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Fungal glucoamylases contain four conserved regions. One
region from the Aspergillus niger enzyme contains three key
carboxylic acid residues, the general acid catalytic group,
Glul79, along with Asp176 and Glu180. Three site-directed
mutations, Leul77 — His, Trpl178 — Arg and Asnl182 — Ala,
were constructed near these acidic groups to reveal the
function of other conserved residues in this region. Leul77
and Trpl78 are strictly conserved among fungal gluco-
amylases, while an amide, predominantly Asn, always occurs
at position 182. Substitutions of Leul77 or Trpl78 cause
significant decreases in k., with the substrates tested.
Similar increases in activation energies obtained with Leul77
— His with both «-(1,4)- and «-(1,6)-linked substrates
indicate Leul77 is located in subsite 1. K, values obtained
with the Trpl78 — Arg mutation increase for an «-(1,6)-
linked substrate, but not for «-(1,4)-linked substrates.
Calculated differences in activation energy between substrates
indicate Trpl78 interacts specifically with subsite 2. The
Asnl82 — Ala mutation did not change &k, or Ky values,
indicating that Asn182 is not crucial for activity. These results
support a mechanism for glucoamylase catalytic activity
consisting of a fast substrate binding step followed by a con-
formational change at subsite 1 to stabilize the transition state
complex.

Key words: catalytic mechanism/glucoamylase/kinetics/site-
directed mutagenesis/transition state energy

Introduction

Glucoamylase (GA) (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3)
catalyzes the release of pD-glucose from the non-reducing ends
of starch or related oligo- and polysaccharide molecules. GAs
from a variety of fungal sources have been sequenced and shown
to have significant homology (Tanaka et al., 1986; Itoh er al.,
1987), suggesting that they are all structurally and functionally
related. Kinetic measurements on GAs from different sources
have demonstrated that their active sites are also similar,
containing a substrate binding area composed of seven
consecutive glucosyl residue binding subsites (Hiromi, 1970;
Savel’ev and Firsov, 1982; Sierks er al., 1989). The catalytic
site is located between subsites 1 and 2, with subsite 2 possessing
the strongest subsite binding affinity.

Functional roles of several residues in the GA active site have
been identified. Chemical modification studies have located
Trpl20 (Clarke and Svensson, 1984b), Aspl76, Glul79 and
Glul80 (Svensson er al., 1988, 1990) in the active site of

Aspergillus niger GA. Site-directed mutagenesis (Sierks et al.,
1989, 1990) of GA has determined the function of these four
residues. Glul79 is the general acid catalyst of pK, 5.9, and
Aspl76, located near subsites 1 and 2, was suggested as the
catalytic base of pK, 2.7, which in its|deprotonized state
stabilizes the substrate transition state (Sierks er al., 1990). The
existence of two catalytic carboxyl groups with these pK,’s has
previously been demonstrated (Hiromi et a1.|r 19663, b; Savel’ev
and Firsov, 1982). Glul80 interacts with «~(1,4)-linked substrates
forming a hydrogen bond with the 2-OH group of the reducing-
end glucosyl group of maltose, which occupies subsite 2 of GA
(Sierks and Svensson, 1992). Trp120, locJated near subsite 4
(Clarke and Svensson, 1984b), interacts with residues in subsites
1 and 2 affecting Aspl76 (Sierks er al., 1990) and induces a
conformational change that stabilizes the ition state (Sierks
et al., 1990; Svensson and Sierks, 1992). Additional Trp residues
have been identified in the active site, although their specific roles
have not been identified (Clarke and Svensso'n, 1984a). Here the
active site region, comprising the functionally important
carboxylic acid residues, has been further investigated by site-
directed mutagenesis studies of residues Leul77, Trp178 and
Asnl82. The kinetic properties of these muytant enzymes have
provided additional information about the Subsite locations of
these residues as well as their involvement in the mechanism and
the binding specificity of GA. !

A drawback in the industrial use of GA is tpat D-glucose yields
are limited to ~95% from concentrated starch solutions. This
occurs because of the slow hydrolysis of a-(1,6)-p-glucosidic
bonds in starch and the formation of various condensation
products, mainly a-(1,6)-linked isomaltooligosaccharides, in a
stepwise manner from bD-glucose (Nikolov et al., 1989).
Therefore, if the residues involved in differential binding between
a-(1,4)- and a-(1,6)-linked substrates can be identified, the rate
of production of condensation products can probably be altered
and the yield of glucose from starch improved. The hydrogen
bond identified between Glul80 and a-(1|4)-linked, but not
a-(1,6)-linked, substrates in subsite 2 of GA (Sierks er al., 1990;
Sierks and Svensson, 1992) provides an |important clue to
understanding the bond type specificity of GA.

