycosidic bond, and two subsites on the reducing MATERIALS AND METHODS
end. The catalytic residues are two glutamates, namely,

Glul38 as the general acithase and Glu134 as the catalytic

nucleophile in theB. licheniformisenzyme 21). The single-

SubstratesThe acceptor substrates 4-nitrophefiyglu-
coside b), methylB-glucoside 6), 4-nitropheny|3-xyloside

Ala mutants in both residues are hydrolytically inactive (8), 4-nitrophenyl 2-acetamido-2-deoyyglucoside 10),
enzymes, but the activity is rescued by addition of azide as 4-methylumbelliferyl-glucuronic acid 11), methylo-glu-

an exogenous nucleophile to yield glycosglzide adducts

coside (3), and maltoseZ0) were from Fluka. 4-Methyl-

(the a-anomer for the nucleophile mutant E134A and the umbelliferyl 3-xyloside (7) was from Lancaster, and 4-nitro-
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phenyl f-mannoside §), 4-nitrophenylS-galactoside 12),
sucrose 19), and isomaltose2l) were from Sigma. 4-
Methylumbelliferyl 5-glucoside 4) and 4-methylumbelliferyl
f-laminaribioside 17) were prepared as previously described
(25); methyl g-laminaribioside {8) was prepared as de-
scribed in ref26, and 4-methylumbelliferyf3-cellobioside
(14), 4-nitrophenyl -cellobioside 15), and methyl -
cellobioside 16) were prepared as described in gt

The glycosyl donora-laminaribiosyl fluoride {) was
prepared as previously reportetll) by reaction of lamina-
ribiose peracetate with hydrogen fluoride in pyridine (70%)
followed by de-O-acetylation with sodium methoxide in
methanol. Likewise, the tri- and tetrasaccharide dondds 3-
f-cellobiosylo-p-glucosyl fluoride @) and 3O-f-cello-
triosyl-a-D-glucosyl fluoride 8) were obtained with the same

Faijeset al

7.2), and 0.1 mM Cag] for 5 min in the thermostated cell
holder, followed by addition of the corresponding enzyme
and monitoring of the absorbance change at 365 nm for
substrate?8 [Ae = 5440 Mt cm™ (33)] or 425 nm for
substrate29 [Ae = 6134 M1 cm™t (29)].

Kinetics of Glycosynthase Reactions. (1) HPLC Monitor-
ing. The glycosyl donor and acceptor were dissolved in
maleate buffer (50 mM, pH 7.0) containing Ca(@.1 mM),
and the solution was preincubated at 35 for 5 min.
Reactions were initiated by addition of the E134A mutant
1,3-1,48-glucanase (final volume of 0.3 mL) and the
mixtures kept at 38C. Aliquots were taken at different time
intervals and diluted 1:10 in deionized,®l for HPLC
analysis [NovaPak C18 (4m, 3.9 mmx 150 mm) column
(Waters), rate of 1 mL/min, 1618% MeOH in HO, UV

procedure starting from the corresponding peracetylateddetector at 316 nmAj]. Concentrations in the different
saccharides derived from enzymatic degradation of barley experiments are indicated in Tables-3. Initial rates ()

f-glucan by 1,3-1,43-glucanase fronB. licheniformis(28).
Spectral data of new donord and 3 are given in the
Supporting Information.

were calculated from the linear portion of the progress curves
(normalized area vs time) and expressed4&] in inverse
seconds. Chromatographic peaks were identified by co-

Substrates for assaying the hydrolase activity of 1,3-1,4- injection with independent standards. For pH studies, citrate
pB-glucanases were obtained as previously reported: 4-phosphate buffer (50 mM each), 0.1 mM CaCand a

methylumbelliferyl 30©-3-cellobiosyl{-p-glucopyranoside
(28) (25, 28) and 2,4-dinitrophenyl ¥-3-cellobiosyl{-D-
glucopyranoside29) (29).

EnzymesWild-type and E134A mutant 1,3-1/4-glu-
canases fronB. licheniformiswere expressed and purified
as previously described{). The double mutant E134A/

constant ionic strength (0.5 M) with added KCI were used
in the pH range of 5.69.0.

(2) Fluoride Selectie Electrode MonitoringKinetics of
fluoride release for spontaneous hydrolysis ofdhglycosyl
fluoride donor, enzyme-catalyzed self-condensation of the
donor, and transglycosylation reactions were monitored with

E138A was prepared by site-directed mutagenesis by PCRa fluoride selective electrode (Sentek) interfaced with a
using the full double-stranded plasmid DNA template method CiberScan Bench pH/ion meter (Eutech Instruments). All
(30). Plasmid pD6-2::E134A with the coding sequence of reactions were performed in 50 mM maleate buffer (pH 7.0)

the single mutant E134A 1,3-1ptglucanase in a puC119
vector (expression construct as described ir2ig¢fvas used

and 0.1 mM CaGlcontaining the substrates and enzyme as
appropriate, in a final volume of 0.5 mL with stirring in a

as a template for the PCR using two oligonucleotide primers thermostated bath at 3%. Sodium fluoride standards for

containing the E138A mutation:' &sCAATCGACATCG-
CGTTTCTAGGAAAAG-3 and the complementary oligo-
nucleotide 5CTTTTCCTAGAAACGCGATGTCGATTGC-
3. After the PCR in which the complete vector was

amplified, the reaction mixture was directly used to transform

calibration curves were prepared under the same experimental
conditions [50 mM maleate buffer (pH 7.0), 0.1 mM CacCl
and 35°C] with or without enzyme and acceptor depending
on the process being monitored.

In either case (1 or 2), initial velocities were fit to a normal

TG1 E. coli cells. The gene of a selected clone was Michaelis—Menten equation when saturation was observed,

sequenced in full. BL21-SE. coli cells were transformed

or to a substrate inhibition model (eq 1) when a maximal

with the mutagenized plasmid for protein expression fol- rate followed by a decrease at a high substrate concentration
lowing the same basic procedure described for the wild-type was obtained.

and E134A mutant protein21).
All three enzymes were lyophilized for storage20 °C)

and dissolved in the reaction buffer prior to being used. The
purity of the enzyme preparations was higher that 95% as

judged by SDS-polyacrylamide gel electrophoresis accord-
ing to the method of LaemmIB(). Enzyme concentrations
were determined by UV spectrophotometry using:zg of
145 mg mttemt (3.55 x 10° Mt cm™?) (32).

Kinetics of Hydrolase Actity. Kinetics with substrates
4-methylumbelliferyl 30-3-cellobiosyl5-p-glucopyranoside
(28) and 2,4-dinitrophenyl ®-5-cellobiosyl$-p-gluco-
pyranoside29) were performed by following changes in UV

AELS
o= alE 132 "
K + 81+
|

Preparatie Glycosynthase Reactions-Laminaribiosyl
fluoride (1) (30 mg, 0.09 mmol, 1 equiv), acceptor (5 equiv),
and E134A 1,3-1,4-glucanase (051 mg) were dissolved
in phosphate buffer (100 mM), Ca{(0.1 mM) (pH 7.0),
and the solution (total volume of 1.5 mL) was incubated at
35 °C for 1—2 days. Reactions were monitored by TLC

absorbance due to the release of 4-methylumbelliferone or(silica gel 60 F254 plates, Merck, eluted with a 8:2 or 7:3
2,4-dinitrophenol using matched 1 cm path length cells in a CH;CN/H,O mixture). Workup and isolation of the con-
Varian Cary 4 spectrophotometer with a Peltier temperature densation product were performed by two different proce-

control system which kept the cells at 36. Rates of the

enzyme-catalyzed hydrolyses were determined by incubating

the substrate at the appropriate concentration in citrate
phosphate buffer [6.5 mM citric acid, 87 mM PO, (pH

dures.

