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Abstract—The active site of f-glucosidase of barley seeds was investigated by means of kinetic and chemical
modification studies. DEPC (diethylpyro-carbonate) totally inactivates the enzyme but not in the presence of
substrate. The inactivation reaction follows pseudo-first order kinetics with a second-order constant of 0.049
mM ™! min~'. Reversal of inactivation in the presence of hydroxylamine leads to the inference that histidyl,
tyrosyl and/or seryl residues are essential for catalysis. Treatment of the enzyme with pHMB (p-Hydroxy-
mercuribenzoate), PMSF (phenylmethyl-sulphonyl fluoride) and NAI (N-acetyl-imidazole), does not influence
activity, thus eliminating the possibility that cysteine, serine or tyrosine participate in catalysis. Kinetic analysis
of DEPC inactivation indicates that one histidyl residue per mol of protein is essential for catalysis. EEDQ (2-
ethoxy-1-ethoxy-1,2-dihydroquinoline) inactivates the enzyme, but not in the presence of substrate, following
pseudo-first order kinetics with a second-order constant of 0.01 mM ™' min~'. This is indicative of the
involvement of residues with a carboxyl group in the catalytic activity. Further kinetic analysis of the inac-
tivation caused by EEDQ, strongly implies that modification of a single residue of aspartate or glutamate
inactivates the enzyme. The pH profile of enzyme velocity (V,..) and efficiency constant (V,,../K,,) gave
apparent pK values of 3.51 and 7.56 for the enzyme-substrate complex and 3.88 and 6.38 for the free enzyme,
further supporting the concept of histidyl and carboxyl residues engagement in the catalytic activity of barley
p-glucosidase. © 1997 Elsevier Science Ltd

INTRODUCTION

B-Glucosidase of barley seeds catalyses the hydrolysis
of cellobiose and aryl-f#-glucosides and less favourably
of pB-galactosides [1]. According to the known
sequence information [2] it belongs to family 1, of
glycosyl hydrolases, also referred to as BGA enzyme
family (f-glucosidase enzyme family A) [3, 4]. This
large gene family of f-glycosidases includes S-gluco-
sidases, f-galactosidases and phospho-f-glycosidases
from as diverse organisms as archaebacteria, bacteria,
plants and mammals.

There is a generally accepted mechanism of §-glyco-
sidase action, based on acid/base catalysis involving
two catalytic groups. One is generally an ionized car-
boxylate group, acting as a nucleophile centre, sta-
bilizing the positively charged oxocarbonium-ion-like
intermediate, or forming covalent glycosyl-enzyme
intermediate. The other group is a protonated amino
acid side chain with both acid catalytic function, pro-
tonating the leaving group as it departs, and general
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base function, deprotonating the incoming water mol-
ecule [5). The incoming water molecule is not very
nucleophilic and therefore cannot displace the leaving
group on its own. The base function of the second
catalytic group is to render the water more nucle-
ophilic [6].

With respect to the amino acid residues responsible
for catalysis of S-glycosidases, kinetic and chemical
modification studies on the enzyme of Botryodiplodia
theobromae [7, 8], almonds [9)], Brassica napus [10],
Manihot esculenta Crantz (Cassava) [11, 12] and
Trichoderma reesei QM 9414 [13, 14] point to the
involvement of both carboxylate and histidine at the
active site. Similar studies indicate the essential role
of only carboxyl residues in the active site of the
enzyme of Schizophyllum commune [15], human acid
B-glucosidase [16}, human intestinal Lactase-phlorizin
hydrolase [17], and Agrobacterium faecalis [18, 19].
The importance of thiol groups for f-glucosidase
activity in the enzyme of the thermophile Clostridium
stercoarium [20), Trichoderma reesei OM 9414 [13] and
Maize (Zea mays L) [21] has also been reported.

The present paper describes both kinetic and
chemical modification studies that provide exper-
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imental evidence for the essential role of histidyl and
carboxyl groups in the mechanism of action of barley
f-glucosidase.

