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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
A(AG¥) = —RTIn[(keal Km)x/(kealKm)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,
Glul80, or Asp309, with the corresponding amides, and the neutral Trpl178 with the basic Arg, all
substantially reduced the binding energy contribution of theadd 6-OH groups of maltose at subsite

—1, even though both Glu180 and Asp309 are localized at subsite 1. In contrast, the substitution, Asp176
— Asn, located near subsitesl and 1, did not substantially perturb any of the individual hydroxyl group
binding energies. Similarly, the substitutions Tyrt*6Ala, Serl19— Tyr, or Trp120— 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 Aspl76 réghycallies by 50- and
12-fold, respectively, a large effect ¢y is not necessarily accompanied by changes in hydroxyl group
binding energy contributions. Two substitutions, Asnt82la and Tyr306— Phe, had significant though

small effects on interactions with 3- an8-@H, respectively. Binding interactions between the enzyme
and the glucosyl group in subsitel, 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,1,4-a-p-glucan glucohydrolase, EC  differenta — o segments connecting secondary structural
3.2.1.3) is an exohydrolase that catalyzes the release ofelements in the catalytie(a)s-barrel domain of GA. These
p-glucose from the nonreducing ends of starch and relatedsix segments form a major part of the active site pocket (
oligo- and polysaccharides with inversion of the anomeric 7, 9, 13) which is postulated to contain seven subsites, each
configuration (). GA hydrolyzes botha-1,4- anda-1,6- of which binds a glucosyl residue of the substrate 1(4,

glucosidic linkages at a single active sitg),(with an 15). The hydrolytic site is located between subsit, the
approximately 500-fold higher activity (determined ky/ terminal subsite, and subsite 1 (Figure 1). The affinities of
Kw) for the o-1,4-linkage 8). these subsites for a glucosyl moiety previously were thought

The active site of GA contains a general acid catalyst, to be dominated by a very large affinity at subsite 1, with a
Glu179 of Aspergillus awamoriGA, that donates a proton  small positive or negative affinity at subsitel (1, 14—17).
to the oxygen of the scissile glucosidic bond and a catalytic pre_steady-state kinetic analysis, however, suggested the
base, Glu400, promoting the nucleophilic attack of a water yore important role for subsitel (18, 19). Subsite affinities
molecule on C-1 of the glycon moiety in the substrate estimated from pre-steady-state association constants provide
transition-state oxocarbenium io#<9). Comparison of the 4 affinity map very different from that obtained using
primary structures of 15 yeast and fungal GAs indicates Six gteady.state parameters, indicating that initial binding is
highly conserved stretchesl@-12) located at the six  onirolied by a high affinity at subsite1, and that subsite
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@_@ maltose in subsites-1 and 1 as suggested by equivalent

oligosaccharide inhibitor hydroxyl groups in GA crystal

-1 +1 +2 +3 structures T, 9, 13), while the neighboring Tyr306 has a
Subsite small role in substrate binding2®). Asp309 forms a salt

FiurRe 1: Schematic of maltose bound to the glucoamylase active Pridge with Arg305 and may thus indirectly affect binding
site depicting four glucosyl binding subsites. The nonreducing end at the 2- and 3-OH groups7, 9, 13). Mutation of Asp309
glucosyl group is represented by &hd the reducing end group by  substantially altered botk.,; and Ky and, in particular,

G. The catalytic site, designated by an arrow, is located between degstabilized the isomaltose transition-state com&x29).
subsites—1 and 1. 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 — 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 86). 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.

(21, 23—26) and quantified their individual contributions to
transition-state stabilization during hydrolysis. In this study,
the energetics of substratenzyme interactions were mapped
in greater detail by analyzing 10 GA mutants located at four
of the six highly conserved active site— o loop regions
with the series of deoxymaltose analogues.

In the first conserved. — o loop region of GA, several
residues, including Tyr48, Trp52, Arg54, and Asp55, con-
tribute to subsite-1 binding @, 22, 27, 28). Of these, the
Asp55— 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 subsife(7,

9, 13). Previous kinetic analyses of Asp55 Gly GA
indicated that both these hydrogen bonds are most likely
realized in the transition-state complex, but not in the ground-
state complexZ8).