In procedure A (for reactions with monosaccharide ac-
ceptors4 and 8), the reaction mixture was directly loaded
into a reverse-phase Lichoprep RP-18 Lobar-A column
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(Merck) and eluted with a $0/MeOH gradient from 0 to  with EDC (120 mM) in the same ternary buffer (20 mM
15% (v/v). Unreacted acceptor eluted first, followed by the MES, 20 mM HEPES, and 40 mM 4-hydroxy-1-methyl-
condensation product. It was freeze-dried and lyophilized piperidine) at pH values ranging from 4.0 to 9.0 (ionic
for storage. strength is constant with this buffer over the pH range).
In procedure B (for reactions with disaccharide acceptors Remaining glycosynthase activity was determined as de-
14 and 16—18), the reaction mixture was lyophilized, and scribed above.
the solid was treated with acetic anhydride in pyridine (6  To analyze the reversibility of enzyme inactivation, a
mL, 1:1, v/v) and catalytic amounts dfl{N-dimethylamino)- sample of EDC-modified enzyme [28V] E134A enzyme
pyridine for 12 h at room temperature. After the usual and 120 mM EDC (pH 5.8) fo2 h at 25°C and then
workup (pouring on ice and water, extraction with CHCl  quenched with 100 mM sodium acetate (pH 4.7)] was
drying the organic phase with anhydrous MgSénd solvent  extensively dialyzed against 100 mM sodium acetate (pH
evaporation), the reaction mixture was purified by flash 4.8) in a Microkon spinning ultrafiltration unit (Amicon,
chromatography [2:1 (v/v) ethyl acetate/petroleum ether millipore), and the residual glycosynthase activity was
mixture]. Typically, three fractions were eluted: per-O- determined as described above. A control enzyme sample
acetylated acceptor (in excess) first, the per-O-acetylated(not treated with EDC) was subjected to the same procedure.
condensation product (3®0% yields from donor) second, Nitration of Tyr Residues by TNMNitration of Tyr

and a mixture of acetylated higher oligomers as the minor (agiques of E134A 1.3-1 A-glucanase was performed ac-
fraction third. Spectral data (MS arth and*C NMR) of " ¢qrqing to the protocol of Sokolovslet al. (35). A solution
the per-O-acetylated condensation products are given in theys totranitromethane (1.18 mM) and enzyme (2218) in
Supporting Information. . Tris-HCI buffer (100 mM, pH 8.0) was incubated at 25
Per-O-acetylated oligosaccharides (70 mg) were treatedt,r 10 h. The number of modified Tyr residues was
with freshly prepared sodium methoxide (1 M in methanol, ,5nitored spectrophotometrically using @ge of 4100 M1
0.3-1 mL) in methanol (3650 mL) and stirred at room  ¢-1 for 3-pitrotyrosine. Enzyme activity was monitored in
temperature for 5 h. In some cases, the de-O-acetylatedy para|ie| reaction under the same experimental conditions.
oligosaccharide precipitated partially, the solid being filtered a¢ appropriate time intervals, aliquots (20.) were with-
and washed with cold methanol. The reaction solution was g4rawn and added to sodium acetate (30 167 mM, pH
neutralized with Amberlite IR 120 Hresin (Fluka) and 47 ¢ °C). The remaining glycosynthase activi,ty was

filtered, and the solution was freeze-dried and lyophilizéd yetermined as described above, and expressed as a percentage
to afford the final condensation product in quantitative yield. rejative to that of a control reaction which followed the same
Spectral data (MS aniH and'3C NMR) for condensation protocol with no TNM.

p_rodu<_:ts obtained W.ith acceptods 8, 14, and16-18 are Chemical Rescue of E134A/E138A Mutant 1,344-
given in the Supportlng Infgrmgt!on. : . Glucanase!H NMR monitoring was performed following

Se_lf-condensat_lon af-laminaribiosyl fluoride !‘) yleI(_jed a modification of the procedure reported in Mad¢al. (36).

Upp 9’ : . 9 spectrometer. Experiments were carried out at°G5in
oligomers will be reported elsewhere. Condensation productsbuffered DO (pD 7.2, 50 mM deuterated phosphate buffer
of a-laminaribiosy! fluoride L) with acceptors Xyl-MU 1) and 0.1 mM CaQD. énd spectra were recorded at2 h
and GlgaGle-pNP (5) were not characterized [only ana- intervals for up to 74 h. Substrates, enzymes, and sodium

lytical re_actlons for measuring initial rates _(Ta_ble 3)1 azide concentrations in the different experiments were as
Preparative reactions and product characterizations were,

X follows: (a) 34uM E134A, 11.8 mM GI@4GI¢53GIcs-
performed with the homologous acceptors Xyl-pNiPgnd
GIcAGIc-MU (14), respectively (see above). 2,ADNP, ad 2 M NaN; and (b) 34«uM E134A/E138A, 11.8

Enzyme Inactiation by EDC E134A 1,3-1,48-glucanase MM GlcpaGIgi3Gles-2,4DNP, adl 2/ M Nafg for sub-

was preincubated in 20 mM MES/20 mM HEPES/40 mM Ztlr (?ﬂtgeﬁggsg')cgﬁde'fﬁ,\'ﬂzﬁgg'D(b)e??zma,vrl‘%l(gi A/1|§13rgxl

4-hydroxy-1-methylpiperidine (pH 5.6) ternary buffed4j
o . : ' , and 19 mM GIg3GlcaF (1), (c) 34 uM E134A/E138A,
at 25°C for 5 min. A solution of EDC (final concentration 19 mM GIg83GIaaF (1), and 2 M NaN, (d) 15 mM

of 0—120 mM) was added in the presence or absence of
glycine methyl ester (final concentration of-@.2 M), and Sllcfél f Iﬁ%GlngréfA) %;g 4%&22?;?)(%4“ (l\f;l izllszlé/ll

the reaction mixtures (26M in enzyme) were kept at 25 E134A/E138A 15
. o Y . , mM GIB4GIg33GlcaF (2), and 2 M
C for 1-2 h. At regular time intervals, 26L aliquots were NaN for substratex-glycosy! fluorides.

withdrawn and added to of sodium acetate (167 mM, ) . .
30 ( Assignments of the NMR signal® [(parts per million)

pH 4.7, 0°C) to quench the excess of EDC reagent. The ; . .
remaining glycosynthase activity of the enzyme was deter- @ndJ (hertz)] are given in the legends of Figures 7 and 8.

mined by assessing the glycosynthase-catalyzed self-

condensation of donor GB4GIy33GluaF (2, 2 mM) as RESULTS

described above (Frelease in 50 mM maleate buffer and

0.1 mM CacC} at pH 7.0 and 35C). Activity was corrected Donor SpecificityOn the basis of the substrate specificity

for nonenzymatic spontaneous hydrolysis of the fluoride of the wild-type enzyme33), the minimal donor for the

donor and expressed as a percentage of the initial enzymeglycosynthase reaction of the E134A 1,3-BA4fucanase is

activity (no EDC). the a-laminaribiosyl fluoride ). A set of donors with an
The pH dependence of enzyme inactivation by EDC was increasing degree of oligomerizatioh«(3, Scheme 3) were

investigated by incubation of the E134A enzyme (24) assayed using 4-methylumbellifergtcellobioside 14) as



13308 Biochemistry, Vol. 42, No. 45, 2003

Scheme 3: Glycosynthase Reactions of E134A
1,3-1,4f-GlucanaseR. licheniformig with a-Glycosyl
Fluoride Donorsl—3 and a 4-Methylumbelliferyl
f-Cellobioside 14) Acceptor

OH OH oH OH
Ho 0 \Ho o HO o o o
HO o) + HO HO 0. o
OH ol oH OH P
4

1

WN =
333

1
2
3 E134A glycosynthase

OH OH OH OH
H (e] o (e]
0 HO: HO e}
OH [, OH OH OH P

(4GIcB),3GIcPAGICBGICB-MU

Table 1: Kinetic Parameters of the E134A Glycosynthase-Catalyzed
Condensation of Donors—3 and the Acceptor
4-Methylumbelliferyl 5-Cellobioside 14)2

Keaf KPP
donoP KmaPP (mM) Keat (571 (mM-1s7])
1 GlcB3GleaF 1.36+ 0.18 0.040+ 0.003 0.03Gt 0.006
2 GlcpaGIgs3GloaF 0.34+£0.04 0.91+0.03 2.65+0.42
3 Glcp4GIB4GIgs3GlcaF 0.15+ 0.03  1.35+ 0.09 8.98+ 2.24

a Conditions: 50 mM maleate buffer, pH 7.0, 0.1 mM Ca@5
°C, [E134A]= 30—300uM, and [acceptor G|g4Glc-MU] = 7.8 mM.
b a-p-Glucosyl fluoride does not react as a glycosyl donor.

