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ABSTRACT: Molecular recognition using a series of deoxygenated maltose analogues was used to determine
the substrate transition-state binding energy profiles of 10 single-residue mutants at the active site of
glucoamylase fromAspergillus niger. The individual contribution of each substrate hydroxyl group to
transition-state stabilization with the wild type and each mutant GA was determined from the relation
∆(∆Gq) ) -RT ln[(kcat/KM)x/(kcat/KM)y], where x represents either a mutant enzyme or substrate analogue
and y the wild-type enzyme or parent substrate. The resulting binding energy profiles indicate that disrupting
an active site hydrogen bond between enzyme and substrate, as identified in crystal structures, not only
sharply reduces or eliminates the energy contributed from that particular hydrogen bond but also perturbs
binding contributions from other substrate hydroxyl groups. Replacing the active site acidic groups, Asp55,
Glu180, or Asp309, with the corresponding amides, and the neutral Trp178 with the basic Arg, all
substantially reduced the binding energy contribution of the 4′- and 6′-OH groups of maltose at subsite
-1, even though both Glu180 and Asp309 are localized at subsite 1. In contrast, the substitution, Asp176
f Asn, located near subsites-1 and 1, did not substantially perturb any of the individual hydroxyl group
binding energies. Similarly, the substitutions Tyr116f Ala, Ser119f Tyr, or Trp120f Phe also did
not substantially alter the energy profiles even though Trp120 has a critical role in directing conformational
changes necessary for activity. Since the mutations at Trp120 and Asp176 reducedkcat values by 50- and
12-fold, respectively, a large effect onkcat is not necessarily accompanied by changes in hydroxyl group
binding energy contributions. Two substitutions, Asn182f Ala and Tyr306f Phe, had significant though
small effects on interactions with 3- and 4′-OH, respectively. Binding interactions between the enzyme
and the glucosyl group in subsite-1, particularly with the 4′- and 6′-OH groups, play an important role
in substrate binding, while subsite 1 interactions may play a more important role in product release.

Glucoamylase (GA,1 1,4-R-D-glucan glucohydrolase, EC
3.2.1.3) is an exohydrolase that catalyzes the release of
D-glucose from the nonreducing ends of starch and related
oligo- and polysaccharides with inversion of the anomeric
configuration (1). GA hydrolyzes bothR-1,4- andR-1,6-
glucosidic linkages at a single active site (2), with an
approximately 500-fold higher activity (determined bykcat/
KM) for the R-1,4-linkage (3).

The active site of GA contains a general acid catalyst,
Glu179 ofAspergillus awamoriGA, that donates a proton
to the oxygen of the scissile glucosidic bond and a catalytic
base, Glu400, promoting the nucleophilic attack of a water
molecule on C-1 of the glycon moiety in the substrate
transition-state oxocarbenium ion (4-9). Comparison of the
primary structures of 15 yeast and fungal GAs indicates six
highly conserved stretches (10-12) located at the six

different R f R segments connecting secondary structural
elements in the catalytic (R/R)6-barrel domain of GA. These
six segments form a major part of the active site pocket (5,
7, 9, 13) which is postulated to contain seven subsites, each
of which binds a glucosyl residue of the substrate (1, 14,
15). The hydrolytic site is located between subsite-1, the
terminal subsite, and subsite 1 (Figure 1). The affinities of
these subsites for a glucosyl moiety previously were thought
to be dominated by a very large affinity at subsite 1, with a
small positive or negative affinity at subsite-1 (1, 14-17).
Pre-steady-state kinetic analysis, however, suggested the
more important role for subsite-1 (18, 19). Subsite affinities
estimated from pre-steady-state association constants provide
an affinity map very different from that obtained using
steady-state parameters, indicating that initial binding is
controlled by a high affinity at subsite-1, and that subsite
1 has a much lower affinity (20).

GA active site interactions between side chains and various
oligosaccharide inhibitors have been identified crystallo-
graphically (5-7, 9, 13), and site-directed mutagenesis
studies either predicted or confirmed many of these critical
interactions, particularly in subsites-1 and 1 (3, 4, 8, 21,
22). Moreover, molecular recognition of either maltose or
isomaltose analogues identified key functional OH groups
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(21, 23-26) and quantified their individual contributions to
transition-state stabilization during hydrolysis. In this study,
the energetics of substrate-enzyme interactions were mapped
in greater detail by analyzing 10 GA mutants located at four
of the six highly conserved active siteR f R loop regions
with the series of deoxymaltose analogues.

In the first conservedR f R loop region of GA, several
residues, including Tyr48, Trp52, Arg54, and Asp55, con-
tribute to subsite-1 binding (8, 22, 27, 28). Of these, the
Asp55f Gly mutation was chosen for this study since the
side chain carboxyl group forms a bidentate hydrogen bond
pattern with the 4′- and 6′-OH groups of the nonreducing
end residue of an oligosaccharide inhibitor in subsite-1 (7,
9, 13). Previous kinetic analyses of Asp55f Gly GA
indicated that both these hydrogen bonds are most likely
realized in the transition-state complex, but not in the ground-
state complex (28).

Three mutants of highly conserved residues in the second
R f R segment, Tyr116f Ala (29), Ser119f Tyr (3),
and Trp120f Phe (15), were previously shown to have
different effects on activity. The most critical of these
residues, Trp120, plays a crucial role in transition-state
stabilization (15). Steady-state fluorescence studies indicated
that Trp120 is substantially perturbed by substrate or inhibitor
binding (30). In crystal structures of both free and complexed
GA, a hydrogen bond exists between NE1 of Trp120 and
OE2 of Glu179, the general acid catalyst (7, 9, 13). Steady-
state (15, 29) and pre-steady-state kinetic analyses (31, 32)
indicate that Trp120 is not involved in the hydrolytic step
for maltose hydrolysis, but rather plays a major role in
conformational changes to a productive complex (31) and
product release (31).