Three mutants of highly conserved residues in the second
o — o segment, Tyrl16— Ala (29), Serl19— Tyr (3),
and Trp120— Phe (L5), were previously shown to have
different effects on activity. The most critical of these
residues, Trpl20, plays a crucial role in transition-state
stabilization (5). Steady-state fluorescence studies indicated
that Trp120 is substantially perturbed by substrate or inhibitor
binding B0). In crystal structures of both free and complexed
GA, a hydrogen bond exists between NE1 of Trp120 and
OEZ2 of Glul79, the general acid catalyst 9, 13). Steady-
state (5, 29) and pre-steady-state kinetic analys@s, ¢2)
indicate that Trp120 !s not involved in the hydr(_)Iytic ste_p MATERIALS AND METHODS
for maltose hydrolysis, but rather plays a major role in
conformational changes to a productive complgg) (and Enzyme and Substrate PreparatioByntheses of the
product release3(). 1-deoxy- and 1,2-dideoxg-maltose, of 3-deoxy-, 6-deoxy-,

The third conservedx — o region of GA contains the  2'-deoxy-, 3-deoxy-, and parent methglp-maltoside 23),
general acid catalyst, Glu179, and four mutants were and of 4- and 6-deoxyo-maltose 24) have been previously
investigated here, Asp176 Asn, Trpl78— Arg, Glul80 describedp-Maltose was obtained from Merck. Construction
— GIn, and Asn182— Ala (4, 28). Asp176 was previously  of expression plasmids and mutated genes, production, and
suggested to be involved in transition-state stabilization but purification of the wild type and Asp55- Gly (28), Tyr116
not in substrate bindingdj. Trp178 is involved in substrate — Ala (29), Ser119— Tyr (3), Trp120— Phe (5), Asp176
binding at subsite-1 via hydrophobic interactions and at — Asn @), Trp178— Arg (28), Glu180— GIn (4), Asn182
subsite 1 via a hydrogen bond between the backbone— Ala (28), Tyr306 — Phe, and Asp309~ Gly GAs (28)
carbonyl group and the 3-OH group of the glucosyl residue have been described previously. All GA variants studied here
(7), consistent with the steady-state kinetic results obtainedare of the full-length G1 form, and protein concentrations
with the Trp178— Arg mutation @8). Glu180 is critical for were determined spectrophotometrically at 280 nm using the
substrate binding in subsite 4)( forms a charged hydrogen  following extinction coefficients:em = 1.37x 10° M~tcm ™t
bond with the 2-OH group of maltose as shown in molecular for wild-type and most mutant GAs arg, = 1.30 x 10°
recognition studiesl, 24) and supported by crystallography M~ cm? for the two tryptophan mutant8T7).

(6, 13), and plays a role in the binding mechanisfr8)( Activity MeasurementsAll kinetic assays were performed

Finally, Asn182 has a minor role in the bond-type specificity at 45°C in 0.05 M sodium acetate buffer (pH 4.5). Initial

for the a-1,4- over thea-1,6-linkage £8). rates of glucose release were determined from aliquots
Two mutants from the fifth GAx — o region, Tyr306— removed at appropriate time intervals using glucose oxidase

Phe and Asp309- Asn, were studied. In this region, the as described previousl{%). In reactions wittb-maltose and
invariant Arg305 hydrogen bonds with the 2nd 3-OH of the methyl 5-p-maltoside derivatives, only glucose was
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Table 1: Kinetic Parameters for Hydrolysis of Maltose by _The change in transition-state stabilization caused by
Wild-Type and Mutant Glucoamylases at 26 and pH 4.5 disrupting an interaction between the substrate and enzyme
can be expressed quantitatively A6AG*) = —RT In[(Keaf

—1 “1g1

_enzyme ouls) K (M) KeafKie (M2 57 Kw)x/(KeafKm)yl, Where x represents either a mutant enzyme
VA"QS;%’B_@GM o.gzi%i 8:301 11‘& 8:? 8:83 or a substrate analogue and y the wild-type enzyme or parent
Tyril6—Ala® 0.62+0.02  0.57+ 0.05 1.09 substrate36, 38). Via determination of the second-order rate
Serl19—Tyr®  10.1+0.4 1.10+0.15 9.2 constantsk../Ky, for the various deoxymaltose analogues,
Trp120—Phe' 0.178+0.012 0.909t 0.147 0.195 the contribution of each of the hydroxyl groups to transition-
ﬁf‘g’ggj Aﬁzrf 0'17_521 8:(1)%9 f;gi g:gg (1):%%7 state stabilization in maltose hydrolysis can be calculated.
Glu180— Glne 1.534+ 0.05 A1.4+ 4.6 0.037 For Wlld-type GA, the 6,4-, 3-, 3-, and 2-OH groups were
Asn182— Alaf  11.64+0.3 1.38+0.01 8.4 previously shown in this way to provide 17.5, 18.8, 9.1, 11.3,
Tyr306—Phe  82+05  3.68+0.67 2.23 and 5.2 kJ/mol, respectively, to transition-state stabilization
Asp309—~As?  0.32+0.2 50+11 0.064 (21, 24). In those studies, the contributions of the three

2 From Ref (28).° From Ref (29).© From Ref (3). ¢ From Ref (15); previously identified key polar groups for maltose hydrolysis,

data taken at 56C. ¢From Ref (4); data taken at 5€. f From Ref 6-, 4-, and 3-OH p3), were quantified along with the
(40); data taken at 5C. contributions of two other important groups; and 2-OH.