Faijeset al

0

2

1
Donor (mM)

> 1
2.0

10 15 25
Donor (mM)

Ficure 1: Kinetics of E134A glycosynthase-catalyzed condensa-
tions of donordl (@), 2 (O), and3 (a) and acceptot4in maleate
buffer (pH 7.0) and 0.1 mM Caglt 35°C, where [E134A]=
0.03-0.3 mM and [acceptol4] = 7.8 mM. The inset shows a
magnification of kinetics with dondt. Kinetic parameters are given
in Table 1.

0.5

ribiosyl fluoride donor with the first condensation product
(as demonstrated by NMR and MS). They are minor
compounds detected only after2 h of reaction time, which
account for less than 5% of the total transglycosylation
products at 24 h.

Preparative glycosynthase reactions were carried out at a
1:5 donor:acceptor molar ratio and higher enzyme concentra-
tions (10-30 uM) under the same experimental conditions

an acceptor. Reactions were performed in maleate buffer at,seq in the kinetic experiments. Product isolation followed

pH 7.0 and 35C, conditions previously found to be optimal
with the model reaction GESGloaF (1) + Gle-MU (4) (12).
Kinetics of the glycosynthase reactions were determined by
HPLC monitoring where the initial rates of transglycosylation
at different concentrations of donor are calculated from the
relative areas of transglycosylation product at initial reaction
times (<10% conversion, linear progress curve). Kinetic
parameters for donoré—3 are summarized in Table 1.
Normal Michaelis-Menten behavior was observed for the
di- and trisaccharide donotsand2, whereas some substrate
inhibition was apparent with the larger tetrasaccharide donor
3 (Figure 1).

Acceptor Specificity The specificity of the acceptor
subsites of the enzyme-( and+2) was studied with series
of mono- and disaccharide acceptors. First, the relative yields
in transglycosylation products after 24 h reactions using
o-laminaribiosyl fluoride {) as the donor and the different
acceptors4—20) in a 1:2 molar ratio (3 mM donor, 6 mM
acceptor, 3(tM enzyme, pH 7.0, and 3%C) were determined
by HPLC in an effort to evaluate the relative reactivities of

the acceptors under the same experimental conditions. Result

are presented in Table 2. In all cases where a transglycosyl
ation product was detected,fal,4-glycosidic linkage has
been formed as determined by NMR spectroscopy of purified

products. Glycosynthase reactions with selected acceptord4 PPM for C3) 87—

two different protocols depending on the acceptor compound.
For monosaccharide acceptodsahd8), the reaction mixture
was directly purified by reverse-phase chromatography to
afford the condensation products in 88 and 71% vyields,
respectively. For disaccharide acceptd4gnd16—18), the
reaction mixture was fully acetylated and purified by silica
gel chromatography, and the per-O-acetylated products were
treated with sodium methoxide in methanol to give the
condensation products in 285% vyield (Table 4). All
compounds were characterized by MS aHdand'3C NMR
spectrometry. In all cases, a n@al,4-glycosidic bond was
formed. For gluco-oligomers (compoun@® and 24—27,
Table 4), the'H NMR spectra show a new signal in the
anomeric region that can be assigned to H-2-ih4-linkages

(0 4.6-4.4 ppm,J = 7.8-8.1 Hz), whereas the signal
corresponding to the carbon involved in the new glycosidic
bond appears @t 77—79 ppm in the3C NMR spectra, which

is characteristic of a C4-O-linked glucoside. In contrast, the
C3 signal in a C3-0O-linked glucoside would appearoat
§6.5—87.1 ppm 25, 29). Likewise, in the condensation
product with the xyloside8 (compound23, Table 4), the
13C NMR signal at 76.8 ppm corresponds to a C4-O-linked
xyloside (a C3-O-linked xyloside would give a signaldat
39).

were further studied to measure initial rates as summarized Processes Competing with Dorefcceptor Condensa-

in Table 3. These reactions were carried out at low enzymetion. To evaluate the extent to which other processes may
concentrations in order to monitor the initial formation of compete with the desired enzyme-catalyzed condensation,
products, so yields after 24 h are only-480%. In most the model reaction between trisaccharide doRorlnd
cases, after the formation of the initial transglycosylation acceptor1l5 (Scheme 4) was analyzed in detail. These
product (labeled condensation in Table 3), a second com-processes were kinetically characterized by combining HPLC
pound was detected, which corresponded to an elongationmonitoring of product formation and fluoride anion release
product arising from a second coupling of thelamina- by a selective fluoride electrode.
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Table 2: Glycosynthase Activity of the E134A 1,3-J345lucanase Mutaht

Acceptor Acceptor
(monosaccharides) R (disaccharides) R
OH OH

HO‘&OZ HO o A o 0._0
¢ O@qjo oo | lie "L m&ﬁfm @j 1.29

OH
5 m;ﬂ@mz 095 | |15 W%\ Mﬁ@\w 0.91

OH HO o fo)
6 HO' ¢} <0.01 16 mmms ;ﬁ_OMe

OH 1.03

HO’&OI o) o)
HO. o O. (o] HO/&/HO&O O. o
7 oH \@E; 1.10 17 Ho OH ° OH \@(j 0.41
Z
OH OH
HO o HO o] HO (o]
o} o OMe
3 e @) 121 | |18 ”Oé o - = 0.20
NO,
OH OH OH
HO S HO O Ho 0
9 Ho,&/o 16 Ho o&y
‘@\ 0.03 on o 0.11
NO, F
oH OH
“ﬁé ;o H 9 OH
0 - WACD@ nr. U o—ﬁs Z\H’OH n.r.
NO, HO
" OH
HO 2 0. (o] Hlo-iO : OH
11 m&m \@ nr. 20 oo 0 nr.
7 Ho OH
OH

OH
o HO
12 &&@\ n.r. 21 OHo nr.
NO.

OH
OH
HO O,
HO
13
OHOMe n.r.

a Relative yields of transglycosylation after reactions (R) for 24 h wittoti@minaribiosyl fluoride L) donor and different acceptors. Conditions:
50 mM maleate buffer, pH 7.0, 0.1 mM CaCldonor] = 3 mM, [acceptorl= 6 mM, [E134A] = 3 uM, and 35°C. n.r. means no reaction.

