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The transfer of a galactosyl group from an enzyme to a number of neutral primary alco-
hols, phenol and azide has been studied during the reactions at 80°C of thermostable B-
glycosidases from Sulfolobus solfataricus (SsBGly) and Pyrococcus furiosus (CelB) with
2-nitrophenyl B-bD-galactopyranoside or lactose (4-O-B-D-galactopyranosyl D-glucopyra-
nose) as substrates. The rate constant ratios, ky/k,,...» for partitioning of the galactosy-
lated enzyme intermediates between reaction with nucleophiles (ky, M s?) and water
(R aien 51 have been determined from the difference in the initial velocities of the forma-
tion of 2-nitrophenol or D-glucose, and D-galactose. The results show that hydrophobic
bonding interactions contribute ~8 kJ mol™! to the stabilization of the transition state for
the reaction of galactosylated enzyme intermediates of SspGly and CelB with 1-butanol,
compared to the transition state for the enzymatic reaction with methanol. The leaving
group/nucleophile binding sites of SsBGly and CelB appear about 0.8 times as hydropho-
bic as n-octanol. Values of ky /k .. for reactions of galactosylated SsBGly with ethanol
and substituted derivatives of ethanol show no clear dependence on the pK, of the pri-
mary hydroxy group of these nucleophiles in the pK, range 12.4-16.0. The binding of
phenol with the galactosylated enzyme intermediates of SsgBGly and CelB occurs in a
form that is mainly nonproductive pertaining to B-galactoside synthesis. Neither en-
zyme catalyzes galactosyl transfer to azide ion. A model is proposed for the interaction
of neutral nucleophiles at an extended acceptor site of the galactosylated en-zymes.
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Hyperthermostable g-glycosidases from the Archaea Sul-
folobus solfataricus (SsBGly) (I) and Pyrococcus furiosus
(CelB) (2) catalyze the hydrolysis of a wide variety of B-gly-
cosides of the general form B-Glx-OR, where Glx is the gly-
con moiety and RO(H) is the leaving group (3-6). B-
glycoside hydrolysis catalyzed by both enzymes proceeds
with retention of configuration at C-1 of Glx. B-retaining
glycosyl transfer catalyzed by B-glycosidases is generally
thought to occur through a two-step reaction mechanism
that is promoted by a catalytic nucleophile and a general
acid/base, and involves the formation of a covalent a-glyco-
syl enzyme intermediate (E-Glx) (reviewed in Refs. 7 and
8). The catalytic nucleophiles of SsBGly (Glu387) and CelB
(Glu372) are defined through the known structure/function
relationships of family 1 glycosyl hydrolases (9), and were
identified by site-directed mutagenesis (6, 10) and through
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mechanism-based inactivation (11).

Transglycosylation is a commonly observed, diagnostic
feature of enzyme-catalyzed glycosyl transfer with reten-
tion and occurs because E-Glx partitions between reaction
with water and reaction with other nucleophiles present in
bulk solution (Scheme 1) (7, 8, 12). The transfer of Glx to
acceptors other than water leads to the formation of new 3-
glycosides in a kinetically controlled reaction. While com-
plete hydrolysis of the substrate usually predominates in
dilute solutions of reactants, a significant change in the
partitioning of E-Glx towards transglycosylation can be
achieved by decreasing the water activity through the addi-
tion of an organic co-solvent or using very high concentra-
tions of acceptors. The good stabilities of SsBGly and CelB
in non-natural media and the possibility of working at high
temperatures have been exploited in biotechnology to im-
prove B-glycoside yield and productivity in transglycosyla-
tion reactions catalyzed by archaeal “thermozymes” (13-
15). However, unless mutant glycosyl hydrolases with dras-
tically impaired capabilities of glycosidic bond cleavage are
utilized in the synthesis reaction (8, 15, 16), the newly
formed B-glycosides are hydrolyzed with time, and those
that are degraded slowly eventually accumulate at the end.
Therefore, it is generally difficult to deduce the specificity of
E-Glx for reaction with nucleophiles by simply determining
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Scheme 1. Nucleophilic competition in the proposed three-
step reaction of thermostable B-glycosidases from S. solfa-
taricus and P. furiosus with 2-nitro-phenyl-8-p-galactoside
(oNPGal), where E is the enzyme, Gal-OR is oNPGal, -OR is 2-
nitro-phenol/phenolate and Nu is a nucleophile.

the product ratios at extended reaction times. Clearly, mea-
surements of initial velocities of hydrolysis and glycosyl
transfer under defined reaction conditions are required to
obtain a better understanding of the specificity for glycosyl
transfer catalyzed by SsGly and CelB.