The highly conserved GA region, encompassing Aspl76,
Glul79 and Glul80, has a distant resemblance to active site
sequences in other starch hydrolases and, related enzymes,
including a-amylases, a-glucosidases and glucosyltransferases
(Figure 1) (Svensson, 1988). These sequende similarities were
utilized to design mutations at Leul77, Tri)178 and Asnl82.
Enzymes active on a-(1,6)-D-glucosidic bonds characteristically
contain amino acid residues with small ali;é&aﬁc side chains at
the position corresponding to Leul77 in , while enzymes
active only on a-(1,4)-D-glucosidic bonds contain primarily the
large aromatic side chains Phe or Trp. His was selected instead
of the latter residues based on the rationale that its ring structure
may favor activity on a-(1,4)-p-glucosidic; bonds, while the
hydrophilic nature of the ring may disfavor a-(1,6)-p-glucosidic
bond cleavage or formation. Trp178 was mutated to Arg because
Arg is invariably present in all the a-amyl 2, having activity
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. .
aBli (222) ELQLDGFRLDAVEKH (235)
aBst (225) TTNIDGFRLDAVKH (238)
aBam (222) ELSLDGFRIDARAKH (235
aBsu (167) NDGADGFRFDAAKH (180)
aShy (165) SLGVDGFRIDAAKH (178)
aBl (195) DLGFDAWRLDF FARG (208)
aB2 (1949) DHRLDGWRFDFAKG (207)
abm (177) DLGVAGFRVDAAKH (190)
PPA (188) DI GVAGFRLDASKH (201)
HAP/S (188) DI GVAGFRIDASKH (201)
TAA (197) NYS IDGLRIDTVEKH (210)
gaAn (172) Q TGYD-LWEEVNGS (184)
gaRo (307) NGCFD~-LWEEVNGV (319
gaSf (203) STGFD-LWEENQGR (215)
gaSd (167) SSGFD-LWEEVNGM (179)
M (205) DHGVDGFRIDTAGTL (218)
I (496) EVNYDGLWIDMNEV (509)
S (1385) YMKFDGLWIDMNETP (1398)
CGT (2200 GMGVDGIRFDAVKQ (233)
AM (286) F K IYDIVRIDHFRG (299)
BE (395) RFGIDALRVDAVAS (408)

Fig. 1. Sequence homologies among carbohydrases arranged according to
specificities, either a-amylases, glucoamylases or a-glucosidases and
transglucanosylases. Sequences are centered about the
Leul77—Trpl78—Asn182 region of A.niger and A.awamori glucoamylase
(Svensson, 1988). a-Amylases (EC 3.2.1.1): aBli, Bacillus licheniformis;
aBst, B.stearothermophilus; aBam, B.amyloliquefaciens; aBsu, B.subtilis,
aShy, Streptomyces hygroscopicus; aBl, barley isozyme 1; aB2, barley
isozyme 2; aDm, Drosophila melanogaster; PPA, pig/rat/mouse pancreas;
HAP/S, human pancreas/saliva; TAA, A.oryzae Taka-amylase A.
Glucoamylases (EC 3.2.1.3): gaAn, A.niger and A.awamori; gaRo,
Rhizopus oryzae; gaSf, S.fibuligera; gaSd, S.cerevisiae and S.diastaricus.
a-Glucosidases: M, maltase (EC 3.2.1.20) from S§.cerevisiae; 1, isomaltase
(EC 3.2.1.10) from rabbit intestine; S, sucrase (EC 3.2.1.48) from rabbit
intestine. Transglucanosylases: CGT, cyclodextrin glucanotransferase

(EC 2.4.1.19) from B.macerans; AM, amylomaltase (EC 2.4.1.25) from
Streptococcus pneumoniae; BE, branching enzyme (EC 2.4.1.18) from
Escherichia coli. *, Leul77, Trpl178 and Asnl182 in A.niger and A.awamori
glucoamylases. Numbers in parentheses are those of amino acid residues at
the beginning and end of each sequence segment counting from the
N-terminus of the mature protein.

only on a-(1,4)-linkages, while Trp is conserved in the GAs and
two of three a-glucosidases, some of which are active on a-
(1,6)-bonds. Finally, Asn182 was mutated to Ala because Asn
or Gln was conserved in all the GAs and two of three

" a-glucosidases, but was replaced with a residue containing a short
aliphatic side chain, usually Ala, in most of the a-amylases. The
variety of residues present in the a-amylases, however, suggests
that this location may be more freely substituted than the other
two residues studied.