(a) Nonenzymatic Hydrolysis of the Don®hea-glycosyl (b) Self-Condensation and Enzymatic Hydrolysis of the
fluoride was incubated in maleate buffer under the same Donor. The a-glycosyl fluoride donor can be hydrolyzed
experimental conditions used in transglycosylation reactions by the enzyme, and also act as an acceptor (it contains a
(pH 7.0, 0.1 mM CaGl and 35°C) in the absence of enzyme condensable free 4-OH group on the nonreducing end),
and acceptor. The initial rates of spontaneous hydrolysisleading to a dimer or self-condensation product. Both
(measured by Frelease) at differenti-glycosyl fluoride processes were analyzed by monitoring fielease upon
concentrations (615 mM) follow first-order kinetics with incubation of the donor with the enzyme in the absence of
a rate constarky of 2.57 x 10¢s™%. the acceptor. Rates are plotted against the donor concentration
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Table 3: Initial Rates of Transglycosylation for the Reactiorefaminaribiosyl Fluoride 1) with Various Acceptors, Catalyzed by E134A
1,3-1,4f8-Glucanasg

VO/[E] (s7Y) yield (%) at 24 h
acceptor [D] (mMm) [A] (mM) condensation elongation condensation elongation

Glc-MU (4) 3 6 0.0341 0.0039 43 3
Glc-MU (4) 1 2 0.0061 nél 33 -

Glc-pNP §) 3 6 0.0324 0.0022 39 2
Xyl-MU (7) 1 2 0.0046 nél 36 -

Xyl-pNP (8) 3 6 0.026 0.0019 52 5
Glcp4Gle-MU (14) 3 6 0.0418 0.0042 51 4
Glcp4Glc-pNP (5) 3 6 0.0122 0.0011 36 3
Glcp3Gle-MU (17) 3 6 0.0084 0.0010 19 2

a Conditions: 50 mM maleate buffer, pH 7.0, 0.1 mM CaQE134A] = 3 uM, and 35°C.  Not detected.

Table 4: Preparative Yields for E134A 1,3-134Glucanase-Catalyzed Glycosynthase Reactiors-b&minaribioside Fluoridel) with
Different Mono- and Disaccharide Acceptors

NMR®

purification overall yield

acceptot condensation product method H 185C (%)
Glc-MU (4) GIcB3GIBAGIc-MU (22) A 4.60 (8.1) 78.8 88
Xyl-pNP (8) GIcB3GIcB4Xyl-pNP (23) A 4.61(8.1) 76.8 71
GlcB4Glc-MU (14) GIcA3GIBAGIBAGIC-MU (24) B 4.60 (8.7) 78.7 75
GlcB4Glc-OMe (L6) GIcB3GIBAGICB4AGIc-OMe @5) B 4.43(7.8) 78.7 83
GIcA3Gle-MU (17) GIcB3GIgB84GIgB3Glc-MU (26) B 4.56 (7.8) 80.7 25
GIcB3Glc-OMe (L9) GIcB3GIcB4GIB3GIc-OMe @7) B 454 (7.8) 79.1 55

aFive equivalents of acceptor relative to dorfor® Purification method: (A) reverse-phase chromatography and (B) acetylatic®/#\0,
chromatography (Si§), and de-O-acetylation (MeONa/MeOH) as described in detail in Materials and Mettid¢ele. NMR signal in the condensation
product.’H is the H-1 signal in parts per millionJ(in hertz).°C is the C-4 signal in parts per million, for the newly formgel,4-glycosidic
linkage.d Overall yield in isolated condensation product relative to donor substrate.

in Figure 2. They follow a saturation-like curve with the on donor concentration:
following apparent kinetic parameter&y ~ 7.36 mM and

keat &~ 2.73 s1. Compared to this rate constant, the rate of
nonenzymatic hydrolysis determined before is negligible. If
one assumes that enzymatic hydrolysis and donor self-
condensation take place simultaneously, the measured fluo- . . .
ride release rates arise from both competing processes. The herevsc is _the rate of _self-condensatlon andlis the rate .
simplest kinetic model that accounts for the observed Of enzymatic hy_dronS|s. In this case, seli-condensation
saturation-like curve d[R/dt as a function of donor con- becomes the main process-a9.48 mM S.

centration is (c) Donor—Acceptor CondensatiorAt a constant donor
(2) concentration (2 mM) and varying acceptd5)( con-
centrations, the rate of condensation product formation
(determined by HPLC) follows saturation kinetics (Figure
3) with ak#*Pof 1.7 st and aKy @PHacceptor) of 11 mM.
Taken together with the kinetic parameters for the donor
(Table 1), theKy? of 11 mM for the acceptor is ap-

vse_ KIS 3)
v ks Ky

Kai G4G3GoF
E + G4G3GaF === E-G4G3GaF ——

Kaz
2 F‘% k3

E + G4G3G-OH

E-G4G3GuaF-G4G3GaF

F'4Jik4
E + G4G3G4G4G3GuF

with a rate expression

proximately itsKy value since this experiment was carried
out at saturating donor concentratiorrséKu(donor)]. As
compared to the donor self-condensation parameters obtained
above k.,fPP is lower thank, and Ky2*? is higher tharKgs.

In terms of second-order rate constanti,,&7Ky2*?of 0.15
mM~1 s71is half theks/Kg, value of 0.29 mMt s71 for self-

condensation, indicating that the trisaccharis a better
2) acceptor tham-nitrophenylj-cellobioside 15).

The total F release for the don@& + acceptorl5reaction
follows the curve shown in Figure 3; at 0 mM acceptor, the
where F is the total fluoride ion released and S is doBor  rate of F release corresponds to the rate of self-condensation

Fitting the data to eq 2 (as shown in Figure 2) gives a and enzymatic hydrolysis of the donag/E]o = 0.61 s'%),
hydrolysis constantkg) of 0.14 s, a self-condensation  whereas at high acceptor concentrations, it is approximately
constant k) of 3.11 s, a dissociation constant of the equal to the rate of formation of the condensation product
enzyme-donor complexKq1) of 0.11 mM, and a dissocia- by HPLC. It means that condensation becomes the main
tion constant of the ternary complekK4£) of 10.58 mM. process with an excess of acceptor because it competes with
Accordingly, self-condensation is faster than enzymatic the donor for the acceptor subsites of the enzyme, thus
hydrolysis ks > ks), but the extent of both processes depends decreasing the rate of self-condensation of the donor.

diF ] _ kISP +kKadS]
dt KK+ KedS] + [SP
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Scheme 4: Competing Processes in the Glycosynthase Reaction of E134A B;&llidanase with Dono2 and Acceptorl5?
GlcB4GIcB3Glc-OH

F- spontaneous
hydrolysis
condensation

E + Glcp4GIcB3GIcoF + GlcPaGIcBpNP ﬁ» GlcB4GICR3GICBAGICBAGICRPNP

donor (2) acceptor (15) R
. F DONOR elongation
enzymatic .
hydrolysis self-condensation -
F- F-
(GIcB4GIcB3Glcp4),GlcB4GIcBpNF
Glcp4GIcp3GIc-OH (GIcB4GIcB3Gic)0F

@ Reactions were monitored by fluoride ion release and formation of chromogenic products (pNP-glycosides; see the text).

1.8 1 °
100 1
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~ 127 <
) < 801
i 09 <
< ]
> 06 <
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ot 401 _ . _ _
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FiGURE 2 Kinetics of self-condensation and enzymatic hydrolysis . =g 4

X . pH dependence &./Ku(donor) for the glycosynthase-
of (ljonor% (]:c?talyzed b%)’ E13d4% 134#‘8'“&?”%390(':" 50h MM catalyzed condensation of donband acceptol5 by E134A 1,3-
maleate —uoelr5(pl\|/|_| 7.d)dan 2'1_%"\6'5_132 tMSI £ w %re 1,4$-glucanase in 50 mM citrate&50 mM phosphate buffer and
[enzyme]= 0.154M and [donor2] = 0. mM. v/[E]o is the 0.1 mM CaC}, with a constant ionic strength (0.5 M) at 38,

rate of fluoride ion release. where [enzymel= 3 uM, [donor 1] = 0.1-1 mM, and [acceptor
15 = 24 mM. The kinetic K, values (5.2 and 7.8) were obtained

1.2 by fitting the data to eq 4.