_ _ _ The specific interaction between Glu180 and 2-OH of the
detected in the hydrolysis products since meffii-glucose  reducing end glucose unit of maltose was kinetically identi-
does not react with glucose oxidase under the assay condified using molecular recognition studies with the Glut80

tions that were used2(, 24). In reactions with 4 or 6- GIn GA mutant 1) and was later confirmed by several GA
deoxyb-maltose substrates, GA activity was determined complex crystal structure§<7, 9, 13). Here, such analysis
relative to a standard containing equimolar amounts-giu- of active site mutants with substate analogues is extended
cose and either 4- or 6-deoxyglucose, respectively2). to include the eight hydroxyl groups of maltose and ten GA

The second-order rate constaki,/Ky, was determined  active site mutants. The second-order rate constdgis (
for at least two different concentrations of substrate varying Ku) for hydrolysis of the maltose analogues with the different
by a factor of 2 or more to ensure that a linear dependencemutant and wild-type GAs were determined (Table 2), and
of activity on substrate concentration was fulfilled. Substrate the changes in free energy(AG"), were calculated (Table
concentrations were typicallg0.1 mM for wild-type GA  3). The mutants are in the highly conserved parte.of o
and mutant enzymes havitg, values similar to that of the ~ segments 3 and 5, representing four of the siet/()s—
wild type (approximately 1 mM), an&0.5 mM for mutant loop regions forming the GA binding site. The locations of
enzymes ha\/ing h|ghé{M Va]ues_KM values for substrate the mutated residues in the GA active site along with other
analogues are expected to be of a similar magnitude or higherkey residues are shown in a stereodrawing depicting the
as a potential binding group has been removed from the GA active site-b-glucodihydroacarbose complex (Figure 2)
substrate. The individual kinetic parametégg,andKy, were 9, 13.
not determined due to limited availability of the substrate ~ Mutation in the Firsta. — o SegmentAsp55 forms a
analogues. Depending on the substrate analogue used anblidentate hydrogen bond pattern with the glucosylahd
the activity of the mutant enzyme, typical enzyme concentra- 6-OH groups at subsite-1 in the crystal structure of GA
tions varied from 0.24 to 10,8g/mL for wild-type GAand (7.9, 13) (Figure 2). Because the mutation of Asp55 to Gly
mutants with activity similar to that of the wild type (Ser119 decrease., more than 200-fold with no change iy
— Tyr, Asn182— Ala, and Tyr306— Phe), and from 4.8  compared to that of the wild typ@§), Asp55 was concluded
to 215 ug/mL for the remaining mutants with activity O be importan_t during transition-state _stabilization, but not
significantly lower than that of the wild type. Total reaction in the Michaelis complex. The large difference A{AG')

times ranged from 25 to 300 min. The error kg./Ku values of more than 10 kJ/mol for this mutant compared to

determination was<10%. that of wild-type GA with both the ‘4 and 6-OH deoxy
analogues (Table 3) clearly indicates that Asp55 interacts

RESULTS AND DISCUSSION strongly with both these hydroxyl groups in transition-state

stabilization. The Asp55— Gly mutation also causes an

The interactions between GA functional residues and approximately 5 kJ/mol decrease X(AG*) with each of
individual maltose hydroxyl groups were studied using a the 3-, 3-, and 6-OH groups (Table 3). The loss in binding
series of GA mutants and maltose analogues. On the basisontribution via the 4 and 8-OH groups caused by mutation
of previously determined steady-state kinetic parametersat Asp55 apparently weakens the complex so that other
(Table 1), the mutant enzymes investigated here shouldsubstrate hydroxyl groups do not realize their full binding
encompass a diverse set of GA active site interactions with capacity in the GA transition-state complex. Removal of the
the substrate maltose. Three mutants Hayealues similar acidic group may also influence other charged binding side
to that of the wild type, Ser119- Tyr, Asn182— Ala, and chains contributing to destabilization of the complex.
Tyr306— Phe, while the remaining mutants hdyg values Mutations in the Second — a. SegmentA striking feature
from approximately 5- to 230-fold lower. Relative to that of of this mutational analysis of deoxymaltose analogues is that
the wild type,Ky values obtained for the mutant enzymes the free energy profiles of all three mutants in the Trp120
indicate that a substitution at Asp176, Glul80, Tyr306, or region, Tyrl16— Ala, Ser119— Tyr, and Trp120— Phe,
Asp309 increaselsy up to 30-fold, a substitution at Tyr116, are very similar to that of wild-type GA (Tables 2 and 3).
Serl19, or Trp120 slightly decreadég, and substitutions ~ These data agree with the crystal structures showing that none
at Asp55, Trpl78, and Asnl182 have no significant effect. of these side chains bind to substrate OH groups. Despite
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Table 2: Specificity Constant&e/Ky (MM~1 s71), for Glucoamylase-Catalyzed Hydrolysis of a Series of Maltose Analogues 4t 4%d pH