The experimentally observable specificities of glycosy-
lated SsBGly and CelB for reactions with acceptors of the
general form R-OH, where R is a non-substituted or substi-
tuted straight-chain alkyl group or aromatic ring, will be
the product of several factors, among them most impor-
tantly the intrinsic reactivity of R-OH towards E-Glx,
which is commonly related to the pK, value of the OH
group (7, 17), and the stabilization of the transition state of
glycosyl transfer by noncovalent bonding of E-Glx to R (7,
8, 18-21). It is, therefore, of considerable interest to quanti-
tate the contributions to transition state-stabilization
energy, which are due to binding interactions, and distin-
guish them from those that can be described in structure/
reactivity relationships. Since active-site metals are not
present in SspGly (22) and CelB (23), noncovalent interac-
tions with R-OH will probably involve hydrophobic bonds
and hydrogen bonds, and aromatic interactions. Binding
interactions of D-glucose and galactosylated SsBGly and
CelB have recently been shown to increase the nucleophilic
reactivity of the sugar 45-fold compared to that of methanol
(24). Likewise, the effective leaving group ability of D-glu-
cose in lactose is increased 10°-fold compared to that of
methanol in methyl-8-D-galactopyranoside, in spite of the
very similar pK, values of both leaving groups (24). (The
estimated pK, value of the 4-OH of D-glucose is 14.8 while
that of methanol is 15.1).

In continuation of our previous studies of transgalactosy-
lation to sugar acceptors catalyzed by SspGly and CelB
(24-26), the present paper reports nucleophile trapping ex-
periments studying the reactions of galactosylated enzyme
intermediates with a range of neutral nucleophilic alcohols
differing in the pK, of the primary OH group, and their
nonpolar bonding capability with the enzymes. Attempts
were made to trap the galactosyl-enzyme intermediates
with the very nucleophilic azide ion. The results clearly
reveal the presence of an expanded nucleophile/leaving
group binding site in both enzymes. Individual nucleophiles
differ markedly in the extent to which nonproductive com-
plex formation occurs upon their addition to the proposed
binding site. The binding site provides hydrophobic and
aromatic interactions with the nucleophile, which contrib-
ute 219 kJ/mol of stabilization energy that is specific to the
transition state of galactosyl transfer. By contrast, there is
no observable dependence on the alcohol pK, of the parti-
tioning of galactosyl-enzyme intermediates between reac-
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tion with alcohol and water. This finding may reflect the
fact that electronic interactions in the transition of galacto-
syl transfer are clouded by noncovalent binding interac-
tions on the one hand, and the contribution of general base
catalysis to the addition of these alcohols to the reactive
intermediate on the other. The results have implications for
the synthesis of new B-D-glycosides by transglycosylation
using hyperthermostable SspGly and CelB.

EXPERIMENTAL PROCEDURES

Materials—2-Nitro-phenyl-8-D-galactopyranoside (oNP-
Gal) was from Sigma, lactose was from Fluka. All other
chemicals were of reagent purity and obtained from Sigma
through local suppliers. Alkyl alcohols were >98% pure and
used without further purification.

Enzymes—Recombinant B-glycosidases from S. solfatari-
cus and P, furiosus were produced using the expression of
plasmid-encoded structural genes in Escherichia coli, as
described previously for both enzymes (4, 27). The enzymes
were purified by a two-step procedure involving first, the
thermoprecipitation of mesophilic bacterial protein at 80°C
for 30 min, and second, anion exchange chromatography on
a MonoQ column (Amersham-Pharmacia) using elution
with a linear gradient of 0 and 1 M NaCl in 20 mM potas-
sium phosphate buffer, pH 6.8. The purified SspGly and
CelB had specific hydrolase activities of =600 U/mg and
=2,000 U/mg, respectively, determined using the enzyme
assay with oNPGal as the substrate (see below).

Assays—The hydrolase activities of SspfGly and CelB
were determined at 80°C and pH 6.5 using 15 mM oNPGal
as the substrate with discontinuous measurement of the re-
lease of 2-nitro-phenol (0NP) at 405 nm. D-Glucose was de-
termined by an enzymatic assay based on using glucose ox-
idase and peroxidase (24). b-Galactose was measured enzy-
matically using the NAD*-dependent oxidation of D-galac-
tose by galactose dehydrogenase (Boehringer Mannheim).

Kinetic Analysis—A three-step reaction mechanism of
hydrolysis of oNPGal by SsBGly and (probably) CelB is
assumed and shown in Scheme 1 (24). The first irreversible
step of the mechanism, which is represented by the rate
constant k,, is cleavage of the glycosidic linkage. Dissocia-
tion of the leaving group from the complex with the galacto-
sylated enzyme (k;) and the addition of water to the en-
zyme-galactose intermediate (%) can be kinetically sig-
nificant reaction steps. In the absence of exogenous nucleo-
philes, the expression for the turnover number (28, 29)
becomes

ke = W Uky + Vky + Uk,,.) ¢))
while the catalytic efficiency is given by the relation
kolK, = kK, @

where K| is the rate constant ratio 2/k,.

In the presence of nucleophiles that bind to an acceptor
site at the galactosylated enzyme with a dissociation con-
stant K';, the expression for %, is

B = U (Vky + UK 1) &)

where %’,,,.. is the net rate constant for the total conduc-
tance through the top and bottom paths of the mechanism
shown in Scheme 1 (24, 28). k', is given by the relation
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B nter = (B + B g (L + kofRner + B /) 4)

‘water
where %'y, is another net rate constant described by the
relation

Ky, = k, INulK, 6)

where [IVu] is the acceptor concentration and K, is the dis-
sociation constant of the binary complex of the galactosy-
lated enzyme and Nu.