1.0 but it is only 2-4% at high acceptor concentrations. The
081 elongation:condensation ratio for given donor and acceptor
" initial concentrations is kept constant during the reaction time
E 0.6 st (data n(_)t shown). No longer oligomers other than the first
fo 04 5 Ny elongation product were detected.

' g0 Hhaa pH Dependence of the Glycosynthase Asti (KeafKm)donor
0.2 1 " values for the E134A 1,3-1A4-glucanase-catalyzed con-
0 7 14 2 densation reaction ofi-laminaribiosyl fluoride {) with
01 foceptor (b acceptorl5 were determined (by HPLC) over the pH range
0 3 6 9 12 15 18 21 of 5.0-9.0. Reactions were carried out at a saturating
Acceptor (mM) acceptor concentration (24 mM) and different donor con-

FiGURE 3: Kinetics of donor-acceptor condensation catalyzed by ~centrations (61 mM) below its Ky value in citrate-
E134A 1,3-1,45-glucanase: @) condensation product by HPLC ~ phosphate buffer at a constant ionic strength. Under these
and ©) total F~ released by the fluoride selective electrode. The conditions k.o/Ky values for the donor were obtained as the
inset shows the percentage of elongation product determined byslope ofvo = (KeadKnt)aonofdonor]. The plot of KealK)donor

HPLC.E/(C + E), whereE is the rate of elongation ardthe rate S .
of condensation. Conditions: 50 mM maleate buffer (pH 7.0), 0.1 Versus pH shown in Figure 4 is rather complex, correspond-

mM CaCl, 35°C, [enzyme}= 0.04-0.16uM, [donor2] = 2 mM, ing to a double-ionization process. This behavior is described
and [acceptod ] = 0—21 mM. by the following kinetic scheme4() in which two ionic

(d) Elongation ProductsThe accumulated condensation 0rms of the enzyme are active:

product may react as an acceptor with the donor to yield

elongation products (Scheme 4). For the same experiment E + S é E-S; _ﬁ_,E + P
where donot-acceptor condensation was analyzed above,

monitoring of the elongation product by HPLC gives the rate "ﬂﬂ Ks “

dependence on acceptor concentration shown in the inset of EH + §; == EH-S§;—>EH+ P;
Figure 3. This process depends on the donor:acceptor K"u

concentration ratio; at low acceptor concentrations, the

e
elongation rate is up to 20% of those of the overall processes, BHz + Si — EHzS; >é
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Ficure 5: Kinetics of enzyme inactivation by EDC at pH 5.5 and
25 °C. Remaining activity (%) vs time of inactivation at different

EDC concentrations (660 mM). Data were fitted to eq 7. The
inset shows,ps Values at each EDC concentration (eq 8).

where E is the enzyme with three different ionization states

(E, EH, and EH)) related by two K, values (K. and [Ka),
S are the substrates (donor and acceptor), ant Fhe

Faijeset al

applied @4). These results suggest that modification of the
glycosynthase enzyme occurs at least at two different types
of carboxyl groups, one leading to a completely inactive
enzyme but the other resulting in a partially active enzyme,
and modification of either prevents the reaction on the other:

k
E + n,EDC— E*

k.
E + n,EDC— E1*

where E* is completely inactive and E1* is partially active.
The observed remaining activity at any reaction time is
given by

ag[E] + ag,.[E1]
ag[E]y

whereag is the specific activity of the unmodified enzyme
and ag;+ the specific activity of the modified but partially
active enzyme. According to this reaction scheme, the
remaining activity as a function of time is expressed as

actt) = (6)

transglycosylation product. At low pH, the enzyme has no

activity (inactive EH form); at pH~7, a maximumk;,/Ky acg. K e L Ber K,
value is reached, whereas at high pH, an appreciable residual actt) = (1 — — P e Py )
activity is maintained, indicating that both ionization states & KT % KT

EH and E are active with regard to glycosynthase activity,

EH being more active than E. The equation describing this

model is

(1+ B x 107" P
1+ 10 P 4 g PP

whereA = k/Ks andB = y/o.. The calculated kinetic i,

(kca/KM)donor =A (4)

values obtained by nonlinear regression fitting of the data

toeq 4 are 5.2 0.1 and 7.8+ 0.1.
Enzyme Inactiation by EDC.The participation of carboxyl

groups in the mechanism of the E134A glycosynthase was

wherek; = ki[EDC]™ and k, = k[EDC]™, and the con-
stants in eq 5 become

kops = Ky + K = K, [EDCJ™ + I,[EDC]™  (8)
L, % Kk
A=l ©)
A K
= CIE (10)

investigated by analyzing the kinetics and pH dependence 'N€ activity versus time data were fitted to eq 7 by

of enzyme inactivation by a water-soluble carbodiimide
(EDC) @1, 42). E134A 1,3-1,43-glucanase was incubated
with different concentrations of EDC {2120 mM) at pH

nonlinear regression to obtain the fittings plotted in Figure
5 with the following numerical values for the constanks:
=1.87x 105k, =1.53x 104 n;=1.34,n, = 0.18, and

5.5 and 25°C, and the reaction was quenched at different 21/ = 0.69. kobs (s™) (eq 8) can be derived from these
time intervals to measure the residual glycosynthase activity. @S @ function of EDC concentration as shown in the inset of
This treatment resulted in a time-dependent enzyme inactiva-F1gure S

tion (Figure 5) up to 23% residual activity with 120 mM

Even though carbodiimides react preferentially with car-

EDC after reaction for 1 h. The inactivation process proved Poxylic acid groups, they are also able to modify cysteine
to be irreversible since no change in residual activity was and tyrosine residues at slightly acidic p#b(46). Modi-
obtained after extensive dialysis. Under the same experi- fication of cysteines is discarded since 1,3-fi;glucanase
mental conditions, inactivation by EDC in the presence of has two Cys residues involved in a disulfide bond. Tyrosine
glycine methyl ester (1.2 M) as a nucleophile gave a residual "eSidues modified by EDC yield @-arylisourea derivative,

activity of 8%. A plot of the remaining glycosynthase activity
as a function of time of inactivation at different EDC
concentrations (Figure 5) obeys an exponential equation:

(5)

whereA is the amplitudekq,s the inactivation constant, and
B the residual activity after a long incubation time. Since
no complete inactivationg > 0) is obtained, the standard
Levy’'s method for calculating the order of inactivation [as
the slope of lodg Vs log[l] for a single inactivation process
E + nl — El,, where | is the inactivator]43) cannot be

act(%)= Ae ‘¥ + B

which incubation with an excess of hydroxylamine can revert
(46). Treatment of an EDC-modified enzyme (after extensive
dialysis to remove an excess of reagents) with 0.5 M
hydroxylamine did not recover glycosynthase activity.
Moreover, nitration of tyrosines in the free enzyme with
tetranitromethane (TNM) at pH 8 for 10 h indicated that all
17 Tyr residues of the protein were modified [monitored
spectrophotometrically at 428 nmi){, but only 15%
reduction in glycosynthase activity was measured for the
TNM-treated enzyme (data not shown). Therefore, modifica-
tion of Tyr residues does not have a major effect on
glycosynthase activity, so the observed inactivation by EDC
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Table 5: Hydrolase Activity of Wild-Type and Active Site Mutants