4.5

methyl methyl methyl methyl methyl

[-D- 1-deoxy- 1,2-dideoxy- 3-deoxyp-p- 6-deoxyp-p- 2'-deoxyp-b- 3'deoxyb- 4'-deoxy- 6'-deoxy-

enzyme maltose maltoside maltoside  maltoside  maltoside  maltoside maltoside maltoside maltoside maltoside

wild-type 7.3 7.6 13.8 1. 0.1 15.¢ 6.8 0.23 5.9x 1073P 1.0x 10°2P
Asp55—Gly 2.4x 102 20x102 0.28 79x 103 18x103% 0.35 25x 102 44x10° 23x103 1.7x 103
Tyrll6— Ala 0.98 1.10 2.18 0.24 5.5 102 211 1.9 0.14 3.% 103 4.1x103
Serl19—Tyr 85 8.8 17.3 1.6 0.33 18.0 7.4 0.56 46103 9.5x 1073
Trpl20— Phe 0.22 0.24 0.46 4%102 34x103 0.21 0.25 1.0¢102 21x 104 54x 105
Aspl76— Asn 9.6x 102 0.14 0.19 3.% 102 4.1x10% 0.20 0.13 6.0< 103 9.3x 105 1.3x10*
Trpl78—Arg 1.1 0.90 1.1 0.23 3.3 1072 5.2 1.0 3.5x 1072 0.16 0.19
Glul80— GIn 2.1x 10722 6.6x 1032 1.7x 10722 22x 10722 94x 10%8 23x1022 42x102 54x10° 94x10* 6.2x 104
Asn182— Ala 4.9 3.6 4.2 0.41 0.23 9.6 4.6 0.50 88103 4.1x 103
Tyr306— Phe 2.5 2.5 2.7 0.20 34102 0.18 47x 102 21x10°%1.9x103 41x103
Asp309— Asn 7.4x 102 2.0x 102 0.28 7.9%x 103 1.8x 103 0.35 25x 102 44x10°%23x10°% 1.7x10°3

aFrom ref21. ® From ref24.

Table 3: Binding Energy ContributioA(AG*) (kJ/mol) of
Individual Substrate Hydroxyl Groups in the Hydrolysis of Maltose
by Glucoamylase at 45C and pH 4.5

Glul79 and Glu180, which may explain the 4-fold increase
in Ky and the 10-fold decrease kg, caused by the Aspl176
— Asn mutation.

The indol ring of Trp178 contributes hydrophobic interac-

enzyme  1-OH 2-OH 3-OH 6-OH'®OH 3-OH 4-OH 6-OH
wild-type 17 52 113 —18 02 91 188 175 tions with the substrate at subsitel, and the backbone
Asp55—Gly —-0.3 32 64 -75 -06 40 62 7.0 carbonyl group is hydrogen bonded with the substrate 3-OH
;yrllllgjﬁla *i-é g-g g-? *1-8 *%-i %% 112-24 116;; in subsite 17, 9, 13). The Trp178— Arg mutation did not

er yr —1. . 7 —1. . . . . ~ +
Tp120—Phe —19 62 113 04-01 83 184 21.9 alterKy, but_kcatdecreased almost 10-fold®). The A(AG")
Aspl76—Asn —1.8 42 93 -10 02 83 184 174 values obtained for the Trp178 Arg mutant compared to
Trpl78—Arg —0.1 41 87 —46 —-03 85 111 107 that of wild-type GA (Table 3) indicate a contribution to
2!:11188%: i:g 8-8 —%-72 1%’ :g-g :8-2 ‘7‘-3 12-?; 198-‘; transition-state stabilization of 3 kJ/mol by the 3-OH and
Tyr306—Phe —0.3 65 115 -27 14 82 138 150 &S0 6-OH, and 78 kJ/mol by the 4 and 6-OH group.
Asp309—Asn —16 7.9 79 -30 06 88 84 64 This weakened transition-state stabilization for theahd