Materials and methods

Enzymes, reagents and the construction of mutations using
cassette mutagenesis were carried out as described earlier (Sierks
etal., 1989). The Leul77 — His and Trpl78 — Arg mutations
were constructed in the SnaBl—Hpal cassette as previously
described (Sierks er al., 1989) utilizing the oligonucleotides
5'-ATAGTTAACTTCTTCCCAGTGATCATATCCTGTCTG-
3’ and 5'-ATAGTTAACTTCTTCGCGGAGATCATATCC-
TGTCTG-3' respectively. The Asni82 — Ala mutation was
constructed in the Hpal—Apal cassette by using the oligo-
nucleotides 5'-ATGGGCCCGGTGTTGCACAGCAATCGT-
AAAG-3’ and 5'-GCTGGCTCGTCTTTCTTTACGATTGC-
TGT-3’ as cassette and mutagenic primers respectively,
containing a 15 bp overlap. Mutations were verified by DNA
sequencing of the replaced cassettes.

Production, purification and kinetic characterization of the
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mutated enzymes were performed as before (Sierks ez al., 1989).
Kinetic parameters of the mutants were measured using maltose,
isomaltose and maltoheptaose as substrates and were compared
with those of wild-type GA. The two a-(1,4)-linked substrates,
maltose and maltoheptaose, were used to determine effects on
the kinetic parameters when only subsites | and 2 or the entire
active site was filled respectively. Isomaltose was utilized to
determine any differential effects using «-(1,6)- instead of
a-(1,4)-linked substrates.

Results and.discussion

Three mutations, Leul77 — His, Trp178 — Arg and Asnl182
— Ala, were constructed in the cloned A.awamori GA gene by
cassette mutagenesis and expressed in Saccharomyces cerevisiae.
The A.awamori GA gene and the A.niger GA gene are identical
(Svensson et al., 1983; Nunberg ef al., 1984). The present
mutations are based on a regional sequence similarity with other
starch hydrolases or related enzymes possessing different
substrate specificities. The Leul77 — His mutation was chosen
to insert a hydrophilic ring side chain at this position, while
Trpl78 — Arg and Asnl82 — Ala were chosen based on the
most frequently occurring amino acid residue from enzymes
having activity only on «-(1,4)-linkages (Figure 1).

Results of the kinetic studies of the three mutants using maltose,
maltoheptaose and isomaltose as substrates are given in Table
I. Values of kg for the Leul77 — His mutant decrease
> 10-fold for isomaltose and 5-fold for maltose and maltoheptaose
compared with wild-type GA. Ky, values increase by ~50% for
both maltoheptaose and isomaltose and 3-fold for maltose.
Selectivity for maltose over isomaltose hydrolysis, as determined
by ratios of the respective ko/Ky, values, is essentially
unchanged from that of the wild type enzyme, while selectivity
for maltoheptaose over maltose cleavage doubles. Increases in
the Ky values for all three substrates, even though small for
isomaltose and maltoheptaose, indicate that ground state binding
is adversely affected. Leul77 is thus involved in the recognition
of maltose and isomaltose, both of which bind at subsites 1 and
2, because a-(1,4)- and a-(1,6)-linked substrates are cleaved by
GA at the same active site (Hiromi et al., 1966a,b).