The third conservedR f R region of GA contains the
general acid catalyst, Glu179, and four mutants were
investigated here, Asp176f Asn, Trp178f Arg, Glu180
f Gln, and Asn182f Ala (4, 28). Asp176 was previously
suggested to be involved in transition-state stabilization but
not in substrate binding (4). Trp178 is involved in substrate
binding at subsite-1 via hydrophobic interactions and at
subsite 1 via a hydrogen bond between the backbone
carbonyl group and the 3-OH group of the glucosyl residue
(7), consistent with the steady-state kinetic results obtained
with the Trp178f Arg mutation (28). Glu180 is critical for
substrate binding in subsite 1 (4), forms a charged hydrogen
bond with the 2-OH group of maltose as shown in molecular
recognition studies (21, 24) and supported by crystallography
(6, 13), and plays a role in the binding mechanism (18).
Finally, Asn182 has a minor role in the bond-type specificity
for the R-1,4- over theR-1,6-linkage (28).

Two mutants from the fifth GAR f R region, Tyr306f
Phe and Asp309f Asn, were studied. In this region, the
invariant Arg305 hydrogen bonds with the 2′- and 3-OH of

maltose in subsites-1 and 1 as suggested by equivalent
oligosaccharide inhibitor hydroxyl groups in GA crystal
structures (7, 9, 13), while the neighboring Tyr306 has a
small role in substrate binding (28). Asp309 forms a salt
bridge with Arg305 and may thus indirectly affect binding
at the 2′- and 3-OH groups (7, 9, 13). Mutation of Asp309
substantially altered bothkcat and KM and, in particular,
destabilized the isomaltose transition-state complex (25, 28).
While the interactions of Arg305 with the deoxygenated
substrate analogues would have been very relevant to this
investigation along with Tyr306 and Asp309, the available
Arg305 f Lys mutant has extremely poor affinity for
maltose (28), and would require prohibitive amounts of the
substrate analogues. No mutations from either the fourth or
sixth conserved regions were studied here.

The 10 single amino acid residues selected for the study
presented here are in clearly different ways involved in GA
substrate intereactions; some directly interact with substrate
hydroxyl groups, some indirectly, and some apparently not
at all. They, furthermore, have different effects on the various
steps in the GA mechanism. Hydrogen bond interactions
between proteins and sugar ligands have been identified
previously using substrate analogues or mutant enzymes
(33-35), and our study adds to these findings. The energetic
contributions of the various hydrogen bond interactions also
add to a growing set of data defining the contributions of
charged and uncharged hydrogen bonds as originally outlined
by Fersht (36). The energetic contributions of the various
hydrogen bonds, however, can be complicated somewhat by
the presence of bound water. If a hydrogen bond between a
water molecule and a substrate or enzyme functional group
is present in a particular substrate or protein configuration,
but not in a substrate analogue or mutant protein configu-
ration, the observed binding energies are masked by the
energetic contribution of the displaced water molecule. These
effects can only be identified when high-resolution crystal
structures of both complexes are available.

MATERIALS AND METHODS

Enzyme and Substrate Preparation.Syntheses of the
1-deoxy- and 1,2-dideoxy-D-maltose, of 3-deoxy-, 6-deoxy-,
2′-deoxy-, 3′-deoxy-, and parent methylâ-D-maltoside (23),
and of 4′- and 6′-deoxy-D-maltose (24) have been previously
described.D-Maltose was obtained from Merck. Construction
of expression plasmids and mutated genes, production, and
purification of the wild type and Asp55f Gly (28), Tyr116
f Ala (29), Ser119f Tyr (3), Trp120f Phe (15), Asp176
f Asn (4), Trp178f Arg (28), Glu180f Gln (4), Asn182
f Ala (28), Tyr306 f Phe, and Asp309f Gly GAs (28)
have been described previously. All GA variants studied here
are of the full-length G1 form, and protein concentrations
were determined spectrophotometrically at 280 nm using the
following extinction coefficients:εm ) 1.37× 105 M-1 cm-1

for wild-type and most mutant GAs andεm ) 1.30 × 105

M-1 cm-1 for the two tryptophan mutants (37).
ActiVity Measurements. All kinetic assays were performed

at 45 °C in 0.05 M sodium acetate buffer (pH 4.5). Initial
rates of glucose release were determined from aliquots
removed at appropriate time intervals using glucose oxidase
as described previously (15). In reactions withD-maltose and
the methyl â-D-maltoside derivatives, only glucose was

FIGURE 1: Schematic of maltose bound to the glucoamylase active
site depicting four glucosyl binding subsites. The nonreducing end
glucosyl group is represented by G′ and the reducing end group by
G. The catalytic site, designated by an arrow, is located between
subsites-1 and 1.
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detected in the hydrolysis products since methyl-â-D-glucose
does not react with glucose oxidase under the assay condi-
tions that were used (21, 24). In reactions with 4′- or 6′-
deoxy-D-maltose substrates, GA activity was determined
relative to a standard containing equimolar amounts ofD-glu-
cose and either 4- or 6-deoxy-D-glucose, respectively (24).