" A(AGY) = —RT In[(Keaf K)o/ (KeafKn)y]. For 1-OH, x is 1-deoxy- 6'-OH groups may reflect a loss in hydrophobic interactions

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-deg#yp-maltoside and y

is methyl-p-maltoside. For 6-OH, x is methyl 6-deoy3tp-maltoside

and y is methyls-p-maltoside. For 20H, x is methyl 2deoxy{5-p-
maltoside and y is methy$-p-maltoside. For 30H, x is methyl 3-
deoxyf-p-maltoside and y is methy-p-maltoside. For 40H, x is
4'-deoxymaltose and y is maltose. FOr@H, x is 6-deoxymaltose
and y is maltose.

changes irk., of more than 100-fold, and iy of <3-
fold, the A(AG¥) 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

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 theashd 6-OH groups

in the crystal structure$(7, 9, 13) as also indicated by the
molecular recognition data (Table 3). The Trpl7#8Arg
substitution is expected to only modestly disturb the hydrogen
bond between the 3-OH group and the backbone carbonyl
group.

Glul80 has been shown both kinetical®1f 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 A(AG*) values compared to that of wild-type GA of

the Tyr116 and Ser119 mutations (Table 3). The Trp120 loop 4.3, 10.5, and 8.1 kJ/mol obtained for the, 3F-, and 6-

region has a critical role in catalysis, directing conformational

OH groups, respectively (Table 3), indicate important

changes found to accompany productive substrate bindingchanges in subsitel as well as subsite 1. Similar perturbed

and product releas&@—32, 39). The results obtained here

protein—carbohydrate interactions at a neighboring subsite

indicate that any free energy changes required to induce thiswere previously demonstrated using isomaltose analogues

conformational change do not involve transition-state inter-
actions with substrate hydroxyl groups.
Mutations in the Thirdx — a SegmentEach substitution

as substrates for the Glu188 GIn and Asp309— Asn GA
mutants 25). The Glu180— GIn mutation removes a nega-
tively charged side chairl 8, 25) which can either influence

of the four residues near the general acid catalyst Glul79other side chains interacting through a hydrogen bond

(Asp176, Trpl78, Glul80, and Asnl182) had a distinct

network or influence thelg, of neighboring charged groups.

influence on the steady-state parameters, suggesting differenfn increase in the iy, of Asp55 could decrease the strength

roles in activity. On the basis of the kinetic characterization
of the Asp176— Asn mutant GA, Aspl76 was originally
postulated to play a role in transition-state stabilizatidh (
although crystallographic structures indicate that Aspl176
does not directly interact with the substrag 7, 9, 13).
The A(AG") values obtained for the Asp176 Asn mutation

of the hydrogen bonds to the substrateat 6-OH groups.
The free energy profile obtained with Asn182Ala 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 hydroly2i8)(The 4

kJ/mol decrease in(AG¥) with the 3-OH analogue (Table

(Table 3) are essentially the same as for the wild type, in 3) at subsite 1 is likely the result of an indirect interaction
agreement with the lack of any direct hydrogen bonds with as Asn182 in the GA crystal structure has no contacts with
the substrate. Asp176, however, does hydrogen bond to botfthe substrate6). Similarly, the Ser119—~ Tyr GA shows a
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FiGure 2: Stereoview of GA acarbose (rings-) interactions §). (a) Highlight of the 10 positions where mutations were studied. In
addition, Glul79 (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
Glul79, 4-OH (ring A), 2-OH (ring A), and 3-OH (ring B), are included. (b) Closeup of one flank of the-&Arbose binding site

showing the Trp52, Arg54, Asp55, Trp120, and Glul79 interactions with the A and B units of acarbose. (c) Closeup showing the other
flank with Glu179, Glu180, Arg305, and Asp309 interactions.