Glucono-(1,5)-D-lactone, a transition state analog, binds
specifically at subsite 1 in GA (Hiromi et al., 1983). Both the
a-(1,4)- and «-(1,6)-linked disaccharide substrates should
therefore adopt a transition state structure resembling that of
glucono-(1,5)-p-lactone and yield essentially the same subsite 1
enzyme interactions. The different glucosidic linkages, however,
should result in different transition state structures in subsite 2.
Because the substitution of Leul77 increases Ky for the three
substrates tested, a subsite | location is suggested for Leul77.
Support for this conclusion is given by the changes in free energy
of transition state binding with the different substrates caused by
the mutation. These changes can be calculated using the
relationship A(AG) = —~RTIn[(kea/ Kn)mur! Kear Kng) i)
(Wilkinson et al., 1983), where the subscripts mut and wr refer
to the mutant and wild-type enzymes respectively. Because with
the Leul77 — His mutant GA, transition state energies for the
a-(1,4)- and a-(1,6)-linked disaccharide substrates increase by
similar amounts, 8.0 and 7.7 kJ/mol respectively (Table I),
Leul77 is much more likely to be involved in binding at subsite
1, where it would equally affect the two substrates, than in subsite
2. The expected increase in activation energy, A(AG), resulting
from removal of a hydrogen bonding group interacting with a
charged group is ~15—19 kJ/mol; if the hydrogen bond is to
an uncharged group then the activation energy is ~2—6 kJ/mol

GTOZ ‘TT AInC uo ofeaiyd Jo AiseAIUN e /Blo'sfeulnolplolxospad//:dny wouj papecjumoq


http://peds.oxfordjournals.org/

Functional roles and subsite locations|of Aspergillus awamonri

|
)
—

Table 1. Kinetic parameters for the hydrolysis of maltose, maltoheptaose and isomaltose by mutant and wild-type A.awamori glucoamylascs at pH 4.4 and

50°C
Enzyme Leul77 — His Trpl78 — Arg Asni82 — Ala | Wild-type
Maltose (G2)
ko 571 2.6 = 0.1 1.86 + 0.11 11.6 + 0.3 144 + 0.5
Ky (mM) 53 + 0.5 1.52 + 0.28 1.38 + 0.10 1.73 % 0.14
kg /Ky (M~ 571 0.49 1.22 8.4 ! 8.3
A(AG)(KJ/mol) 80 5.4 0.0 -
Maltoheptaose (G7)
key 571 159 + 0.8 16.6 + 0.4 65 + 4 84 & 2
Ky (mM) 0.30 + 0.04 0.26 + 0.02 0.26 + 0.04 0.22 + 0.02
keu/Kyy (mM™1 571 53 63 250 390 + 0.02
A(AG)(KJ/mol) 5.6 5.2 1.2 -
Isomaltose (iG2)
ke 571 0.0438 + 0.018 0.0728 + 00027 0.422 + 0.021 0.487 + 0.031
Ky (mM) 49.7 £ 5.7 73.1 + 66 347 + 48 36.0 + 4.7
keg/Kpg (mM™1 571 0.000881 0.000997 0.0122 0.0135
A(AG)(KI/mol) 7.7 7.4 0.3 -
ke/Kyy (G
_— 110 52 30 47
kea/ Kpy (G2)
kew/ Ky (G2)
—_— 550 1230 690 620
kea/ Kpy (1G2)

(Fersht er al., 1985, Street et al., 1986). The increase in activation
energy resulting from the Leu177 mutation is only slightly higher
than the value expected for elimination of a hydrogen bond
between an uncharged protein group and a maltose or isomaltose
hydroxyl group. The Leul77 side chain, however, cannot form
a hydrogen bond with the substrate. The increased activation
energy caused by the mutation can thus be attributable to either
a change in conformation that disrupts a hydrogen bond between
the substrate and the peptide backbone or to effects on crucial
catalytic groups situated nearby.

A more complete picture of the binding interactions in subsite
1 of GA can be obtained by using information obtained through
molecular recognition studies with GA. The 4- and 6-OH groups
of the non-reducing end glucosy) residue of maltose are crucial
for GA activity (Bock and Pedersen, 1987). The changes in
activation energy, A(AG), resulting from the replacement of each
hydroxyl group with a hydrogen atom in this glucosyl ring, are
~0, 9, 19 and 17 ki/mol for the 2-, 3-, 4- and 6-OH groups
respectively (Sierks et al., 1992). The 4 and 6-OH groups play
a critical role in catalysis and the magnitudes of the changes in
activation energy caused by the removal of each of the hydroxyl
groups imply that they probably form hydrogen bonds with
charged groups in the protein. The comparatively smaller increase
in the transition state energy resulting from the Leul77 — His
mutation suggests that this residue does not interact directly with
the 4- or 6-OH groups. The 2-OH group, furthermore, does not
contribute significantly to the binding energies. Therefore, if a
hydrogen bond is formed between a Leul77 main chain peptide
group and the substrate, the most likely candidates are the 3-OH
group or the glucosyl-ring oxygen. Alternatively, the Leul77 —
His mutation may perturb a closely situated GA residue that
hydrogen bonds with the substrate in subsite 1. The increase in
the activation energy for maltose hydrolysis, obtained by substitu-
tion of Leul77 with His (8.0 kJ/mol), is in the same range as
that obtained by substitution of the substrate 3-OH group by a
hydrogen atom (9 kJ/mol), supporting an interaction between a
Leul77 main chain group and the 3-OH which is lost in the

|
Leul77 — His GA. This would indicate thtt a conformational
change involving the protein backbone at position 177 has taken
place.