Using Eqgs. 4 and 5 one can rearrange Eq. 3 to yield

B = by (ks + by INUVE My + kg + hgofBe:
+ (kg + &) [INul/K,} ®)

Considering Egs. 3 to 6, it is interesting to analyze theoreti-
cally the possible effects of added nucleophiles on the
observed value of the turnover number. Added nucleophile
will cause a decrease in &, when &, < k.. or k, < k,. When
k, is greater than k&, and k., the effect of added nucleo-
philes on &, will mirror whether rate limitation is due to
k4 (no change), or k.. or k; (increase) (24, 28).

Galactosyl Transfer—Enzymatic reactions were carried
out in 50 mM sodium phosphate buffer, pH 6.5, at 80 + 2°C
using oNPGal as the substrate in a total volume of 0.5 ml,
and gentle mixing of the reactants with an Eppendorf
Thermomixer model 5436 with instrument settings at 400
x rpm. The buffer containing the substrate was pre-incu-
bated under these conditions for approx. 10 min, and the
temperature was controlled externally before the reaction
was started by the addition of enzyme (20 pl). The final
enzyme concentration was <0.1 U/ml. A constant substrate
concentration of 7.5 mM oNPGal was used. This substrate
concentration reflects a useful compromise between the
effort of maximizing the transfer of D-galactose to external
alcohols but not the substrate (24) on the one hand, and the
practical requirement for precisely measurable initial veloc-
ities of D-galactose release on the other. The formation of
oNP and D-Gal was measured in samples (15 pl) taken over
reaction times up to 1 h. The relationships of [oNP] and [D-
Gall against reaction time were linear up to 20 min unless
substrate depletion was greater than 15%. Therefore, a
standard reaction time of 5 min was used, and the rates of
formation of oNP (v, and D-Gal (vg,) were calculated
from measurements of the concentrations of oNP and D-Gal
released. Values of v and vg,, were determined in the ab-
sence and presence of acceptors (17, 24, 26), and the accep-
tor concentrations varied between 0.05 and 6 M, as indi-
cated under “RESULTS.” Transfer constants (&y /k,...) were
calculated from the slopes of straight lines in plots of the
velocity ratio, v yp/Ug., against the acceptor concentration,
according to the relationship in Eq. 7 derived from Scheme
1

UtV = 1 + by, [(NUl/E,,.... (7

where v,y and vg, are the initial velocities based on the
release of oNP and D-Gal, respectively. In Eq. 7, &y, equals
kJK ; and is a specificity constant for the reaction of E-Gal
with Nu. The F-test at the 99% probability level confirmed
the validity of the linear fit for the range of [Nu] shown in
the respective figures. It allowed the elimination of data for
Unp/Uca, generally observed at low [Vu], which apparently
did not fit the straight line as required by the model given
in Eq. 7. The goodness of fit for the lines shown in the fig-
ures is represented by the value of r?, which was usually
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greater than 0.985. If not stated otherwise, the maximum
concentration of the acceptor used for the determination of
Ryy! By inhibited vp by less than 20% compared to a
control that lacked the external acceptor. All measurements
were carried out in duplicate and shown to be reproducible
within an experimental error of +10% for v, /vs,. The
reported results are the mean values of two independent
determinations. When lactose (150-500 mM) replaced oNP-
Gal as the substrate for the enzymatic reaction, experi-
ments were carried out under otherwise identical con-
ditions as described above, and the rates of release of D-Glc
and D-Gal were measured.

RESULTS AND DISCUSSION

Reaction of Galactosylated Enzyme Intermediates and
Hydrophobic Nucleophiles—During the reactions of SspGly
and CelB with oNPGal as the substrate, v,/vg, increased
in the presence of neutral primary alcohols of the form R-
CH,,OH, where R is an unbranched alkyl chain, compared
to the control reaction which did not contain the alcohol.
The observed v /Ug, Was dependent on [R-CH,OH], and
the results for SsBGly and CelB are shown in panels (a)
and (b) of Fig. 1, respectively. At low [R-CH,OH], all v/
Uga profiles showed an upward curvature, indicating the
increment of the slope, A(vwve/AR-CH,OH], as [R-
CH,OH] was increased. With all alcohols studied, the slope
approached a maximum value which then remained con-
stant within the limits of experimental error for a certain
concentration range of R-CH,OH. The linearity for the
range of {Nu] shown in Fig, 1 was confirmed by regression
and statistical analyses (see the “EXPERIMENTAL PROCE-
DURES”). The value for the concentration of R-CH,OH at
which v,/vg, began to show a linear dependence on [R-
CH,OH], or in other words, the maximum slope of the
curve was reached, decreased with increasing size of the
alkyl chain R, as summarized in Table 1.