RESULTS

Dependence of kinetic parameters on pH

Initial velocities for fS-glucosidase-catalysed
hydrolysis of cellobiose were determined and recorded
as the average of at least three measurements at each
substrate concentration and pH value. The depen-
dence of initial velocity upon substrate concentration
was hyperbolic at each pH value studied and all
Lineweaver—Burk plots were linear. Values for V.
and K,, were obtained for each pH value and are
presented graphically in Fig 1. These plots (Dixon-

a
10} oA
X '
E r_ // 0
> //
g \
1/ \
/ °Y
/ ‘
o S —
A /’ \\\ b
= /
2 : \
© / *
g o1t /. \\.
2  /
L. /
e B e

pH
Fig. 1. Dependence of kinetic parameters on pH for the
barley B-glucosidase-catalysed hydrolysis of cellobiose.
Values of K, and V,,,. were obtained from Lineweaver—
Burk plots of initial rates of hydrolysis with twelve substrate
conens (1.25-50 mM) and enzyme conen 0.9 mgml ™. Buffers
used: 50 mM Na-citrate buffer for the 3.5-4.5 pH range, 50
mM NH,OAc for the 4.5-6.5 pH range and 70 mM Na-Pi
buffer for the 6.5-8.0 pH range. Total volume: 150 ul. (a)
Effect of pH on log V,,...; (b) effect of pH on log (V,../ Ky).
The solid lines represent the theoretical curve calculated
using pKa values of 3.51 and 7.56 for (a) and 3.38 and 6.38
for (b), respectively.

plots) [22] have limiting slopes of +0.96 and —0.98
in the low and high pH region, respectively, and indi-
cate the dependence of catalytic activity on the ion-
ization of at least two essential groups at the active
site of the enzyme. The lines drawn through the data,
are the theoretical curves generated using the equa-
tion:

V,
Vmax=*“bﬂ—— )

[H*] Kes2

Kesl * [H*]

where Kesl and Kes2 are the dissociation constants
for essential ionizable groups in the enzyme-substrate
complex and (V,,,)m is the maximum rate when the
enzyme is in its optimally ionized form. The plot of
log (V,...) vs pH [Fig. 1(2)] fits reasonably well with
the curve calculated using Kesl and Kes2 values of
2.98x 107" and 9.77 x 10~%, respectively, thus pro-
viding pKes values of 3.51 and 7.56 for groups in
the enzyme-substrate complex. Values of pKe were
calculated using the equation:

Voar! Kiym

[H*] Ke2
+ —_
Kel [H*]

VmﬂX/Km = (2)

where Kel and Ke2 are the dissociation constants for
essential ionizable groups in the free enzyme.
(V uax/ K,y is the efficiency constant when the enzyme
is in its optimally ionized form. The plot of
log (V,..x/K,.) vs pH [Fig. (1b)], fits quite well with a
theoretical curve calculated using Kel and Ke2 values
of 1.30x 107* and 4.15x 1077 The corresponding
pKe values are 3.88 and 6.38, respectively, for the free
enzyme and the limiting slopes at low and high pH
region are +0.95 and —0.97, respectively.

Inhibition of p-glucosidase by group specific reagents

Iodoacetamide inactivates B-glucosidase at pH
values of 8.0 and 6.0. At pH values greater than 7.5,
iodoacetamide modifies mainly the side group of cyst-
eine, whereas at pH values between 5.0 and 7.0 the
side group of histidine is principally affected [26]. At
pH 8.0 and iodoacetamide concentrations higher than
50 mM, the enzyme loses 90% of its activity [Fig.
2(a)}. The presence of 100 mM cellobiose does not
interfere with the inactivation. At pH 6.0 the same
concentrations of reagent inactivate the enzyme by
40%, but the presence of 100 mM cellobiose in the
reaction mixture protects enzyme activity very
efficiently [Fig. 2(b)].