decrease in binding energy with the 3-OH group despite type or Tyr306— Phe GAs (Table 3), while removal of the
having steady-state parameters for maltose hydrolysis es-3-OH group increasea(AG¥) by 11 kJ/mol for both the
sentially unchanged from those of the wild type. mutant and wild-type GAs. These simila(AG*) values
Mutations in the Fiftha. — o SegmentThe free energy  suggest that the hydrogen bond between Arg305 and the
profiles for mutations at Tyr306 and Asp309 from the fifth 3-OH is not disturbed by the replacement of Tyr306 by Phe.
conserved region of GA are very different from each other  Analysis of the hydrogen bond energetics between Arg305
(Table 3). The Tyr306— Phe substitution only slightly  and the 20H requires additional explanation to account for
decreasedt,; and increasedy (40), and here, it is shown  expected electronic effects caused by the removal of the
to weaken the binding energy contribution of the key polar hydroxy group. 2-Deoxyglycosides have been shown to
4'- and 6-OH groups by 5 and 2.5 kJ/mol, respectively. The favorably stabilize the oxocarbenium ion-like transition state
neighboring Arg305, however, hydrogen bonds with the 2 for glycoside hydrolysis, resulting in substantial rate ac-
and 3-OH based on oligosaccharide-based inhibitor structurescelerations 41—44). Despite these expected large rate
(7, 9, 13). Removal of the 20H group from maltose does accelerations, in this study removal of theCH group had
not cause a significant change in the free energy with wild- virtually no influence on theA(AG*) values (Table 3)
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regardless of whether the individual GA mutations altered a — Gln and Trp178— Arg substitutions. All three substitu-
charged or potentially charged active site side chain or not. tions remove an acidic or introduce a basic side chain, and
There are at least two viable explanations for why the may influence the position andp of Asp55 and thus its
expected electronic effects of the 2-deoxyglycosides are nothydrogen bonds to thé-4and 6-OH groups. Arg54 which
observed here. One explanation is that the large gain inhydrogen bonds with theé-©OH (Figure 2) may be influenced
transition-state stabilization from the electronic effects of the as well. The Asp309— Asn mutation, which favors
2'-deoxy substitution is balanced by an equivalent loss in hydrolysis of then-1,6- over thex-1,4-linkage compared to
stabilization from the removed charged or uncharged hy- that of the wild type, had very similar effects on the subsite
drogen bond. Since substitution of theQ@H does not —1 free energy profile for both isomaltos2s) and maltose
significantly impact theA(AG*) values obtained for any of ~ (Table 3) hydrolysis, supporting the notion that both these
the 11 GA variants studied here, the expected increase insubstrates adopt the same subsiteconformation. However,
stabilization of the oxocarbenium ion transition state due to a clear difference between these two substrates is seen in
electronic effects must be offset by an equal but opposite subsite 1 where the 2-OH of maltose contributes 8 kJ/mol
destabilization of the complex due to the lost hydrogen bond with the Asp309 mutant while the 2-OH of isomaltose makes
or some other cause, in each mutation that was studied, noonly a negligible contribution. Such substrate-dependent
matter whether the mutation perturbs the charge distribution effects support the validity of our approach of generating
in the active site, binding interactions in the active site, or a mutational analysissubstrate analogue energy profiles.
residue distant from the active site. A second possible GA Mechanistic ImplicationgQuantification of the con-
explanation for the lack of any observed rate enhancementstribution of each of the various substrate hydroxyl groups
of the 2-deoxyglycosides is that the electronic stabilization toward transition-state stabilization in GA may be compli-
does occur, but it does not influence the transition-state cated by various factors. First, energetic contributions of
complex. Previous reports have suggested that GA catalysishydrogen bonds between enzyme or substrate functional