From Fig. 1 one can see that the ratio of v /v, for the
enzymatic reaction of SspGly (panel a) and CelB (panel b)
with oNPGal in the absence of alkyl alcohols was 2.6 and
1.8, respectively. The observed “initial” value of v /v, Was
greater than 1 because of the efficient galactosyl transfer
from the enzyme to the substrate oNPGal, which takes
place with a partitioning ratio, & ypg./Rwaer of 125 and 97
M-! for reactions catalyzed by SspGly and CelB, respec-
tively (24). The formation of transgalactosylation products
originating from the reactions of galactosylated enzyme
intermediates of SsBGly and CelB with oNPGal has been
demonstrated recently using HPLC to analyze the product
mixtures obtained during the course of the enzymatic con-
version of oNPGal over time (26). A probable explanation
for v /Uy profiles that are concave upward at low [R-
CH,OH], is the fact that oNPGal and R-CH,OH compete
for binding to the nucleophile binding site of the galactosyl-
enzyme intermediate (E-Gal). We assume in Scheme 2 and
discuss later that acceptor-mode binding of oNPGal occurs
at an extended binding site of E-Gal, which provides inter-
actions with both the D-galactose and the nitrophenol moi-
ety of the substrate, now poised for reaction with E-Gal
rather than glycosidic bond cleavage (24). Interactions of E-
Gal and R-CH,OH taking place at subsites +1 or +2 (using
subsite nomenclature proposed in Ref 30, Scheme 2) will
prevent the binding of oNPGal, but only that at subsite +1
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will eventually be productive and lead to the transfer of b-
galactose and thus an increase in v /g, If at low [R-
CH,OH], binding of the alcohol occurred preferentially at
subsite +2 and at the same time inhibited the reaction of E-
Gal with water, the shape of the curve in Fig. 1 would be
explained.

Hydrophobicity of the Nucleophile Binding Site of Galac-
tosylated SspGly and CelB—The values of ky /&, for the
reactions of galactosylated SsBGly and CelB with R-
CH,OH were determined from parts of the v /v, profiles
where v, /v, was linearly dependent on [R-CH,OH].
Results are summarized in Table L. ky /k,,... increased with

water

12 A

o

10 4

Vone/Vea

R-CH,OH (M)

VoneVaal
F-N
A

1 T T T T T T
0 2 4 & 8 10 12

R-CH,OH (M)

Fig. 1. Transfer of p-galactose from the enzyme to hydropho-
bic, straight-chain primary alcohols determined from the
partitioning of the galactosylated enzyme intermediates of
SsBGly (a) and CelB (b) between reaction with the primary
alcohol and water. The constant concentration of oNPGal was 7.5
mM, and the reactions were carried out at 80°C and pH 6.5. Symbols
denote methanol (circles), ethanol (triangles), propanol (squares),
and butanol (diamonds).
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increasing size of the alkyl chain R and thus hydrophobic-
ity of the alcohol. By using the relationship,

BAG} = RT I (e /el s /Frma

the incremental Gibbs free energies of the transfer of R
from the enzyme to water can be calculated, relative to H
(methanol), where R is the gas constant (8.31441 J mol™
K™) and T is the temperature (353.15 K). The data shown
in Table I imply a significant contribution of hydrophobic
interactions between R and E-Gal to a stabilization that is
specific to the transition state of galactosyl transfer. The
decrease in the activation energy for the reaction of galacto-
sylated SspGly and CelB was, respectively, 0.75 and 0.80
times smaller than the free energy of transfer of the alkyl
group from water to n-octanol (AG,,,, in Table I). AG,,. at
80°C was calculated using the expression, 2.303 RT m,

CH,0H
OH, O,
o o CH,0H
OH
A Glu
-1 +1 +2
CH,0H
OH o
OH
o] CH,0H
OH
B Glu
-1 +1 +2
CH,0H NO,
OH 0, CH,0H
OH o ° o}
. 0 OH
|
c Giu L OH
.1 +1 +2

Scheme 2. Hypothetical organization into subsites of the ac-
tive site of SspGly or CelB, and occupancy of the subsites
during enzymatic galactosyl transfer to acceptors bound at
the proposed extended binding site for the leaving group/nu-
cleophile. The galactosyl residue at subsite —1 is covalently linked
via an a-glycosidic bond to the carboxylate group of a glutamate res-
idue of the protein: Glu387 in SsBGly (10, 11) and and Glu372 in
CelB (6). Small nucleophiles, such as methanol, may bind produc-
tively at subsite +1 (A) or nonproductively at subsite +2 (B), whereas
nucleophiles, such as oNPGal, bind at both subsites at the same time
(C). Water may react with the galactosylated enzyme intermediate
when a small nucleophile is bound nonproductively at subsite +2.

TABLE 1. Galactosyl transfer to neutral, primary alkyl alcohols catalyzed by SspGly and CelB. The reactions were carried out at

80°C and pH 6.5 using 7.5 mM oNPGal as the substrate.