The second-order rate constant,kcat/KM, was determined
for at least two different concentrations of substrate varying
by a factor of 2 or more to ensure that a linear dependence
of activity on substrate concentration was fulfilled. Substrate
concentrations were typicallye0.1 mM for wild-type GA
and mutant enzymes havingKM values similar to that of the
wild type (approximately 1 mM), ande0.5 mM for mutant
enzymes having higherKM values.KM values for substrate
analogues are expected to be of a similar magnitude or higher
as a potential binding group has been removed from the
substrate. The individual kinetic parameters,kcatandKM, were
not determined due to limited availability of the substrate
analogues. Depending on the substrate analogue used and
the activity of the mutant enzyme, typical enzyme concentra-
tions varied from 0.24 to 10.8µg/mL for wild-type GA and
mutants with activity similar to that of the wild type (Ser119
f Tyr, Asn182f Ala, and Tyr306f Phe), and from 4.8
to 215 µg/mL for the remaining mutants with activity
significantly lower than that of the wild type. Total reaction
times ranged from 25 to 300 min. The error inkcat/KM

determination was<10%.

RESULTS AND DISCUSSION

The interactions between GA functional residues and
individual maltose hydroxyl groups were studied using a
series of GA mutants and maltose analogues. On the basis
of previously determined steady-state kinetic parameters
(Table 1), the mutant enzymes investigated here should
encompass a diverse set of GA active site interactions with
the substrate maltose. Three mutants havekcat values similar
to that of the wild type, Ser119f Tyr, Asn182f Ala, and
Tyr306f Phe, while the remaining mutants havekcat values
from approximately 5- to 230-fold lower. Relative to that of
the wild type,KM values obtained for the mutant enzymes
indicate that a substitution at Asp176, Glu180, Tyr306, or
Asp309 increasesKM up to 30-fold, a substitution at Tyr116,
Ser119, or Trp120 slightly decreasesKM, and substitutions
at Asp55, Trp178, and Asn182 have no significant effect.

The change in transition-state stabilization caused by
disrupting an interaction between the substrate and enzyme
can be expressed quantitatively as∆(∆Gq) ) -RT ln[(kcat/
KM)x/(kcat/KM)y], where x represents either a mutant enzyme
or a substrate analogue and y the wild-type enzyme or parent
substrate (36, 38). Via determination of the second-order rate
constants,kcat/KM, for the various deoxymaltose analogues,
the contribution of each of the hydroxyl groups to transition-
state stabilization in maltose hydrolysis can be calculated.
For wild-type GA, the 6′-, 4′-, 3′-, 3-, and 2-OH groups were
previously shown in this way to provide 17.5, 18.8, 9.1, 11.3,
and 5.2 kJ/mol, respectively, to transition-state stabilization
(21, 24). In those studies, the contributions of the three
previously identified key polar groups for maltose hydrolysis,
6′-, 4′-, and 3-OH (23), were quantified along with the
contributions of two other important groups, 3′- and 2-OH.
The specific interaction between Glu180 and 2-OH of the
reducing end glucose unit of maltose was kinetically identi-
fied using molecular recognition studies with the Glu180f
Gln GA mutant (21) and was later confirmed by several GA
complex crystal structures (5-7, 9, 13). Here, such analysis
of active site mutants with substate analogues is extended
to include the eight hydroxyl groups of maltose and ten GA
active site mutants. The second-order rate constants (kcat/
KM) for hydrolysis of the maltose analogues with the different
mutant and wild-type GAs were determined (Table 2), and
the changes in free energy,∆(∆Gq), were calculated (Table
3). The mutants are in the highly conserved parts ofR f R
segments 1-3 and 5, representing four of the six (R/R)6-
loop regions forming the GA binding site. The locations of
the mutated residues in the GA active site along with other
key residues are shown in a stereodrawing depicting the
GA active site-D-glucodihydroacarbose complex (Figure 2)
(9, 13).

Mutation in the FirstR f R Segment. Asp55 forms a
bidentate hydrogen bond pattern with the glucosyl 4′- and
6′-OH groups at subsite-1 in the crystal structure of GA
(7, 9, 13) (Figure 2). Because the mutation of Asp55 to Gly
decreaseskcat more than 200-fold with no change inKM

compared to that of the wild type (28), Asp55 was concluded
to be important during transition-state stabilization, but not
in the Michaelis complex. The large difference in∆(∆Gq)
values of more than 10 kJ/mol for this mutant compared to
that of wild-type GA with both the 4′- and 6′-OH deoxy
analogues (Table 3) clearly indicates that Asp55 interacts
strongly with both these hydroxyl groups in transition-state
stabilization. The Asp55f Gly mutation also causes an
approximately 5 kJ/mol decrease in∆(∆Gq) with each of
the 3′-, 3-, and 6-OH groups (Table 3). The loss in binding
contribution via the 4′- and 6′-OH groups caused by mutation
at Asp55 apparently weakens the complex so that other
substrate hydroxyl groups do not realize their full binding
capacity in the GA transition-state complex. Removal of the
acidic group may also influence other charged binding side
chains contributing to destabilization of the complex.