proceeds through an oxocarbenium ion-like transition state groups and water molecules have not been included. If a
(45—-47). These studies all utilized monosaccharide-based hydrogen bond with water exists in the parent enzyme or
substrate derivatives af-p-glucosyl fluoride. More recent  substrate, but not the mutant or deoxy analogue, the binding
studies have suggested that while bond hydrolysis may becontribution of that functional group will be over- or
the rate-limiting step for catalysis of monosaccharide-basedunderestimated. Of the residues studied here, on the basis
substrates binding only to subsitel, an alternative step  of crystallographic structure$,(6), water molecules were
other than bond hydrolysis is rate-limiting for GA-catalyzed found bound to Asp55, Trp120, and Glul80. A retained
hydrolysis of disaccharides and other substrates whichbound water would account for the rather I&MAG*) values
occupy at least subsitesl and 1 @0, 29, 31). On the basis  noticed between Glu180 and the 2-OH as noted eai®r (
of the proposed model from these studies, bond hydrolysisand between Asp55 and thé 4nd 6-OH groups. Second,
of the maltose and maltose analogues studied here wouldsubstitution of enzyme or substrate functional groups may
not be rate-limiting, and the electronic stabilization effect change the rate-limiting step for the reaction which may well
of the 2-deoxyglycosides on the oxocarbenium ion interme- happen given the substantial free energy changes resulting
diate would therefore not be reflected in the obserkgd from several of the GA mutations as well as with some of
values. The 20H position according to this model simply the substrate analogues. The proposed minimal GA mecha-
does not have a significant effect on the observed nonhy- nism contains three steps, with the associated rate parameters:
drolytic rate-limiting step, accounting for the only minor
changes observed in tagAG¥) 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 where E represents the uncomplexed enzyme, ti@
address which best represents the actual catalytic mechanismubstrate, EGan associated complex, EX either the enzyme
for GA hydrolysis of maltose and other oligosaccharides. product complex 31) or a second associated compleix (
The Asp309— Asn mutation decreasésg,: 30-fold and 18, 31), and P the product. The rate-limiting step for maltose
increaseKy around 4-fold 28). Although not directly bound  hydrolysis with GA k.t = 0.3 st at 8 °C) occurs nearly
to substrate, Asp309 forms a salt bridge with Arg3059 4000-fold more slowly than the first observable stkp=€
13). Since the Asp309 mutation to Asn eliminates the salt 1392 s?) (31). A mutation, therefore, could hypothetically
bridge to Arg305, it can be expected to indirectly affect decreasd, nearly 4000-fold without changing eithkg,; or
binding of Arg305 to the 2 and 3-OH groups of maltose Ky, and consequently cause no change in the free energy,
(Figure 2). From this work, however, the calculated energy A(AG*), which depends only on the second-order rate
contribution by the interaction with thé-®H group is minor constantk../Ku. For a mutation affecting only the second
and similar to that of wild-type GA (Table 3), and only a step to decrease transition-state stabilization, it will have to
relatively small decrease iN(AG¥) of 3.4 kJ/mol is observed  decrease the equivaleks,/Ky value for the second step
between the mutant and the 3-OH group, along with a 2.7 (represented bi/K;, whereK; = ki/k_1) below the observed
kJ/mol increase contributed by the 2-OH group (Table 3). steady-statek../Ky value. The difference in free energy
Much more significant, however, are the decreases in binding between these two steps can be expressed with the equation
energies of 1611 kJ/mol realized with both the-4and 6- A(AGY) = —RTIn[(kealKm)c/(ko/K1)x], Where G represents
OH groups resulting from the Asp309- Asn mutation. the kinetic parameters for the second step and X for the rate-
These losses in binding energy at the two most critical subsitelimiting step. Using previously reported values for these rate
—1 interactions are similar to those calculated for the Glu180 constants at 8C (31), the difference in free energy between