SspGly CelB
Alcohol (R)
TAG p (&I mol P A (MF Ay Sl M) AAGE (R mol'Y A, MF  ky/k... (M) AAGE (kJ mol')
Methanol (-H) - =2 0.79 - 2.5 0.35 -
Ethanol (-CH,) 0.5/3.4 =]1 1.44 1.8 1.8 0.52 1.2
Propanol (-CH,-CH,) 1.0/6.8 <0.2 4.54 5.1 <0.2 1.84 4.9
Butanol (-(CH,),-CH,) 1.5/10.1 <0.1 9.40 7.3 <0.1 4.93 7.8

*Hydrophobicity constant of R; incremental Gibbs energy of transfer from n-octanol to water; ‘value for the acceptor concentration at which
Unp/Uga is linearly dependent on [R-CH,-OH]J; the calculation of AAGE is described in the text
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where 7 is the hydrophobicity constant of the alkyl chain R
(31). Plots of AAGZ against AG,,,, were reasonably linear
for reactions catalyzed by SsBGly and CelB, with correla-
tion coefficients of 0.965 and 0.988, respectively (not
shown). This indicates that the nucleophile/leaving group
binding sites of galactosylated CelB and SsBGly are 1.25
(=1/0.80) and 1.33 (=1/0.75) times less hydrophobic than n-
octanol.

Effect of Hydrophobic Nucleophiles on the Rate of D-Ga-
lactoside Hydrolysis—The turnover number for the hydrol-
ysis reaction of SspGly with oNPGal is 1,300 s (24), and
was found to increase by a factor of between 1.9 and 2.2 in
the presence of R-CH,OH, independent of the chain length
of R. However, the value of [R-CH,OH] at which the ob-
served k_, was a maximum, decreased from >2 M to 0.3 M
as R increased in size from methanol to butanol. Rate
enhancement by added R-CH,OH is indicative of a reaction
mechanism of SsBGly in which the rate of degalactosyla-
tion (&) or the rate of the dissociation of the leaving
group (k;) partially limits the overall rate of hydrolysis of
oNPGal, and R-CH,OH reacts more rapidly with the galac-
tosylated enzyme than does water, that is, %, is greater
than %, and k; (7, 8, 24, 32-35). Upon the addition of
increasing concentrations of R-CH,OH, the rate of reaction
is expected to increase up to a point where it becomes lim-
ited by the rate of galactosylation (%,), which in the absence
of other effects of alcohols on protein structure, should be
independent of the chain length of R. That was observed,
suggesting a value for &, of =2,270-2860 s (1.9-2.2 x k).

D’Auria et al. (36) have recently interpreted time-re-
solved tryptophanyl fluorescence data of SspGly recorded
in the absence and presence of straight-chain primary alco-
hols such that the conformational flexibility of the protein
was increased upon binding of the alcohols. They suggested
that alterations in the structural dynamics of SspGly
induced by primary alcohols might explain their observa-
tion of an increase (by about 10%) in %, for the hydrolysis
of oNPGal at 75°C when 80 mM 1-butanol was present
(36). 1t is conceivable that the binding of 1-butanol stabi-
lizes a more reactive conformation of the enzyme and
thereby produces a rate-enhancing effect. In addition, if the
enzymatic mechanism of SsBGly were expanded to accomo-
date a partly rate-limiting conformational change in en-
zyme structure (for which we have no evidence, however), a
rate-enhancing effect of 1-butanol could arguably be
ascribed to the increase in the rate of such a conforma-
tional change. To distinguish between a rate enhancement
by added primary alcohols that is brought about by the spe-
cific acceleration of certain reaction steps of the kinetic
mechanism in Scheme 1, and one that is due to global
changes in protein strucure, we studied the effect of 2-pro-
panol on the rate of hydrolysis of o0NPGal catalyzed by Ssp-
Gly. Galactosyl transfer from E-Gal to 2-propanol takes
place with a very small rate constant ratio, ky /%, of <0.1
M- (24) and, therefore, the effect of 2-propanol on steps
involved in degalactosylation (including %;) should be mini-
mal. The observed rate enhancement in the presence of 2-
propanol was 1.6-fold, the maximum effect being seen at =2
M alcohol. This concentration was twice that needed to
observe maximum ‘activation’ of Ss@Gly for the hydrolysis
of oNPGal in the presence of 1-propanol. It is noteworthy
that 1-propanol serves as a good acceptor of D-galactose
from galactosylated SspGly (24). We propose, therefore,
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that R-CH,OH probably affects the SspGly-catalyzed hy-
drolysis of oNPGal in two different ways, one of which is
related to the kinetic scheme of the enzymatic reaction in
the presence of external nucleophiles (Scheme 1), and the
other accomodates the changes in protein structure
brought about by the binding of hydrophobic alcohols (36,
see below). With CelB, the observed rate enhancement of
the hydrolysis of oNPGal by added R-CH,OH, with R being
-H, or -CH, to (CH,),-CH,, was not greater than 1.3-fold
and not significantly different from the observed rate
enhancement for the same reaction in the presence of the
incompetent nucleophile, 2-propanol.