Mutations in the SecondR f R Segment.A striking feature
of this mutational analysis of deoxymaltose analogues is that
the free energy profiles of all three mutants in the Trp120
region, Tyr116f Ala, Ser119f Tyr, and Trp120f Phe,
are very similar to that of wild-type GA (Tables 2 and 3).
These data agree with the crystal structures showing that none
of these side chains bind to substrate OH groups. Despite

Table 1: Kinetic Parameters for Hydrolysis of Maltose by
Wild-Type and Mutant Glucoamylases at 45°C and pH 4.5

enzyme kcat (s-1) KM (mM) kcat/KM (mM-1 s-1)

wild-typea 9.2( 0.4 1.4( 0.2 6.4
Asp55f Glya 0.040( 0.001 1.5( 0.1 0.03
Tyr116f Alab 0.62( 0.02 0.57( 0.05 1.09
Ser119f Tyrc 10.1( 0.4 1.10( 0.15 9.2
Trp120f Phed 0.178( 0.012 0.909( 0.147 0.195
Asp176f Asne 0.728( 0.029 6.22( 0.62 0.117
Trp178f Argf 1.86( 0.11 1.52( 0.28 1.22
Glu180f Glne 1.53( 0.05 41.4( 4.6 0.037
Asn182f Alaf 11.6( 0.3 1.38( 0.01 8.4
Tyr306f Phea 8.2( 0.5 3.68( 0.67 2.23
Asp309f Asna 0.32( 0.2 5.0( 1.1 0.064

a From Ref (28). b From Ref (29). c From Ref (3). d From Ref (15);
data taken at 50°C. e From Ref (4); data taken at 50°C. f From Ref
(40); data taken at 50°C.
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changes inkcat of more than 100-fold, and inKM of e3-
fold, the∆(∆Gq) values obtained with the mutant and wild-
type GAs are very similar, with only a slight decrease in
transition-state stabilization at the 3-OH group resulting from
the Tyr116 and Ser119 mutations (Table 3). The Trp120 loop
region has a critical role in catalysis, directing conformational
changes found to accompany productive substrate binding
and product release (30-32, 39). The results obtained here
indicate that any free energy changes required to induce this
conformational change do not involve transition-state inter-
actions with substrate hydroxyl groups.

Mutations in the ThirdR f R Segment.Each substitution
of the four residues near the general acid catalyst Glu179
(Asp176, Trp178, Glu180, and Asn182) had a distinct
influence on the steady-state parameters, suggesting different
roles in activity. On the basis of the kinetic characterization
of the Asp176f Asn mutant GA, Asp176 was originally
postulated to play a role in transition-state stabilization (4),
although crystallographic structures indicate that Asp176
does not directly interact with the substrate (6, 7, 9, 13).
The∆(∆Gq) values obtained for the Asp176f Asn mutation
(Table 3) are essentially the same as for the wild type, in
agreement with the lack of any direct hydrogen bonds with
the substrate. Asp176, however, does hydrogen bond to both

Glu179 and Glu180, which may explain the 4-fold increase
in KM and the 10-fold decrease inkcat caused by the Asp176
f Asn mutation.

The indol ring of Trp178 contributes hydrophobic interac-
tions with the substrate at subsite-1, and the backbone
carbonyl group is hydrogen bonded with the substrate 3-OH
in subsite 1 (7, 9, 13). The Trp178f Arg mutation did not
alterKM, butkcat decreased almost 10-fold (28). The∆(∆Gq)
values obtained for the Trp178f Arg mutant compared to
that of wild-type GA (Table 3) indicate a contribution to
transition-state stabilization of 3 kJ/mol by the 3-OH and
also 6-OH, and 7-8 kJ/mol by the 4′- and 6′-OH group.
This weakened transition-state stabilization for the 4′- and
6′-OH groups may reflect a loss in hydrophobic interactions
in subsite-1, or the Arg substitution may result in a slightly
different positioning of the Asp55 carboxylate which forms
strong bidentate hydrogen bonds to the 4′- and 6′-OH groups
in the crystal structures (5, 7, 9, 13) as also indicated by the
molecular recognition data (Table 3). The Trp178f Arg
substitution is expected to only modestly disturb the hydrogen
bond between the 3-OH group and the backbone carbonyl
group.

Glu180 has been shown both kinetically (21) and crys-
tallographically (6, 9, 13) to hydrogen bond with the 2-OH
group in subsite 1. In addition to this interaction, differences
in the ∆(∆Gq) values compared to that of wild-type GA of
4.3, 10.5, and 8.1 kJ/mol obtained for the 3′-, 4′-, and 6′-
OH groups, respectively (Table 3), indicate important
changes in subsite-1 as well as subsite 1. Similar perturbed
protein-carbohydrate interactions at a neighboring subsite
were previously demonstrated using isomaltose analogues
as substrates for the Glu180f Gln and Asp309f Asn GA
mutants (25). The Glu180f Gln mutation removes a nega-
tively charged side chain (13, 25) which can either influence
other side chains interacting through a hydrogen bond
network or influence the pKa of neighboring charged groups.
An increase in the pKa of Asp55 could decrease the strength
of the hydrogen bonds to the substrate 4′- or 6′-OH groups.

The free energy profile obtained with Asn182f Ala GA
is very similar to that of the wild type, consistent with the
same mutation showing no significant changes in the steady-
state kinetic parameters for maltose hydrolysis (28). The 4
kJ/mol decrease in∆(∆Gq) with the 3-OH analogue (Table
3) at subsite 1 is likely the result of an indirect interaction
as Asn182 in the GA crystal structure has no contacts with
the substrate (6). Similarly, the Ser119f Tyr GA shows a