1.8 1 of 1,3-1,48-Glucanase with the Substrate 2,4-Dinitrophenyl
3-O-p-Cellobiosyl-p-glucoside 29)?
,_l 1.4 1 enzyme Keat (573 Kv (MM)  kealKn (M1 s7Y)
<2 wild-type 603+ 8 0.20+£0.01 (3.0+£0.2) x 10°
© E134A (7.1£0.1) x 104 0.164+0.02 4.4+0.5
< 1.0 E138A 0.256+ 0.005 0.22£0.02 (1.2+0.1)x 103
_z% E134A/E138A (7.4 0.2)x 104 0.3+0.1 2.6+0.8
0.6 1 a Conditions: 6.5 mM citrate/87 mM phosphate buffer, pH 7.2, 0.1
mM CaCb, 30 °C, [GIcB4GIg83Glc-2,4DNP 29)] = 0.01-2 mM,
enzyme concentrations of 0.1 nM to 0.2¥ (wild type), 5 nM to 1
0.2 1 - uM (E134A), 10 nM to 1uM (E138A), and 5uM (E134A/E138A).
4 5 6 7 8 9 Data for the wild type and single mutants E134A and E138A were
pH reported in ref21.
Ficure 6: pH dependence of glycosynthase inactivation by EDC. . .
kobs VS pH data were fitted to eq 11 to give &pvalue of 5.3+ products: \ 1R
0.2: @) E134A glycosynthase an®j wild-type enzyme [inactiva- o H-1 H-1m R4
tion of hydrolase activity 33)]. Conditions: ternary buffer at a substrate Iha' watl T
constant ionic strength (pH-®), [E134A] = 26 uM, and [EDC] I | I
=120 mM. E134A/E138A I

reaction
can be ascribed to modification of carboxylic acid residues. \ l“
In addition, EDC inactivation is due to active site residues A) ‘ " | y A

since inactivation was partially prevented by the hexa- A I U e hay
saccharide GAUGI34GIE3GIcs4GIcs4GIcEOMe (24), a E134A reaction
specific ligand of 1,3-1,4-glucanases. Treatment of the | ||
glycosynthase with EDC (120 mM) at pH 5.0 in the presence |L
of the ligand (6-12 mM) protected the enzyme from B L i JLM..WMV'
inactivation in a concentration-dependent manner. At 12 mM
ligand, the level of inactivation after reaction for 1.5 h was E138A reaction
half of that obtained in its absence.
The pH dependence of inactivation by EDKgp{ vs pH) C) FJ
is shown in Figure 6. It follows a single titration curve with ~ - .
fast inactivation rate constants at acidic pH values. Data were
fitted to eq 11, which corresponds to a single ionization Substrate 23
process plus an independent terb) fo account for the
residualkqps at high pH values D) —J
%bs=%+ b (11) "88 84 80 76 68 56 52 48 44
1+ 107 P FIGuRE 7: H NMR spectra of the reactions of substrate
Glcf4GIgB3Glc-2,4DNP 29) with 1,3-1,48-glucanase E134A/
where fitted parametefs = 2.8 x 10% s* and Kobgim = E138A (A), E134A (B), and E138A (C) mutants in the presence
1.7 x 1073 s! and with an apparentKa value of ap- of sodium azide, in deuterated phosphate buffer atG@nd pD

7.2 for 72 h. [E]= 34 uM, [substrate}= 11.8 mM, and [azide}

proximately 5.3+ 0.2. . 2 M. 6 andJ values: 5.53 ppm and 3.6 Hz for H-a&-glycosyl
E134A/E138A Double Mutant. Chemical Rescue of Hy- azide, 5.45 ppm and 7.2 Hz for H-dubstrate, 4.81 ppm and 8.1

drolase and Glycosynthase Adgties. The residue acting as  Hz for H-1" substrate, 4.76 ppm and 8.1 Hz for H.}3-glycosyl
the general acidbase catalyst in the wild-type hydrolase azide, 4.70 ppm and 8.1 Hz for H-b-glycosyl azide, 4.49 ppm
reaction (Glu138 iB. licheniformis,3-1,48-glucanase) is ~ and 8.0 Hz for H-1" a-glycosyl azide, and 4.48 ppm and 8.1 Hz

. . . for H-1"" substrate ang-glycosyl azide, respectively. Aromatic
proposed to function as the catalytic base in the glyco- gignais ato 8.90 (2.7 Hz) for H-3 substrate and H32,4-
synthase mechanism (Scheme 2). This residue was mutatedinitrophenol,é 8.55 (2.7 and 9.3 Hz) for H:Ssubstratey 8.10
to Ala on the E134A glycosynthase to produce the double (3.0 and 9.6 Hz) for H-52,4-dinitrophenold 7.62 (9.6 Hz) for
mutant E134A/E138A. Kinetics of the enzyme-catalyzed H-6 substrate, and 6.72 (9.6 Hz) for H-6 2,4-dinitrophenol.
hydrolysis of the activated 2,4-dinitrophenyl glycoside
substrate29 are summarized in Table 5 and compared with spectroscopy (in BD at pD 7.2 and 25C) to follow the
those of the single alanine mutangl). The double mutant  time progress and for structure determination of the final
behaves much like E134A (nucleophile mutant) with & 10 products. Results are shown in Figure 7, together with control
fold reduction ink.o relative to that of the wild-type enzyme. reactions that included the single E134A mutant (which
The activity was restored when applying a chemical rescueyielded thea-glycosyl azide product, Figure 7B) and the
methodology as previously shown on E134A and E138A single E138A mutant (which gave thgglycosyl azide,
single mutants. Incubation of the activated substrate 2,4-Figure 7C) 21). A doublet até 5.53 ppm § = 3.6 Hz)
dinitrophenyl glycosid®9 with E134A/E138A in the pres-  develops at the same rate at which the doublet corresponding
ence 62 M sodium azide resulted in a fast aglycon release to H-1' of the substrate(5.45 ppm,J = 7.2 Hz) disappears.
(UV detection). The reaction was monitored Hy NMR Little hydrolysis product (H-Lsignal até 5.23 ppm and
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product H-1"" H-1" 100 1
substrate H-1' ||-||-1“ (L
I I 80
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FiIGURE9: Time course analysis of the reactions of 8IGI¢33Glc-
\ oF (2) substrate and azide in the presencg 4nd absence (- - -)
W | of the 1,3-1,48-glucanase E134A/E138A mutant By NMR: (O)
t=3h ﬂl V substrate, @) S-glycosyl azide, and &) hydrolysis products.
B) fl n I J " Conditions: [substrate} 15 mM, [azide]= 2 M, with or without
J e b - 34uM E, 50 mM deuterated phosphate buffer, pD 7.4, andB5

showed a doublet & 4.75 ppm § = 8.1 Hz), corresponding

to H-1' of the 5-glycosyl azide product, that developed at
r t=0 U the same rate at which the Hdnd H-1' signals of the donor
A) | ] l | H a, substrate ab 5.70 ppm § = 53.4 Hz) and) 4.74 ppm { =
-_--—w*' — e ——————g ‘“”‘f' ~ 7.5 Hz), respectively, disappeared. The time course of the
6.0 ' 5'.5 5'.2 ' 4_[8 44 H NMR integrals is presented in Figure 9. After 24 h, the
FiGURe 8: 'H NMR monitoring of the reaction of GR#GIgB3Glc- f-azide product was obtained in 90% yield, whereas the

oF (2) with the 1,3-1,48-glucanase E134A/E138A mutant in the ~chemical reaction (in the absence of enzyme) yielded only
presence of sodium azide, where 84 E, 15 mM substrate, and ~ 40% of the same product under identical experimental
2 M azide were incubated in deuterated phosphate buffer &35 ¢gnditions.

and pD 7.4: GIB4GI¢53GlcaF substrate at time zero (A) and ..
afterp3, 9, and 2’34 h(fBD, respectively).0 andJ values:( 52,70 Attempts to recover glycosynthase activity of the double

ppm and 53.4 Hz for H!Isubstrate, 4.75 ppm and 8.1 Hz for M1 mutant by adding exogenous bases failed. Different bases

p-glycosyl azide, and 4.49 ppm and 7.8 Hz for M-4ubstrate and ~ such as ammonia, methylamine, cyanomethylamine, glycine

B-glycosyl azide, respectively. methyl ester, and sodium formate M were added to a
mixture of the a-laminaribiosyl fluoride {) donor and

= 3.5 Hz for theo-anomer ana 4.66 ppm and =7.5Hz  centor4 at different pH values (79.2) and 35°C with
for the f-anomer) is detected. By comparison with the adduct o £134A/E138A mutant. No condensation product was
produced in the E134A reaction (Figure 7B), the main yoiacted in any case by HPLC.

product of chemical rescue of the double mutant is the
o-glycosyl azide, but its rate of formation is half of that with pjscussIoON
the single E134A mutant.