Rate of Formation of D-Galactose in the Presence of
Nucleophiles—From Scheme 1 we can derive the expres-
sion for the rate of formation of D-galactose in the presence
of acceptors that intercept the galactosylated enzyme inter-
mediate.

k., (D-galactose) = k.k flk, + by + kokof/Bner
+ (ks + k) [INul/K' ) ®

Equation 8 predicts a decrease of %, (D-galactose) in the
presence of external nucleophiles. Figure 2 shows the ob-
served change in &, (D-galactose) as a function of [R-CHS,-
OH], using three primary alcohols differing in R. The re-
sults clearly demonstrate that independent of the size of R,
the rate of release of D-galactose from the enzyme increased
at low [R-CH,OH]. This finding cannot be reconciled with
the reaction mechanism described in Scheme 1. Therefore,
the results provide strong support in favor of the sugges-
tion that, as stated above, part of the observed increase in
k.. (o0NP) of D-galactoside hydrolysis is brought about by
the binding of primary alcohols remote from the site where
actual fission of the glycosidic bond occurs, thereby stabiliz-
ing a more reactive conformation of the enzyme to increase
the rate of the galactosylation step (%), or enhancing the
rates of dissociation of the leaving group and degalactosyla-
tion to water.

Substituent Effects in Reactions of Galactosylated En-
zyme Intermediates with Ethanol and Derivatives Thereof—

veirfVo

nucleophile (M)

Fig. 2. Rate of formation of p-galactose during the reaction of
SspGly with oNPGal in the absence and presence of external
nucleophiles. The reactions were carried out at 80°C and pH 6.5.
The symbols denote 1,2-ethane-diol (full squares), 2,2,2-trifluoro-
ethanol (open circles), and 1-propanol (full circles). v, and v 4 are the
rates of formation of D-galactose in the absence and presence of
added nucleophile, respectively.
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UnpVca Profiles were recorded for the reactions of SsBGly
and CelB with oNPGal as the substrate in the presence of
increasing concentrations of alcohols of the form R-CH,OH,
where R is H, a methyl group or a methyl group in which
one or more hydrogens is replaced by an electron-with-
drawing substituent. The substituents cause a decrease in
pK, of the primary OH group, relative to the OH group in
ethanol, by between 0.5 and 3.6 pK units (Table II). The
structural variations across the series of primary alcohols
are, however, small so that differential effects of the sub-
stituents on the binding of R should be minimal. Therefore,
it was expected that ky /%, determined from v /v, pro-
files for the enzymatic reaction with oNPGal (see Fig. 3)
should increase with decreasing pK, of the alcohol. A Brgn-
sted plot of loglky /B,....) US. PK, of the alcohol might then
give a slope coefficient (B,,.) that could be compared with
related B, values for galactosyl transfer reactions cata-
lyzed by other mesophilic B-glycosidases (7).

For reactions catalyzed by SsBGly, a significant increase
in vyp/Ug, was observed in the presence of all alcohols
tested. This increase was dependent on [R-CH,-OH]. The
resulting experimental curves of v yp/vg, vs. [R-CH,-OH]
were characterized in each case by a significant part in
which v,p/v, showed a linear dependence on the concen-
tration of the intercepting alcohol (Fig. 3). Identification of
the respective linear ranges in Fig. 3 again involved regres-
sion and statistical analyses. By contrast, only ethanol (R =
CH,) and methanol (R = H) appeared to function as accep-
tors of a D-galactose residue from the enzyme in the reac-
tion catalyzed by CelB (see Table 1). In the presence of
increasing concentrations of derivatives of ethanol, no sig-
nificant changes in v p/vg, were observed with CelB, com-
pared to the value of v /v, for the control reaction not
containing an external nucleophile. An increase in %,
(oNP) upon the addition of R-CH,-OH was observed for
reactions catalyzed by SspGly but not CelB. Rate constant
ratios for the partitioning of galactosylated SsBGly between
reactions with R-CHL,OH and with water were obtained
from Fig. 3 and are summarized in Table II. The data show
that significant changes in the pK, of R-CH,OH have virtu-
ally no effect on ky/k, ... A possible exception was the
value of ky/k,,.. for SspGly-catalyzed galactosyl transfer
to 2,2,2-trifluoro-ethanol, which was about 2.7 times the
average value of ky/k,,. for the enzymatic galactosyl
transfer to the other alcohols tested. However, there is good
evidence that halomethyl groups are hydrophobic com-
pared to the methyl and hydroxymethyl groups (38), and
hydrophobic interactions have been shown to provide sig-
nificant transition state-stabilization energy in the reaction
of galactosylated SsBGly with primary aleohols. We con-
clude, therefore, that the pK, of a simple primary alcohol is

TABLE II. Substituent effects on the transition state of the
SspGly-catalyzed galactosyl transfer to small primary alco-
hols. The reactions were carried out at 80°C and pH 6.5 using 7.5
mM oNPGal as the substrate.

Acceptor alcohol pK, of alcohol® Ry B pnrer (M)
Ethanol 16.0 14
Methanol 15.1 0.8
1,2-Ethane-diol 15.1 14
2-Chloro-ethanol 14.3 14
2,2,2-Trifluoro-ethanol 124 3.4

*from Ref. 37, determined at 25°C.

1. Petzelbauer et al.

not expressed in this transition state so that a rather uni-
form picture is obtained pertaining to the reactivity of
these alcohols towards galactosylated SsBGly. The pK,
effect may be almost completely hidden because of the con-
tribution of general base catalysis to alcohol addition to the
reaction intermediate on the one hand, and noncovalent
enzyme/nucleophile interactions being predominant on the
other hand.