Table 2: Specificity Constants,kcat/KM (mM-1 s-1), for Glucoamylase-Catalyzed Hydrolysis of a Series of Maltose Analogues at 45°C and pH
4.5

enzyme maltose

methyl
â-D-

maltoside
1-deoxy-
maltoside

1,2-dideoxy-
maltoside

methyl
3-deoxy-â-D-

maltoside

methyl
6-deoxy-â-D-

maltoside

methyl
2′-deoxy-â-D-

maltoside

methyl
3′deoxy-D-
maltoside

4′-deoxy-
maltoside

6′-deoxy-
maltoside

wild-type 7.3a 7.6a 13.8a 1.9a 0.11a 15.0a 6.8b 0.23b 5.9× 10-3 b 1.0× 10-2 b

Asp55f Gly 2.4× 10-2 2.0× 10-2 0.28 7.9× 10-3 1.8× 10-3 0.35 2.5× 10-2 4.4× 10-3 2.3× 10-3 1.7× 10-3

Tyr116f Ala 0.98 1.10 2.18 0.24 5.5× 10-2 2.11 1.9 0.14 3.3× 10-3 4.1× 10-3

Ser119f Tyr 8.5 8.8 17.3 1.6 0.33 18.0 7.4 0.56 4.6× 10-3 9.5× 10-3

Trp120f Phe 0.22 0.24 0.46 4.5× 10-2 3.4× 10-3 0.21 0.25 1.0× 10-2 2.1× 10-4 5.4× 10-5

Asp176f Asn 9.6× 10-2 0.14 0.19 3.9× 10-2 4.1× 10-3 0.20 0.13 6.0× 10-3 9.3× 10-5 1.3× 10-4

Trp178f Arg 1.1 0.90 1.1 0.23 3.3× 10-2 5.2 1.0 3.5× 10-2 0.16 0.19
Glu180f Gln 2.1× 10-2 a 6.6× 10-3 a 1.7× 10-2 a 2.2× 10-2 a 9.4× 10-5 a 2.3× 10-2 a 4.2× 10-2 5.4× 10-3 9.4× 10-4 6.2× 10-4

Asn182f Ala 4.9 3.6 4.2 0.41 0.23 9.6 4.6 0.50 8.8× 10-3 4.1× 10-3

Tyr306f Phe 2.5 2.5 2.7 0.20 3.1× 10-2 0.18 4.7× 10-2 2.1× 10-3 1.9× 10-3 4.1× 10-3

Asp309f Asn 7.4× 10-2 2.0× 10-2 0.28 7.9× 10-3 1.8× 10-3 0.35 2.5× 10-2 4.4× 10-3 2.3× 10-3 1.7× 10-3

a From ref21. b From ref24.

Table 3: Binding Energy Contribution∆(∆Gq) (kJ/mol) of
Individual Substrate Hydroxyl Groups in the Hydrolysis of Maltose
by Glucoamylase at 45°C and pH 4.5a

enzyme 1-OH 2-OH 3-OH 6-OH 2′-OH 3′-OH 4′-OH 6′-OH

wild-type -1.7 5.2 11.3 -1.8 0.2 9.1 18.8 17.5
Asp55f Gly -0.3 3.2 6.4 -7.5 -0.6 4.0 6.2 7.0
Tyr116f Ala -2.1 5.8 7.9 -1.8 -1.4 9.0 17.2 16.7
Ser119f Tyr -1.9 6.3 8.7 -1.9 0.4 7.3 19.4 17.5
Trp120f Phe -1.9 6.2 11.3 0.4 -0.1 8.3 18.4 21.9
Asp176f Asn -1.8 4.2 9.3 -1.0 0.2 8.3 18.4 17.4
Trp178f Arg -0.1 4.1 8.7 -4.6 -0.3 8.5 11.1 10.7
Glu180f Gln 0.6 -0.7 11.2 -3.4 -0.6 4.8 8.3 9.4
Asn182f Ala 0.9 6.2 7.3 -2.6 -0.6 7.9 16.7 18.7
Tyr306f Phe -0.3 6.5 11.5 -2.7 1.4 8.2 13.8 15.0
Asp309f Asn -1.6 7.9 7.9 -3.0 0.6 8.8 8.4 6.4

a ∆(∆Gq) ) -RT ln[(kcat/KM)x/(kcat/KM)y]. For 1-OH, x is 1-deoxy-
maltose and y is maltose. For 2-OH, x is 1,2-dideoxymaltose and y is
1-deoxymaltose. For 3-OH, x is methyl 3-deoxy-â-D-maltoside and y
is methylâ-D-maltoside. For 6-OH, x is methyl 6-deoxy-â-D-maltoside
and y is methylâ-D-maltoside. For 2′-OH, x is methyl 2′deoxy-â-D-
maltoside and y is methylâ-D-maltoside. For 3′-OH, x is methyl 3′-
deoxy-â-D-maltoside and y is methylâ-D-maltoside. For 4′-OH, x is
4′-deoxymaltose and y is maltose. For 6′-OH, x is 6′-deoxymaltose
and y is maltose.
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decrease in binding energy with the 3-OH group despite
having steady-state parameters for maltose hydrolysis es-
sentially unchanged from those of the wild type.

Mutations in the FifthR f R Segment.The free energy
profiles for mutations at Tyr306 and Asp309 from the fifth
conserved region of GA are very different from each other
(Table 3). The Tyr306f Phe substitution only slightly
decreasedkcat and increasedKM (40), and here, it is shown
to weaken the binding energy contribution of the key polar
4′- and 6′-OH groups by 5 and 2.5 kJ/mol, respectively. The
neighboring Arg305, however, hydrogen bonds with the 2′-
and 3-OH based on oligosaccharide-based inhibitor structures
(7, 9, 13). Removal of the 2′-OH group from maltose does
not cause a significant change in the free energy with wild-

type or Tyr306f Phe GAs (Table 3), while removal of the
3-OH group increases∆(∆Gq) by 11 kJ/mol for both the
mutant and wild-type GAs. These similar∆(∆Gq) values
suggest that the hydrogen bond between Arg305 and the
3-OH is not disturbed by the replacement of Tyr306 by Phe.