Once proper folding and the ability to bind substrate have ~ Glycosynthase Actity and Specificity. B. licheniformis
been proven for the E134A/E138A mutant, it was tested as 1,3-1,4f-glucanase was the firs¢ndeglycosidase to be
a glycosynthase. Addition of the double mutant to a mixture engineered as a glycosynthase (E134A mutant), catalyzing
of a-laminaribiosyl fluoride {) and acceptot4 under typical the condensation af-laminaribiosy! fluoride with 4-methyl-
glycosynthase conditions yielded no transglycosylation prod- umbelliferyl -glucoside andf-cellobioside in 86-90%
uct (HPLC and TLC monitoring). It agrees with the proposed Yields (L1). Specificity and kinetic studies are analyzed here
role of Glu138 in the E134A glycosynthase as a general baseto explore further synthetic applications and better understand
by activating the hydroxyl group of the acceptor. the mechanism of glycosynthases.

The reaction with azide as the nucleophile acceptor not Donor and acceptor specificities are summarized in Tables
requiring general base catalysis was analyzed. In a prelimi-1—3. a-Glucosyl fluoride is not a donor, and the enzyme
nary experiment, incubation of tleelaminaribiosyl fluoride requires a disaccharide occupying subsitdsand—2 for
donor (@) with the E134A/E138A mutant @2 M sodium detectable glycosynthase activity. For a series of donors with
azide produceg@-laminaribiosyl azide in quantitative yield an increasing degree of polymerization ([¢.Glcs3GlonF,

(*H NMR monitoring,0 4.75 ppm and = 9.3 Hz for H-1 n= 0—2), kealKi values (Table 1) increase from disaccharide
ando 4.72 ppm and) = 8.7 Hz for H-1' of the product). 1 to tetrasacharid®, because of increasig,;and decreasing
However, it was not conclusive since the same adduct wasKy values, as expected for andoenzyme and in agreement
also formed at approximately the same rate in the absencewith subsite mapping analysis of the wild-type enzy38) (

of enzyme because of the high chemical reactivity of the Different mono- and disaccharide derivatives were assayed
fluoride. Using a better glycosyl donor, the trisaccharyl to define the acceptor specificity (Tables 2 and 3). Methyl
fluoride 3, the enzyme-catalyzed nucleophilic reaction with S-glucoside6 is a poor acceptor, whereas 4-methylumbel-
azide was much fastetH NMR monitoring (Figure 8) liferyl and 4-nitrophenyf3-glucosides4 and5, respectively)
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react readily. It indicates that subsitel has a low affinity mixed, the competition between donor self-condensation and
for productive binding to a monosaccharide; the acceptor donor—acceptor condensation depends on their relative
must occupy subsité-2 with an aromatic aglycon or with  affinities and concentrations. Because the trisaccharyl donor
another glucosyl unit as seen with disaccharide acceptors2 is a better acceptor than the cellobiositiein this case,
14—18. The 5-hydroxymethyl group is not required since donor self-condensation is an important process at low
aryl g-xylobiosides7 and 8 are also good acceptors with acceptor concentrations; however, it becomes negligible with
initial condensation rates similar to those of the homologous an excess of acceptor, and the condensation product reaches
glucosides (Table 3). A 5-carboxyl group is not accepted a 70-80% vyield at a 1.5 donor:acceptor molar ratio.
(compoundLl) as well as other configurations at G&gnng Likewise, further elongation of the condensation products
9) or C4 (alactg 12). a-Glucosides 13 and 19—21) do (by a second coupling with the donor) may account for up
not react at all, indicating that-linked saccharides do not to 20% of the overall processes at low acceptor concentra-
bind. 2-Acetamido-2-deoxg-glucoside 10) was not gly- tions, but the level of elongation is reduced te4®6 with
cosylated, in agreement with modeling studies which predict an excess of acceptor (1:5 donor:acceptor molar ratio) (Figure
a hydrogen bond interaction between the glucosyl 2-OH 3). It is therefore important to modulate these different
group and a glutamate residue of the protein without room reactions for an efficient use of the glycosynthase methodol-
to accommodate a larger substitueft)( ogy in preparative synthesis of target oligosaccharides.

On disaccharides, the cellobiosidéd—16 are better Besides the use of an excess of acceptor to minimize self-
acceptors than the laminaribiosides and 18, probably as condensation and elongation, other strategies, which are
a consequence of a competition of laminaribioside acceptorshighly dependent on the relative binding affinities of the
with the o-donor for the same subsites2 and—1, rather donor and acceptor for the same acceptor site, have been
than as a consequence of the higher affinity of the cello- devised and tested previously with the E134A glycosynthase,
biosides for subsites-1 and+2. Subsite mapping analysis and also successfully used with anoteadaglycosynthase,
on the wild-type enzyme has shown that subsitdsand the E197A mutant of cellulase Cel7B frorh insulens(16,
+2 can accommodate both laminaribiosyl and cellobiosyl 49).
units with similar affinities 19, 48). When comparing the (a) Selection of a Donor with a Different Configuration
methyl and 4-methylumbelliferyl glycosides of the same of the Hydroxyl Group that Normally Acts as an Acceptor
series,14 versus16 and 17 versus18, we find that the (i.e., a galactosyl instead of a glucosyl residue on the
disaccharides containing an aromatic aglycon are slightly nonreducing end of the donorThis strategy depends on
better acceptors than the corresponding methyl glycosides,how strict the specificity of the enzyme is at the donor
indicating that some additional interaction occurs at the edge subsites. Subsite 3 of B. licheniformisl,3-1,4$-glucanase
of the binding site cleft after subsite2. accepts a galactosyl residue with almost the same affinity

Preparative reactions withi-laminaribiosyl fluoride {) as a glucosyl residue, and the corresponding trisaccharyl
and the acceptors shown in Table 4 yielded condensationfluoride Gap4GIg53GlcoF as a donor in the E134 glyco-
products where a neys-1,4-glycosidic bond is formed, synthase reaction gave a single condensation product with
following the same specificity as the wild-type hydrolase mono- and disaccharide acceptors in high yie®l).(
activity. It also illustrates the high regioselectivity efde (b) Use of a Temporary Protecting Group on the “Ac-
glycosynthases [shown for this enzyme and for E197 Cel7B ceptor” Hydroxyl Group of the DonorAs shown for the
cellulase fromH. insolens(16)] as compared to thexc E197A Cel7B glycosynthase, d4etrahydropyranyl (THP)-
acting glycosynthases reported so far where mixtures of protectedx-cellobiosyl fluoride is a good donor that is unable
regioisomers are often obtaineti)( 12, 13). Condensation  to self-condensed@). The same protecting group was applied
yields depend on the acceptor compound (Table 4); at a 1:5to0 the E134A glycosynthase reaction in which the corre-
donor:acceptor ratio, aryl monosaccharides and cellobiosidessponding tetrasaccharide donor protected at the 4-OH group
give 70-90% vyields, whereas laminaribiosides result in on the nonreducing end gave a single condensation product
lower yields (25-55%) due to substrate inhibition as a with the methylS-cellobioside acceptor in 85% yiel@4).
consequence of competition for the donor subsites of the After the glycosynthase-catalyzed condensation, the THP
enzyme. protecting group is removed by acid treatment.