DEPC, at concentrations higher than 10 mM causes
a 95% loss of enzyme activity. Cellobiose at 100 mM
protects the enzyme from inactivation (80% residual
activity when modified with 10 mM DEPC) (Fig. 3).
The possibility that a reaction between DEPC and
cellobiose was responsible for this protection by low-
ering the effective concentration of DEPC was ruled
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Fig. 2. Effect of iodoacetamide on barley B-glucosidase
activity at pH 8.0 (a) and pH 6.0 (b), as assayed on oNPGlu
under standard conditions. (O) Control, no iodoacetamide,
no substrate; () in the presence of 50 mM iodoacetamide;
(@) in the presence of S0 mM iodoacetamide plus 100 mM
cellobiose. For details, see Experimental. 4/A4o is fractional
residual activity.
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Fig. 3. Effect of DEPC on barley f-glucosidase activity as
assayed on oNPGlu under standard conditions. (Q) Control,
no DEPC, no cellobiose; (M) in the presence of 10 mM
DEPC; (@) in the presence of 10 mM DEPC plus 10 mM
cellobiose. For details see Experimental. 4/A4o is fractional
residual activity.

out, since the rate of decomposition of the latter did
not increase in the presence of cellobiose under ident-
ical experimental conditions.
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Fig. 4. Kinetics of inactivation of barley S-glucosidase by
DEPC. The conditions of inactivation were the same as in
Fig. 3, except that the enzyme was incubated with the indi-
cated concns of DEPC. The definition of time (') is given in
equation (4) in text under Results. Inset: Replot of log of the
observed pseudo-first order K, constants against log DEPC
concns. A/ Ao is fractional residual activity.

The kinetics of enzyme inactivation by DEPC were
investigated at initial concentrations of inhibitor (0.5—
10 mM) much larger than the enzyme concentration
(Fig. 4). DEPC is unstable in aqueous solutions.
Decomposition of the inhibitor followed first-order
kinetics with a rate of 1.7 min~'. To allow for hydroly-
sis of DEPC the inactivation data were plotted as
log(A4/A4o %) vs t' [23]. A/ Ao is the fractional residual
activity at time ¢, and ¢’ is used to correct for the
hydrolysis of the inhibitor according to:

1 _ek/l

V= ©)

where &’ is the first-order rate constant for DEPC
hydrolysis. The plots of inactivation were linear (Fig.
4), indicating that the inactivation of f-glucosidase
follows pseudo-first order kinetics. Second-order rate
constants (k) were calculated as described by Levy et
al. [24] from the replots of log &, vs log [DEPC]:

logk,,, = log k +nxlog [DEPC] @)

where k,,, is the pseudo-first order rate constant at
each DEPC concentration. From the intercept of such
a replot (Fig 4, inset) a rate constant k of 0.049 mM !
min~' was obtained. The slope of the replot (n) gave
areaction order of 0.84 4 0.05, indicating that reaction
with approximately one residue resulted in inac-
tivation. The reaction of DEPC with proteins is spec-
ific for histidyl residues at neutral or near neutral pH
[25], but in weakly alkaline media DEPC can also
react with lysyl, tyrosyl and cysteinyl residues [26].
Hydroxylamine has been shown to remove car-
boethoxy groups from modified histidyl, seryl and
tyrosyl residues but not from modified lysyl and sul-
phydryl residues. Treatment of enzyme carbo-
ethoxylated with various concentrations of DEPC,
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Fig. 5. Treatment of carboethoxy-f-glucosidase with
hydroxylamine. Experimental conditions are described in
Results. Columns represent percent of residual activity
(4/Ao) of B-glucosidase modified by DEPC before (white
columns), and after (grey columns) treatment with 0.1 M
hydroxylamine. The residual activity of f-glucosidase that
was not modified by DEPC but was treated with 0.1 M
hydroxylamine for 1 hr at 37° was considered as 100% (in
fact it was 85% of activity of the untreated enzyme).

0.05

with 0.1 m NH,OH at pH 7.0 resulted in restoration
of enzyme activity to a considerable extent (Fig 5).
EEDQ treatment of B-glucosidase at concentrations
higher than 15 mM, results in total loss of activity.
However, the enzyme is protected by substrate (100
mM cellobiose) retaining 80% activity when modified
with 15 mM EEDQ (Fig. 6). Semilogarithmic plots
of residual activity vs time of inactivation at several
EEDQ concentrations are linear (Fig. 7), indicating
that inactivation follows pseudo-first order kinetics.
From the slope of the line resulting from plotting the
log pseudo-first order rate constants (k,,) Vs
log [EEDQ)], it is deduced that the order of the reaction
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Fig. 6. Effect of EEDQ on barley $-glucosidase activity as