Analysis of the hydrogen bond energetics between Arg305
and the 2′-OH requires additional explanation to account for
expected electronic effects caused by the removal of the
hydroxy group. 2-Deoxyglycosides have been shown to
favorably stabilize the oxocarbenium ion-like transition state
for glycoside hydrolysis, resulting in substantial rate ac-
celerations (41-44). Despite these expected large rate
accelerations, in this study removal of the 2′-OH group had
virtually no influence on the∆(∆Gq) values (Table 3)

FIGURE 2: Stereoview of GA acarbose (rings A-D) interactions (6). (a) Highlight of the 10 positions where mutations were studied. In
addition, Glu179 (the general acid catalyst), Glu400 (the base catalyst), Wat500 (water that remains in the complex and presumably plays
the role of nucleophilic attack at C-1 in ring A of substrate), and Trp52, Arg54, and Arg305, all critical for activity and interacting with
Glu179, 4-OH (ring A), 2-OH (ring A), and 3-OH (ring B), are included. (b) Closeup of one flank of the GA-acarbose binding site
showing the Trp52, Arg54, Asp55, Trp120, and Glu179 interactions with the A and B units of acarbose. (c) Closeup showing the other
flank with Glu179, Glu180, Arg305, and Asp309 interactions.
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regardless of whether the individual GA mutations altered a
charged or potentially charged active site side chain or not.
There are at least two viable explanations for why the
expected electronic effects of the 2-deoxyglycosides are not
observed here. One explanation is that the large gain in
transition-state stabilization from the electronic effects of the
2′-deoxy substitution is balanced by an equivalent loss in
stabilization from the removed charged or uncharged hy-
drogen bond. Since substitution of the 2′-OH does not
significantly impact the∆(∆Gq) values obtained for any of
the 11 GA variants studied here, the expected increase in
stabilization of the oxocarbenium ion transition state due to
electronic effects must be offset by an equal but opposite
destabilization of the complex due to the lost hydrogen bond
or some other cause, in each mutation that was studied, no
matter whether the mutation perturbs the charge distribution
in the active site, binding interactions in the active site, or a
residue distant from the active site. A second possible
explanation for the lack of any observed rate enhancements
of the 2-deoxyglycosides is that the electronic stabilization
does occur, but it does not influence the transition-state
complex. Previous reports have suggested that GA catalysis
proceeds through an oxocarbenium ion-like transition state
(45-47). These studies all utilized monosaccharide-based
substrate derivatives ofR-D-glucosyl fluoride. More recent
studies have suggested that while bond hydrolysis may be
the rate-limiting step for catalysis of monosaccharide-based
substrates binding only to subsite-1, an alternative step
other than bond hydrolysis is rate-limiting for GA-catalyzed
hydrolysis of disaccharides and other substrates which
occupy at least subsites-1 and 1 (20, 29, 31). On the basis
of the proposed model from these studies, bond hydrolysis
of the maltose and maltose analogues studied here would
not be rate-limiting, and the electronic stabilization effect
of the 2-deoxyglycosides on the oxocarbenium ion interme-
diate would therefore not be reflected in the observedkcat

values. The 2′-OH position according to this model simply
does not have a significant effect on the observed nonhy-
drolytic rate-limiting step, accounting for the only minor
changes observed in the∆(∆Gq) values. While either of these
same two explanations can also be used to account for any
observed electronic effects caused by deoxy substitutions of
other hydroxyl groups, additional studies are required to
address which best represents the actual catalytic mechanism
for GA hydrolysis of maltose and other oligosaccharides.

The Asp309f Asn mutation decreaseskcat 30-fold and
increasesKM around 4-fold (28). Although not directly bound
to substrate, Asp309 forms a salt bridge with Arg305 (7, 9,
13). Since the Asp309 mutation to Asn eliminates the salt
bridge to Arg305, it can be expected to indirectly affect
binding of Arg305 to the 2′- and 3-OH groups of maltose
(Figure 2). From this work, however, the calculated energy
contribution by the interaction with the 2′-OH group is minor
and similar to that of wild-type GA (Table 3), and only a
relatively small decrease in∆(∆Gq) of 3.4 kJ/mol is observed
between the mutant and the 3-OH group, along with a 2.7
kJ/mol increase contributed by the 2-OH group (Table 3).
Much more significant, however, are the decreases in binding
energies of 10-11 kJ/mol realized with both the 4′- and 6′-
OH groups resulting from the Asp309f Asn mutation.
These losses in binding energy at the two most critical subsite
-1 interactions are similar to those calculated for the Glu180

f Gln and Trp178f Arg substitutions. All three substitu-
tions remove an acidic or introduce a basic side chain, and
may influence the position and pKa of Asp55 and thus its
hydrogen bonds to the 4′- and 6′-OH groups. Arg54 which
hydrogen bonds with the 4′-OH (Figure 2) may be influenced
as well. The Asp309f Asn mutation, which favors
hydrolysis of theR-1,6- over theR-1,4-linkage compared to
that of the wild type, had very similar effects on the subsite
-1 free energy profile for both isomaltose (25) and maltose
(Table 3) hydrolysis, supporting the notion that both these
substrates adopt the same subsite-1 conformation. However,
a clear difference between these two substrates is seen in
subsite 1 where the 2-OH of maltose contributes 8 kJ/mol
with the Asp309 mutant while the 2-OH of isomaltose makes
only a negligible contribution. Such substrate-dependent
effects support the validity of our approach of generating
mutational analysis-substrate analogue energy profiles.