K K Ko
E+ G, ~EG EX-—E+P
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these two steps is 10.5 kJ/mol. Therefore, for each mutationthe 2-OH group of maltose does not change the rate-limiting
that decreasds to such an extent th& becomes the rate-  step in the GA mechanism. The 7-fold increase Kn
limiting step instead of the step currently representeé.hy presumably reflects the decrease in the extent of formation
the change in transition-state stabilization resulting from that of the initial maltose-enzyme complex due to removal of a
mutation would be underestimated by around 10 kJ/mol. This hydrogen bond at subsite 27). It is noteworthy that the
same analysis holds true if removing a substrate hydroxyl Glu180— GIn mutation increases the maltose dissociation
group changes the rate-limiting step from the step representecconstantK,, only 7-fold, but increases the total dissociation
by keatto the step represented ky and again, there may be  constantKy, 80-fold. Since substrate association is domi-
a 10 kJ/mol underestimation of the contribution of that nated by subsite-1 interactions 18, 20), Glu180 plays a
particular hydroxyl group to transition-state stabilization. less important role in this step, influencikg only moder-
Pre-steady-state kinetic analysis can detect changes in thately, whereas in the suggested enzympeduct complex
rates of E-S complex formation and the hydrolysis- (30), dominated by subsite 1, Glu180 plays a major role and
associated step, and such analyses have already beestrongly influencedy.
performed on three of the mutant enzymes studied here, On the basis of structural analysig @, 13), perturbation
Trpl120— Phe, Aspl176— Asn, and Glu186— GIn (18, 31, of hydrogen bond interactions between enzyme functional
32). For maltose hydrolysis at 8C, Trp120— Phe GA groups and the maltos€-23-, 4-, and 6-OH groups is
decreased the steady-state kinetic paramekgssand Ky, predicted to predominantly affect subsitd binding, with
30- and 3-fold, respectively, whereas there was no effect onrelatively little change to the binding of the reducing end
the pre-steady-state rate constégtand only a small change  product in subsite 1. These subsitd perturbations may
in the association constamt; (31, 32, 39). Trp120 thus plays  influence more than substrate binding since they may also
only a very minor role in the first two observable steps influence conformational changes associated with the transi-
represented bi(,, andk,, but plays a major role in the rate-  tion state, and formation or dissociation of the product
limiting step represented W, The results presented here complex. Support for this argument is obtained from the
indicate that mutation of Trp120 does not influence hydrogen steady-state kinetic parameters obtained with GA mutants
bonding interactions with substrate OH groups, and the at subsite-1 for maltose hydrolysis, i.e., Trp527), Arg54
changes irk.a and Ky resulting from mutation of Trpl20  (22), Asp55 @8), and Trp17840), which all haveKy, values
stem from other factors such as the conformational changessimilar to that of wild-type GA, despite very large changes
suggested in previous studiexl( 32, 39). in kear Pre-steady-state analysis with the Trp52Phe mutant
Substitution of Aspl76, like the three mutations in the indicates no change iy or K;, but a more than 600-fold
Trp120 region, did not result in any substantial changes in decrease irkeo: (27). Mutation of Trp52 to Phe would not
the free energy profiles of the substrate hydroxyl groups. be expected to influence eithéty or K; since crystal
Pre-steady-state kinetic analysis of the Aspl#6Asn structures do not indicate close contacts between inhibitors
enzyme (8) indicated a doubling of the initial dissociation and Trp52, and the mutation maintains the aromatic nature
rate constant(;, while the rate constant associated with the of the side chain, and hence the possibility for hydrophobic
second stepk,, was unchanged. Although Asp176 does not interactions with the substrate. In contrast, mutation of
form hydrogen bonds with the substrate, it does play a major Glu180 or Trp317, two residues influencing subsite 1,
role in transition-state stabilization as evidenced by the 20- increase«; 7-fold andKy 27—80-fold, with much smaller
fold decrease k.o at 45°C (4). Pre-steady-state analysis effects orke.: (27), indicating that subsite 1 interactions play
with wild-type GA has suggested that the predominant animportant though not dominant role in the initial substrate
complexed enzyme form is the enzymeroduct complex binding as reflected ik, but play a more important role in
and not an enzymesubstrate complex3(). Therefore, the binding the additional complexes reflectedKg.
nearly 5-fold increase iKy caused by the Asp176 mutation General TrendsSome general trends can be noted in the
may be due to a decreased concentration of this enzyme free energy profiles of the various mutations. The 1-, 6-, and
product complex. Conversely, the decreakgdcaused by  2'-OH groups apparently contribute very little to transition-
all three mutations in the Trp120 region may then reflect an state stabilization, with removal of the 1- or 6-OH groups
increased concentration of the enzyapeoduct complex. actually enhancing maltose hydrolysis in some cases (Table
Mechanistic Differences between Subsiteand Subsite  2) (21, 24). Removal of hydrogen bonds to either the 2- or
+1 Interactions.Glu180 provides an interesting target for 3-OH of the reducing end glucose substantially decreases
further probing the mechanistic and energetic differences the turnover rate for maltose hydrolyslgq, as evidenced
between the various steps in the GA mechanism, in particular,by Glu180— GIn GA, in which a hydrogen bond to the
for studying the energetics of the hydrolytic and product 2-OH group is removed. Since a conformational change is
release steps since this residue hydrogen bonds with 2-OHJikely involved in the rate-limiting step, the 2-OH and
a bond which should be present in both the substrate andprobably 3-OH groups have critical roles in this process.
product complexes. At 8C, the Glu180— GIn mutation Removal of the 6-OH group increaskg/Ky even with
compared to the wild type increaskg more than 80-fold, the wild type; however, substantially larger increases oc-
but only decrease&.: 2-fold, while the pre-steady-state curred for Asp55— Gly, Trp178— Arg, Glu1l80— GlIn,
kinetic parametek, decreases 10-fold and the dissociation and Asp309— Asn GAs. All four of these mutations
constanK; increases just 7-fold. Glu180 therefore decreases diminish the negative charge in the active site and cause a
the rate of the fast stefx,, 10-fold; however, this rate is large decrease in the energetic contributions of theadd
still more than 600-fold faster than the rate of the slower 6'-OH groups. The effect is particularly noticeable in Asp55
step, keas @s measured in wild-type GA. These kinetic — Gly GA, where removal of the 6-OH group increases
parameters suggest that removing the hydrogen bond withtransition-state stabilization nearly 6 kJ/mol more than in
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the wild type. A possible explanation for the faster rates for

12.

these mutants with the 6-deoxy substrate is that the decreased

level of binding in the mutants at thé-4and 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 thé-4nd 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 hag.9.
successfully been used previously to identify and quantify 20.

interactions between various functional groups in GA and
maltose or isomaltosey, 24, 25). Here, we extend such an

analysis by studying a series of maltose analogues and a setoo.

of 10 GA mutant enzymes. Mutation of residues not
hydrogen bonding directly to substrate as seen in the crystal
structure, i.e., Tyrll6, Serl119, Trp120, and Aspl76, 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, (L3),
Glul80-2-OH and Asp554'-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

and 1 were observed. The change K,walues 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 subsite31.

—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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