assayed on oNPGlu under standard conditions. (O) Control,

no EEDQ, no cellobiose; () in the presence of 15 mM

EEDQ; (@) in the presence of 15 mM EEDQ plus 100 mM

cellobiose. For details see Experimental. A/A4o is fractional
residual activity.
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Fig. 7. Kinetics of activation of barley f-glucosidase by
EEDQ. The conditions of inactivation were the same as in
Fig. 6, except that the enzyme was incubated with the indi-
cated concns of EEDQ. Inset: Replot of log of the observed
pseudo-first order K, constants against log EEDQ concns.
A/Ao is fractional residual activity.

[# in equation (4)] is 0.93 +0.06 (Fig. 7, inset) leading
to the inference that at least one carboxyl group per
mol of enzyme is essential for activity. From the inter-
cept of the replot, the second-order rate constant (k)
of the inactivation is 0.01 mM ™' min~".

Enzyme activity was unaffected by treatment with
5mM pHMB [27], 20 mM NAI[28] and 5 mM PMSF
[29], thus ruling out the probable participation in
catalysis of sulphydryl, tyrosyl and seryl groups,
respectively (data not shown).

DISCUSSION

The nature of the catalytically essential ionizable
groups in barley f-glucosidase was delineated by kin-
etic and chemical modification studies.

Inactivation of the enzyme by iodoacetamide at pH
6.0 is due to the modification of histidyl residues.
Participation of the latter in the catalytic activity is
further corroborated by the protection offered to the
enzyme by the substrate cellobiose.

Modification of f-glucosidase by DEPC leads to
inactivation due to the reaction of histidine side chains
with the reagent, as inferred by the following findings:
(i) inactivation by several concentrations of DEPC
follows pseudo-first order kinetics, which indicates a
direct correlation between inactivation and modi-
fication of the enzyme, (ii) substrate protects the
enzyme from inactivation, and (iii) reversal of inac-
tivation by treatment of the modified enzyme with 0.1
M hydroxylamine rules out the participation of lysyl
and cysteinyl residues in the catalysis. Nevertheless
the absence of total recovery of enzyme activity after
hydroxylamine treatment might be due to the reaction
of two DEPC molecules per histidyl residue with the
formation of a dicarbethoxyhistidyl derivative, fol-
lowed a ring-opening reaction that destroys the
imidazole group [26].

The absence of protection against inactivation by
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substrate when the enzyme is modified by iodoace-
tamide at pH 8.0 and the persistence of catalytic
activity when treated with pHMB, further excludes
the involvement of cysteinyl residues in catalysis.
However, the loss of activity observed in enzyme prep-
arations treated with iodoacetamide, probably reflects
conformational changes in the enzyme induced by
acylation of other than cysteinyl residues that are
expected to occur during the 2.5 hr incubation period.
It should be stressed that iodoacetamide is not absol-
utely specific for cysteine under these conditions. Incu-
bation of §-glucosidase with PMSF and NAI did not
cause inhibition. This observation makes it highly
unlikely that either seryl or tyrosyl residues are impor-
tant for catalysis.

EEDQ causes inactivation of the enzyme, but not
in the presence of substrate. This is indicative of the
involvement in the catalytic activity of residues with
a carboxyl side chain (i.e. aspartate and/or glutamate).
With this specific reagent a discrimination of the spec-
ies of the modified residue cannot be done [30]. Inhi-
bition of f-glucosidase by EEDQ follows pseudo-first
order Kkinetics, as in the case of DEPC inactivation. In
both cases, the replots of log k,,, vs log[inhibitor] are
linear with slopes of 0.84+0.05 and 0.93+0.06 for
DEPC and EEDQ, respectively. These values are close
to unity and suggest that the modification of a single
residue of histidine and a single residue of aspartate
or glutamate inactivates the enzyme.