GA Mechanistic Implications.Quantification of the con-
tribution of each of the various substrate hydroxyl groups
toward transition-state stabilization in GA may be compli-
cated by various factors. First, energetic contributions of
hydrogen bonds between enzyme or substrate functional
groups and water molecules have not been included. If a
hydrogen bond with water exists in the parent enzyme or
substrate, but not the mutant or deoxy analogue, the binding
contribution of that functional group will be over- or
underestimated. Of the residues studied here, on the basis
of crystallographic structures (5, 6), water molecules were
found bound to Asp55, Trp120, and Glu180. A retained
bound water would account for the rather low∆(∆Gq) values
noticed between Glu180 and the 2-OH as noted earlier (21)
and between Asp55 and the 4′- and 6′-OH groups. Second,
substitution of enzyme or substrate functional groups may
change the rate-limiting step for the reaction which may well
happen given the substantial free energy changes resulting
from several of the GA mutations as well as with some of
the substrate analogues. The proposed minimal GA mecha-
nism contains three steps, with the associated rate parameters:

where E represents the uncomplexed enzyme, Gx the
substrate, EGx an associated complex, EX either the enzyme
product complex (31) or a second associated complex (1,
18, 31), and P the product. The rate-limiting step for maltose
hydrolysis with GA (kcat ) 0.3 s-1 at 8 °C) occurs nearly
4000-fold more slowly than the first observable step (k2 )
1392 s-1) (31). A mutation, therefore, could hypothetically
decreasek2 nearly 4000-fold without changing eitherkcat or
KM, and consequently cause no change in the free energy,
∆(∆Gq), which depends only on the second-order rate
constant,kcat/KM. For a mutation affecting only the second
step to decrease transition-state stabilization, it will have to
decrease the equivalentkcat/KM value for the second step
(represented byk2/K1, whereK1 ) k1/k-1) below the observed
steady-statekcat/KM value. The difference in free energy
between these two steps can be expressed with the equation
∆(∆Gq) ) -RT ln[(kcat/KM)Gx/(k2/K1)X], where Gx represents
the kinetic parameters for the second step and X for the rate-
limiting step. Using previously reported values for these rate
constants at 8°C (31), the difference in free energy between

E + Gx 798
kl

k-1
EGx 798

k2

k-2
EX 798

kcat
E + P
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these two steps is 10.5 kJ/mol. Therefore, for each mutation
that decreasesk2 to such an extent thatk2 becomes the rate-
limiting step instead of the step currently represented bykcat,
the change in transition-state stabilization resulting from that
mutation would be underestimated by around 10 kJ/mol. This
same analysis holds true if removing a substrate hydroxyl
group changes the rate-limiting step from the step represented
by kcat to the step represented byk2, and again, there may be
a 10 kJ/mol underestimation of the contribution of that
particular hydroxyl group to transition-state stabilization.

Pre-steady-state kinetic analysis can detect changes in the
rates of E-S complex formation and the hydrolysis-
associated step, and such analyses have already been
performed on three of the mutant enzymes studied here,
Trp120f Phe, Asp176f Asn, and Glu180f Gln (18, 31,
32). For maltose hydrolysis at 8°C, Trp120 f Phe GA
decreased the steady-state kinetic parameters,kcat and KM,
30- and 3-fold, respectively, whereas there was no effect on
the pre-steady-state rate constant,k2, and only a small change
in the association constant,K1 (31, 32, 39). Trp120 thus plays
only a very minor role in the first two observable steps
represented byK1, andk2, but plays a major role in the rate-
limiting step represented bykcat. The results presented here
indicate that mutation of Trp120 does not influence hydrogen
bonding interactions with substrate OH groups, and the
changes inkcat and KM resulting from mutation of Trp120
stem from other factors such as the conformational changes
suggested in previous studies (31, 32, 39).

Substitution of Asp176, like the three mutations in the
Trp120 region, did not result in any substantial changes in
the free energy profiles of the substrate hydroxyl groups.
Pre-steady-state kinetic analysis of the Asp176f Asn
enzyme (18) indicated a doubling of the initial dissociation
rate constant,K1, while the rate constant associated with the
second step,k2, was unchanged. Although Asp176 does not
form hydrogen bonds with the substrate, it does play a major
role in transition-state stabilization as evidenced by the 20-
fold decrease inkcat at 45 °C (4). Pre-steady-state analysis
with wild-type GA has suggested that the predominant
complexed enzyme form is the enzyme-product complex
and not an enzyme-substrate complex (31). Therefore, the
nearly 5-fold increase inKM caused by the Asp176 mutation
may be due to a decreased concentration of this enzyme-
product complex. Conversely, the decreasedKM caused by
all three mutations in the Trp120 region may then reflect an
increased concentration of the enzyme-product complex.