Reaction of Galactosylated Enzymes with Azide—Figure
4 reports the dependence of v, /ug, upon substrate concen-
tration during the hydrolysis of lactose by SsBGly in the
absence and presence of 1 M azide ion. Lactose was pre-
ferred to oNPGal in these experiments because high con-
centrations of azide ion were found to interfer with the de-
termination of oNP absorbance. The profiles of vy /vg, vs.
{lactose] determined in the absence and presence of azide
were identical within the limits of experimental error. Simi-
lar results were obtained with CelB (not shown). Therefore,
this implies that like a number of other mesophilic B-
retaining hydrolases (8, 17), the galactosylated enzyme

VoneVeal

R-CH,OH (M)

Fig. 3. Transfer of np-galactose from the enzyme to derivatives
of ethanol determined from the partitioning of the galactosy-
lated SspGly between reaction with the alcohol and water.
The constant concentration of oNPGal was 7.5 mM, and the reac-
tions were carried out at 80°C and pH 6.5. Symbols denote 2,2,2-tri-
fluoroethanol (circles), 2-chloro-ethano!l (triangles), 1,2-ethane-diol
(squares).

28
26
24
22 -
2.0 1
18 - .
1.6 1
14
1.2
1.0 1

08 T T T T
0 100 200 300

VaieVeal

lactose (mM)

Fig. 4. Partitioning of the galactosylated enzyme intermedi-
ate of SsBGly between reaction with the substrate lactose
and water in the presence (squares) and absence (circles) of
1 M azide ion. The reactions were carried out at 80°C and pH 6.5.
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intermediates of recombinant wild-type SsBGly and CelB
cannot react with the anionic nucleophile to yield glycosidic
products. Charge screening provided by the active-site resi-
dues, particularly the carboxylate group functioning as a
catalytic base, may be responsible. Using mutants of B-
retaining glycosidases it was shown in kinetic studies that
azide can become reactive towards the glycosylated enzyme
intermediate upon replacement of the catalytic acid/base by
alanine or glycine. The observed value of ~14,000 M~ for
the partitioning of the galactosylated intermediate of
Escherichia coli B-galactosidase (lacZ; Glu431Gly mutant)
between reaction with azide and reaction with water was
suggested to come close to expressing the intrinsic reactiv-
ity of azide towards reaction with carbocations (34).
Reaction of Galactosylated Enzymes with Phenol—Aryl-
B-glycosides are good substrates of hydrolysis reactions cat-
alyzed by SspGly and CelB (I-6, 24). Therefore, we
expected to observe catalysis by both thermostable B-gly-
cosidases to the transfer of a galactosyl residue from the
enzyme to phenol as the acceptor, or, in other words, a sig-
nificant increase in v /v, dependent on the concentration
of phenol added to the reaction mixture. (Note that we

10.0 4

904 a
80 A
7.0 A
_ 601
>8 5.0
“a
& 30
S .
25 -
20 4
15 4
10 T T T T ¥
0 10 20 30 40 50
Pheno! (mM)
12
b
1.0 - '
S 0.8 4
3
<
_zs 0.6 1
0.4 4
02 T T T T T
0 10 20 30 40 50
Phenol (mM)

Fig. 5. (a) Partitioning of the galactosylated enzyme interme-
diates of SspGly (closed symbols) and CelB (open symbols)
between reaction with nucleophilic acceptors and water in
the presence of increasing concentrations of phenol. Shown
are the partitioning ratios in the absence (circles) and presence (tri-
angles) of 200 mM b-glucose. (b) Effect of phenol on the turn-
over number for reaction with oNPGal in which k_, and &, ,
are the turnover numbers in the presence and absence of
phenol, respectively. The reactions were carried out at 80°C and
pH 6.5 using a constant concentration of oNPGal of 7.5 mM.
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could not use oNP as a possible acceptor in these experi-
ments because the absorbance of oNP strongly interferes
with the stectrophotometric assay for the quantification of
D-galactose.) In marked contrast to our expectations, v,/
Uga decreased with increasing phenol concentration during
the reactions of SspGly and CelB with oNPGal as the sub-
strate (Fig. 5, panel a). This implies that the extent of ga-
lactosyl transfer to acceptors (0NGal, phenol) other than
water is smaller in the presence of phenol compared with
the absence of phenol. In addition, phenol had a clear effect
on the steady-state rate of the enzyme-catalyzed release of
oNP from oNPGal (Fig. 5, panel b). At low phenol concen-
tration up to 5 mM, a slight increase in %, was seen,
whereas inhibition occurred at concentrations of phenol
greater than 5 mM. Similar results have been obtained
using lactose as the substrate and oNP as the nucleophile
(data not shown). If phenolic aleohols bind nonproductively
but tightly to the galactosylated enzyme intermediates, in-
hibition of the rate of substrate turnover would be expect-
ed, and that was observed. However, the experimentally
determined decrease in v /v, upon the addition of phenol
requires that water be able to react with the galactosylated
enzyme in the complex of E-Gal and phenol. To determine
whether phenol is bound in a manner that allows nucleo-
philes other than water to react with the galactosylated
enzyme intermediate, D-glucose was used. The rate con-
stant ratio kg /k, ..., is 34 and 17 M for SspGly and CelB,
respectively, indicating that D-glucose can efficiently trap
the galactosylated intermediate (24). The change of v Vg,
upon increasing the concentration of phenol in the presence
of 200 mM glucose is contrasted in Fig. 5 (panel a) with the
dependence of v /v, on [phenol] in the absence of D-glu-
cose. It is clear from the data that D-glucose has no signifi-
cant effect on v,p/v,,. Consequently, D-glucose did not
react with E-Gal to yield transferase products when phenol
was bound. Otherwise, no or at least a smaller decrease in
U /U Was expected to occur when the concentration of
phenol was increased in the presence of D-glucose, com-
pared to the control reaction that did not contain D-glucose.