Competing Reactions: Transglycosylatiorrsus Self- Mechanismlt is commonly assumed that the mechanism
CondensationAs observed with most of the current glyco- of the glycosynthase reaction proceeds by general base
synthases, the doneacceptor condensation reaction is often catalysis in which the same residue that acts as a general
accompanied by other side reactions. The glycosyl fluoride acid in the hydrolase mechanism of the wild-type enzyme
donor and the transglycosylation product may also act asnow plays the role of general base catalyst by increasing
acceptors provided that the configuration of the condensablethe nucleophilicity of the glycosyl acceptor (Scheme 2). We
hydroxyl group on the nonreducing end of the donor has provide experimental proof of this mechanism by analyzing
the same stereochemistry as the normal acceptor, leading tdhe pH dependence of glycosynthase activity, the kinetics
self-condensation of the donor or elongation of the trans- of enzyme inactivation by a carboxyl-specific reagent (EDC),
glycosylation product, respectively. The extent of each and the properties of the double mutant E134A/E138A
process is analyzed by kinetic measurements of the model(where Glul38 is the general acibase in the wild-type
reaction between trisaccharyl fluoride dorfoand cellobio- hydrolase reaction).
side acceptot5 (Scheme 4). In the absence of the acceptor, The pH dependence &f./Ky(donor) for the glycosynthase
the rate constant of self-condensation is higher than the ratereaction of E134A is presented in Figure 4. At acidic pH
constant of enzymatic hydrolysis of the donor. For the overall (<5), the enzyme is inactive and activity increases at higher
system when the donor, acceptor, and enzyme are beingoH values up to a maximum at pH 7.0. It corresponds to
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general base catalysis with a kinetiKgof 5.2. According activity. Instead, in the wild-type enzyme, Glul138 and
to the proposed mechanism in Scheme 2, the carboxylate ofAsp136 are further apart from each other [Aspl36 is
Glul38 is the candidate to act as a base, and khep5.2 H-bonding with the nucleophile Glul34 in the free wild-
will reflect its ionization. In the wild-type hydrolase mech- type enzymeZ2)], and Glul38 is accessible to the reagent
anism, Glu138 has ai of 7.0 as a general aci®®). The independent of modification of other active site carboxyl
drop of 1.8 pH units in the E134A mutant profile and the groups, thus leading to complete enzyme inactivation.
shape of the pH profile corresponding to basic catalysis are Also consistent with inactivation due to modification of
attributed to the lack of the negatively charged nucleophile active site residues is the fact that the hexasaccharide
in the mutant. As already argued for th xycling of the Galp4Glcs4GIgB3GIcs4GIc43GIcsOMe, a specific ligand
general acie-base catalyst in retaining glycosidases, the of 1,3-1,48-glucanases2d), protects the glycosynthase from
residue that acts as general acid in the glycosylation stepinactivation by EDC.
then becomes the general base in the deglycosylation step The pH profile of inactivation Ks vs pH, Figure 6)
because of a decrease iKwhen the covalent glycosyl follows a titration curve with a i, of 5.3 + 0.2 for the
enzyme intermediate is forme81). Charge distribution in  glycosynthase enzyme, when it was Z®.1 for the wild-
the active site of the glycosynthase (nucleophile-less) mutanttype enzyme. Likewise, the kinetid<g (on k.o/Ky) of the
would be equivalent to that in the covalent glycesghzyme  glycosynthase activity is 5.2 0.1 (general base catalysis),
intermediate for the wild-type reaction, enabling Glu138 to whereas the kinetichy (on k.o/Ky) of the hydrolase activity
be ionized to act as a general base. At higher pH values, aof the wild type is 7.0+ 0.1 (general acid catalysis). Both
pH-independent glycosynthase activity of the E134A mutant experiments are consistent in showing that tKeqf Glu138
would be expected (a plateau in tha/Km vs pH profile) is 7.0 in the wild-type enzyme when it acts as a general acid
since the general base remains in its active ionization state.in the hydrolase mechanism [glycosylation st&8)] and
However, a decrease in activity following an ionization with  that the [K, of this residue drops 1:71.8 pH units when
a K, of 7.8 to a residual activity of 70% is observed (Figure the nucleophile is removed in the E134A mutant, after which
4). Itindicates that the ionization of another residue, although it is able to behave as a general base in the glycosynthase
not essential, affects the catalytic efficiency. We tentatively enzyme.
propose it to be Asp136, the third residue of the catalytic  Finally, to assign Glu138 as the actual general base, the
triad in the wild-type enzyme. Asp136 may be close to double mutant E134A/E138A was analyzed. It is inactive
Glul38 to stabilize the ionized carboxylate to behave as ags 5 hydrolase with a residuak; (substrate9) on the same
general base, as proposed in the deglycosylation step of theyrder of magnitude as that obtained for the E134A mutant.
wild-type hydrolytic reaction. lonization of Asp136 at high | jkewise, activity was rescued upon addition of sodium azide
pH may render a less than Optlmal ionization/Charge distribu- as an exogenous nuc|eophi|e, the product beingﬂ.}w-
tion of the active site that is reflected in a lower, but still cosyl azide as in the case of chemical rescue of the single
important, glycosynthase efficiency. E134A mutant. It demonstrates that the active site topology
Chemical modification of E134A glycosynthase by EDC  of the double mutant is maintained, and that cleavage of the
supports the involvement of Glul38 as a general base.glycosidic bond of the activated 2,4-dinitrophenyl glycoside
Glycosynthase activity is efficiently reduced by the water- 29 does not require protonic assistance by a general acid in
soluble carbodiimide EDC (Figure 5). As other side reactions the enzyme. The E134A/E138A mutant has no detectable
of carbodiimides with tyrosine and cysteine residues could glycosynthase activity. Addition of exogenous bases such
be discarded, enzyme inactivation can be ascribed toas formate, methylamine, cyanomethylamine, glycine methyl
modification of active site carboxyl groups. The process is ester, or ammonia did not rescue glycosynthase activity.
irreversible and obeys a monoexponential decay with residualHowever, sodium azide added as a stronger nucleophilic
activity after a long incubation time. It contrasts with the acceptor that does not require general base catalysis leads
EDC inactivation of the hydrolytic activity of the wild-type o theB-glycosyl azide adduct from the-glycosyl fluoride
enzyme, where complete inactivation (no residual activity) donor (Figures 8 and 9).
was obtained, with first-order kinetics, an order of inactiva-  Together, these results provide solid evidence of general
tion of 0.97, and a pH dependence of the inactivation with pase catalysis in the glycosynthase mechanism, with Glu138
a pKa of 7.0, assigned to the general acid Glu138)(This a5 the catalytic residue directly participating as the base to
different behavior between hydrolase (wt) and glycosynthasejncrease the nucleophilicity of the saccharide acceptor for
(E134A) enZymeS indicates a different aCCGSSibility and/OI’ Condensation W|th the donor as Shown in Scheme 2.
reactivity of the essential carboxylic acid residue in both
enzymes, which can be explained as follows. The EDC SUPPORTING INFORMATION AVAILABLE
reaction is initiated by protonation of the carbodiimide ) o ] )
nitrogen by a carboxylic acid followed by nucleophilic attack Spectral data. This material is available free of charge via
on the central carbon atom by a carboxylate anih 42, the Internet at http://pubs.acs.org.
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