Mechanistic Differences between Subsite-1 and Subsite
+1 Interactions.Glu180 provides an interesting target for
further probing the mechanistic and energetic differences
between the various steps in the GA mechanism, in particular,
for studying the energetics of the hydrolytic and product
release steps since this residue hydrogen bonds with 2-OH,
a bond which should be present in both the substrate and
product complexes. At 8°C, the Glu180f Gln mutation
compared to the wild type increasesKM more than 80-fold,
but only decreaseskcat 2-fold, while the pre-steady-state
kinetic parameterk2 decreases 10-fold and the dissociation
constantK1 increases just 7-fold. Glu180 therefore decreases
the rate of the fast step,k2, 10-fold; however, this rate is
still more than 600-fold faster than the rate of the slower
step, kcat, as measured in wild-type GA. These kinetic
parameters suggest that removing the hydrogen bond with

the 2-OH group of maltose does not change the rate-limiting
step in the GA mechanism. The 7-fold increase inK1

presumably reflects the decrease in the extent of formation
of the initial maltose-enzyme complex due to removal of a
hydrogen bond at subsite 1 (27). It is noteworthy that the
Glu180f Gln mutation increases the maltose dissociation
constant,K1, only 7-fold, but increases the total dissociation
constant,KM, 80-fold. Since substrate association is domi-
nated by subsite-1 interactions (18, 20), Glu180 plays a
less important role in this step, influencingK1 only moder-
ately, whereas in the suggested enzyme-product complex
(30), dominated by subsite 1, Glu180 plays a major role and
strongly influencesKM.

On the basis of structural analysis (7, 9, 13), perturbation
of hydrogen bond interactions between enzyme functional
groups and the maltose 2′-, 3′-, 4′-, and 6′-OH groups is
predicted to predominantly affect subsite-1 binding, with
relatively little change to the binding of the reducing end
product in subsite 1. These subsite-1 perturbations may
influence more than substrate binding since they may also
influence conformational changes associated with the transi-
tion state, and formation or dissociation of the product
complex. Support for this argument is obtained from the
steady-state kinetic parameters obtained with GA mutants
at subsite-1 for maltose hydrolysis, i.e., Trp52 (27), Arg54
(22), Asp55 (28), and Trp178 (40), which all haveKM values
similar to that of wild-type GA, despite very large changes
in kcat. Pre-steady-state analysis with the Trp52f Phe mutant
indicates no change inKM or K1, but a more than 600-fold
decrease inkcat (27). Mutation of Trp52 to Phe would not
be expected to influence eitherKM or K1 since crystal
structures do not indicate close contacts between inhibitors
and Trp52, and the mutation maintains the aromatic nature
of the side chain, and hence the possibility for hydrophobic
interactions with the substrate. In contrast, mutation of
Glu180 or Trp317, two residues influencing subsite 1,
increasesK1 7-fold andKM 27-80-fold, with much smaller
effects onkcat (27), indicating that subsite 1 interactions play
an important though not dominant role in the initial substrate
binding as reflected inK1, but play a more important role in
binding the additional complexes reflected inKM.

General Trends.Some general trends can be noted in the
free energy profiles of the various mutations. The 1-, 6-, and
2′-OH groups apparently contribute very little to transition-
state stabilization, with removal of the 1- or 6-OH groups
actually enhancing maltose hydrolysis in some cases (Table
2) (21, 24). Removal of hydrogen bonds to either the 2- or
3-OH of the reducing end glucose substantially decreases
the turnover rate for maltose hydrolysis,kcat, as evidenced
by Glu180f Gln GA, in which a hydrogen bond to the
2-OH group is removed. Since a conformational change is
likely involved in the rate-limiting step, the 2-OH and
probably 3-OH groups have critical roles in this process.

Removal of the 6-OH group increaseskcat/KM even with
the wild type; however, substantially larger increases oc-
curred for Asp55f Gly, Trp178f Arg, Glu180f Gln,
and Asp309f Asn GAs. All four of these mutations
diminish the negative charge in the active site and cause a
large decrease in the energetic contributions of the 4′- and
6′-OH groups. The effect is particularly noticeable in Asp55
f Gly GA, where removal of the 6-OH group increases
transition-state stabilization nearly 6 kJ/mol more than in
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the wild type. A possible explanation for the faster rates for
these mutants with the 6-deoxy substrate is that the decreased
level of binding in the mutants at the 4′- and 6′-OH groups
in subsite-1 results in a complex which is also bound less
tightly at the 6-OH in subsite 1 and subsequent removal of
the 6-OH group reduces steric interference in the transition-
state complex. Tight binding at the 4′- and 6′-OH groups of
subsite-1 would then be a prerequisite for the enzyme to
favorably interact at subsite 1.

Conclusions.The combination of molecular recognition
using substrate analogues and site-directed mutagenesis has
successfully been used previously to identify and quantify
interactions between various functional groups in GA and
maltose or isomaltose (21, 24, 25). Here, we extend such an
analysis by studying a series of maltose analogues and a set
of 10 GA mutant enzymes. Mutation of residues not
hydrogen bonding directly to substrate as seen in the crystal
structure, i.e., Tyr116, Ser119, Trp120, and Asp176, has little
or no effect on the free energy profiles representing the
binding energy contributions of each of the maltose hydroxyl
groups. The energetics of two GA side chains shown to form
hydrogen bonds with maltose on the basis of crystallographic
evidence of pseudotetrasaccharide GA complexes (7, 9, 13),
Glu180-2-OH and Asp55-4′-OH and -6′-OH, can be
quantitatively defined. In those enzyme variants where the
ionization properties at the active site were potentially altered,
i.e., the mutations of Asp55, Trp178, Glu180, and Asp309,
multiple perturbations with hydroxyl groups at subsites-1
and 1 were observed. The change in pKa values resulting
from the change in local charge, particularly of the important
Asp55 side chain, may account for these perturbations. While
the strongest bond energies are always measured in subsite
-1, these interactions are critical for substrate binding and
bond hydrolysis, but should not contribute to the reducing
end product release step.
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