CONCLUSIONS

A number of experimental observations reported herein
and in previous papers (4-6, 22, 24) indicate that SsfGly
and CelB have extended binding sites for the leaving
group/nucleophile. The results of this work support the
notion that the nucleophile binding sites of both B-glycosi-
dases may be composed of several, but at least two subsites
proximal to the catalytic site, sugar-binding subsite —1 (see
Scheme 2). This implies that the interactions between the
glycosylated enzyme intermediates and nucleophiles may
be complex and arguably involve productive and nonpro-
ductive modes of binding of the potential glycosyl acceptors.
Kinetic analyses of the reactions of galactosylated SsgGly
and CelB with neutral and anionic nucleophiles provide a
useful characterization of the specificities of the enzymes
for transgalactosylation, as summarized below. They also
show clearly that the intrinsic reactivity of primary alco-
hols is not detectably expressed in the transition state of
galactosyl transfer catalyzed by the thermostable B-glycosi-
dases, and that the very nucleophilic azide anion is an
incompetent acceptor.

(1) The leaving group/nucleophile binding sites of both
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enzymes provide hydrogen and hydrophobic bonding as
well as aromatic interactions with potential glycosyl accep-
tors. Subsites +1 and +2 are hydrophobic and appear to dif-
fer with regard to their bonding capabilities with the leav-
ing group/nucleophile.

(ii) Both enzymes hydrolyze oligosaccharide substrates
using an exo-type mechanism of action starting from the
non-reducing end of the saccharide (4-6). Noncovalent en-
zyme/substrate interactions at subsites adjacent to subsite
+1 have been shown to contribute to the catalytic efficiency
of SspGly for the hydrolysis of cello-oligosaccharides (5).
Our data reporting the specificities of SsgGly and CelB for
transferring D-galactose from the enzyme to D-glucose and
hydrophobic primary alcohols (24, 26; this work) support a
mechanism of nucleophile recognition by galactosylated
enzyme intermediates in which interactions with sugars,
probably mediated through hydrogen bonds, are provided
mainly by subsite +1.

(iii) At 80°C there is a large 30 to 40-fold difference in the
rate constant ratios for the transfer of a galactosyl residue
to oNPGal, & ypoalPuaer and lactose, k. /k,... (24). This
implies that interactions with the phenolic aglycon of oNP-
Gal at subsite +2 of the nucleophile-binding site contribute,
relative to the interactions with 4-O-D-glucose of lactose,
approx. 10 to 11 kd/mol [AAGE = RT In (k,ypg./k1.0)] to tran-
sition state stabilization in the reaction of E-Gal with B-D-
galactopyranosides. Accordingly, the binding of a phenolic
alcohol with E-Gal could arguably take place at subsite +1
or subsite +2, or both at the same time. If it occur-red at
subsite +2, it would certainly be nonproductive pertaining
to the transfer of a D-galactose residue to this alcohol; it
would inhibit the binding of other nucleophiles, such as
oNPGal, that require interactions at subsites +1 and +2 for
binding; it might be responsible for increasing %;, the rate
constant for the dissociation of the leaving group and the
galactosylated enzyme.

(iv) It is difficult to determine unambiguously whether
the binding of phenol at subsite +2 is inhibitory to the bind-
ing or the reaction of nucleophiles that interact with sub-
site +1, such as D-glucose. In addition, it is not possible to
decide whether a certain mode of binding of phenolic alco-
hols at subsite +1, which would have to be predominantly
nonproductive pertaining to galactosyl transfer, or subsite
+2 is required to allow water to react with E-Gal. However,
preferential binding of phenolic alcohols at subsite +2
would seem in agreement with the failure to observe any
net galactosyl transfer to phenol under the conditions used,
as reflected by the v, /vg, ratio in panel (a) of Fig. 5.

(v) The data suggest that carbohydrate synthesis via
transglycosylation catalyzed by SspGly and CelB will be
most efficient when the glycosyl acceptor is another glyco-
side that binds to subsites +1 and +2. For the enzymatic
production of oligosaccharides or non-natural glycosides it
will now be very interesting to determine the kinetic stabil-
ity of transglycoslation products that contain two or more
glycosidic linkages.

Drs. M. Moracci (Naples) and J. van der Oost (Wageningen) kindly
provided bacterial strains expressing the genes coding for SsGly
and CelB, respectively. The encouragement of Prof. KD. Kulbe (Vien-
na) is gratefully acknowledged.
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