Studies of the pH dependence of kinetic parameters,
showed that the slope of the line resulting from plot-
ting 10g (¥ nax/ K,) for cellobiose as a function of pH
changes markedly at both high and low pH values
[Fig 1(b)]. The change at low pH corresponds to a pK
value of 3.88 and has a limiting slope close to +1,
demonstrating that the change in the parameter value
is a result of the alteration in protonation state of a
single amino acid chain. Consequently a group in the
substrate or in the enzyme must be unprotonated for
activity. As cellobiose has no ionizable groups, it is
highly likely that such a group in the enzyme is essen-
tial for activity, since carboxyl groups exhibit such pK
values. It is very probable that this group is the side
chain of an aspartate or a glutamate residue. The pK
value of this potent carboxyl group is closer to that of
aspartate (pKcoon = 3.65). The pK values of the
essential carboxylate was found to be 3.3 in f-gluco-
sidase of Schizophyllum commune [15], 4.3 of Botryo-
diplodia theobromae, (7, 8], 4.6 of Manihot esculenta
[11] and 5.64 of Trichoderma reesei QM 9414 [13].

The change in slope in the V, /K, profile at higher
pH values [Fig. 1(b)] corresponds to a pK value of
6.38 and has a limiting slope close to —1. As the
substrate contains no ionizable group with this pK
value, a single group on the enzyme that must be
protonated is essential for activity. A histidine side
chain is a prime candidate for this protonated group.
This pK value correlates quite well with the values
previously suggested for essential histidines in various
B-glycosidases. Thus the essential histidine of the
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enzyme of Manihot esculenta had a pK value of 7.0
[11], of Trichoderma reesei QM 9414, 5.2 [13], and of
Botryodiplodia theobromae, 6.0 [7, 8].

In the case of Agrobacterium fB-glucosidase, two
groups were found essential for catalysis. The unpro-
tonated group had a pK value lower than 5.0 and
the protonated between 7.2 and 8.1. The former is
attributed to the carboxyl side chain of glutamate 338
[31, 32].

These data are consistent with the presence of at
least one histidyl residue and one carboxyl group at
the active site of f-glucosidase, which are responsible
for substrate binding, for catalysis or for both. The
histidyl side chain probably plays the role of acid/base
catalyst participating in the departure of the aglycone
moiety of the substrate; the carboxyl residue stabilizes
the oxycarbonium-ion intermediate or participates in
the formation of the glucosyl-enzyme intermediate.

In the literature one finds a number of papers on
the catalytic mechanism of f-glucosidase, some of
which are mentioned in the Introduction. Still, the
location of the two potent catalytic residues is the
subject of debate. Sequence comparisons to f-gly-
cosidases belonging to the BGA enzyme family (by
hydrophobic cluster analysis) shows that all BGA
enzymes share a well-conserved region, which is hora-
ologous to the catalytic domain of the widely dis-
tributed cellulase family A. A distinctive feature of
this domain is the sequence motif His-...-Asn-Glu-
Pro present within the first 130 N-terminal amino acid
residues where the presumed catalytic residues His
and Glu are separated by 35-55 amino acids [4].

A different hypothesis suggests that highly con-
served sequences located towards the C-termini are
responsible for catalysis. This hypothesis is supported
by structure and sequence comparison of f-glyco-
sidases, B-glucanases, xylanases and related enzymes.
The catalytic domain contains the motif Asn-Glu-
X 100-Glu, where the two glutamates are the essential
residues for catalysis. The Glu in the asparagine-giu-
tamate sequence has the role of acid/base catalyst,
while the second glutamate some 100 residues further
down the chain may be the nucleophile [33, 34].

Recently the complete sequence of barley §-gluco-
sidase cDNA has been published [35]. The derived
amino acid primary structure revealed that the enzyme
is composed of 485 residues and contains the sequence
3#8]]e-Leu-Ser-Glu-Asn-Gly, where the glutamate is
considered the nucleophile. On the other hand it also
embodies the motif '*His and '*'His-. . .-"**Asn-Glu-
Pro which may also include the catalytic site [4]; if the
latter is the case, then it agrees well with the findings
reported in the present paper.

It is possible that with the methods applied in the
present work, not all residues essential for catalysis
have been revealed In this event the necessity for the
presence of one of them (histidine presumably), may
lie in modulating the charge state of other unexpected
catalytic residues [33, 36].
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EXPERIMENTAL

Enzyme source. p-Glucosidase of barley (Hordeum
vulgare cv Sofia) was used throughout this work. The
purification protocol and assay conditions with cel-
lobiose or oNPGlu as substrate, were published pre-
viously [1].

Dependence of kinetic parameters on pH. Maximal
velocity (V,...) and Michaelis (X,,) constants for the
hydrolysis of cellobiose were determined as described
in the legend to Fig. 1. Kinetic parameters were calcd
by nonlinear fitting of the classic Michaelis-Menten
rate equation to the experimental data. Molecular acid
dissociation constants of the enzyme molecule (Kel,
Ke2) and the enzyme-substrate complexes (Kesl,
Kes2) were determined on the basis of diprotic enzyme
model [22].

Chemical Modification Reactions. All experiments
were carried out in triplicate and mean values are
recorded in the figures.

Iodoacetamide. The reaction of p-glucosidase (10
ug) with CH,ICONH, (5-50 mM) took place in the
presence of 20 mM Tris-HCI pH 8.0 or 50 mM
NH,OAc pH 6.0, at 37° in a total vol. of 80 ul. At
various time intervals, 10 ul aliquots were withdrawn
and the residual enzyme activity was measured under
the standard assay conditions. Substrate protection
assays were performed under identical conditions as
above, except that the reaction mixts contained 100
mM cellobiose each, and the residual activity was
measured with 3 mM oNPGlu (o-nitrophenyl glu-
coside) as substrate.

DEPC. -Glucosidase (25 ug) in 150 ul of 50 mM
Na-Pi buffer, PH 7, was incubated at 37° for 10 min
with 7.5 ul of DEPC-EtOH soln containing the appro-
priate amount of the reagent (0.05-10 mM). The
concn of EtOH in the mixt. did not exceed 5% and
was found to have no noticeable effect on the stability
or activity of the enzyme. At various time intervals,
aliquots of 15 ul were withdrawn and the reaction was
stopped by adding 2 ul of 0.2 M imidazole-HClI buffer,
pH 7.4 and cooling on ice. Residual enzyme activity
was measured after addition of 100 mM cellobiose
under the standard assay conditions.

Reactivation of DEPC-modified enzyme was
achieved by adding 0.1 M NH,0H at pH 7.2. To
DEPC-treated reaction mixts (¢f above), 8.5 ul 2 M
NH,OH pH 7.2 were added and the mixts were incu-
bated at 37°. Excess NH,OH was removed by exhaus-
tive dialysis against deionised H,O. Residual enzyme
activity was measured under standard assay
conditions. The rate of DEPC decomposition under
the experimental conditions described above, was
determined as described in [25].

pHMB. B-Glucosidase (18 ug) in 60 pl of 50 mM
Na-Pi buffer, pH 8 was incubated at 37° for 30 min
with sufficient amount of pHMB to render the solns
1-5 mM. Aliquots of 8 ul were withdrawn at various
time intervals, mixed with 2.5 ul 0.4 M Na-citrate
buffer pH 4.8 and placed on ice. Residual enzyme
activity was assayed under standard conditions.

A. SkouBAS and J. G. GEORGATS0S

PMSF. B-Glucosidase (25 ug) in 150 ul of 50 mM
Na-Pi buffer, pH 7 was incubated for 60 min at 37°
with varying amounts of PMSF (1-5 mM final concns)
dissolved in EtOH. Aliquots of 15 ul were withdrawn
at various time intervals and residual enzyme activity
was measured under standard conditions.

NAI B-Glucosidase (25 ug) in 150 ul of 50 mM Na-
Pi buffer, pH 7 was incubated for 1 hr at 37° with
varying amounts of NAI (1-20 mM final concns).
Aliquots of 15 ul were withdrawn at various time
intervals and residual enzyme activity was measured
under standard conditions.

EEDQ. -Glucosidase (20 ug) in 60 ul of 50 mM
MES buffer, pH 5 was incubated for 30 min at 37°
with varying amounts of EEDQ (1-15 mM final
concns). At various time intervals, aliquots of 8 ul
were transferred to tubes, each containing 2.5 ul 0.4 M
Na-citrate buffer pH 4.8 and placed on ice. Residual
enzyme activity was measured under standard con-
ditions. Substrate (cellobiose) protection assays were
carried out as described under CH,ICONH, modi-
fication.
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