The kg, values for the Trp178 — Arg ﬂ tation decrease 5-
to 8-fold for all three substrates compared with wild-type GA
(Table I). Ky values for maltose and toheptaose are not
significantly different from that obtained l with the wild-type
enzyme, while the Ky, value for isomaltose 'doubles, leading to
a 2-fold increase in the selectivity for maltdse over isomaltose
hydrolysis Selectivity for maltoheptaose over maltose cleavage
is unchanged. The changes in transition state energy, A(AG),
resulting from the Trpl78 — Arg mutaion are higher for
isomaltose hydrolysis (7.4 kJ/mol) than for the hydrolysis of the
two «-(1,4)-linked substrates, maltose and maltoheptaose (5.4
and 5.2 kJ/mol respectively). These results suggest that Trp178
is located in subsite 2 where the transmon‘ state structures of
isomaltose and maltose should be quite distinct. The change of
Trpl78 to Arg increases the preference foé' the hydrolysis of
a-(1,4)-linked over the o-(1,6)-linked substrate although the
catalytic rates in general are substantially lower than with the
wild-type enzyme.

Molecular recognition studies using maltose analogs have also
clarified the binding pattern of the substrate-reducing end glucosyl
ring which occupies subsite 2 of GA. The 3-OH group is crucial
for activity and replacement of the 1- and 2-OH groups retains
residual activity, while replacement of the H group with a
hydrogen atom slightly increases GA activity (Bock and Pedersen,
1987). The changes in activation energy resulting from the
replacement of each OH group by a hydrogen :atom are 11 kJ/mol
for 3-OH, 5 kJ/mol for 2-OH and -2 kJ/mol for 1-OH and 6-OH
(Sierks and Svensson, 1992). The Glu180 residue hydrogen bonds
to the 2-OH group of this glucosyl ring, accounting for the change
in binding energy for that group (Sierks and Svensson, 1992),
leaving Trp178 to interact with either the 1-, 3- or 6-OH groups,
the ring oxygen or to provide van der Waals interactions with
the substrate. Because the A(AG) value for isgmaltose hydrolysis
is higher than those obtained for maltose| or maltoheptaose
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A)

B)

Fig. 2. (A) Depiction of the proposed GA hydrolytic mechanism (Hiromi

et al., 1983) showing an initial fast recognition step of substrate to subsite 2
followed by a unimolecular rearrangement to the active configuration.

(B) Depiction of a second proposed hydrolytic mechanism (Fagerstrom,
1991) showing an initial fast recognition step of substrate primarily
controlled by the large affinity of subsite 2 of GA followed by a
conformational change at subsite 1 to obtain the active configuration.

hydrolysis, a specific transition state hydrogen bond interaction
in subsite 2 would explain this difference. The most likely
interaction between Trpl78 and a substrate functional group
situated in subsite 2 can be identified as follows. Because the
mutation causes essentially equivalent increases in the transition
state energies of maltose and maltoheptaose, 5.4 and 5.2 kJ/mol
respectively, the 178 residue is not likely to interact with the 1-OH
group, which is not present in maltoheptaose. Therefore, Trp178
should specifically interact with either 3-OH or 6-OH or the
glucosyl-ring oxygen. Removal of the 6-OH group decreases the
activation energy for maltose hydrolysis by nearly 2 kJ/mol and
replacement of Trpl78 significantly increases the activation
energy for substrate hydrolysis, so Trp178 is not likely to interact
with 6-OH. Replacement of the 3-OH group of maltose increases
the A(AG) by 11 kJ/mol, while replacement of Trpl178 by Arg
increases the activation energy by only 5 kJ/mol. If Trp178 is
interacting with the 3-OH group, then either the Trp178 — Arg
mutant enzyme retains significant contact with the 3-OH group
or another protein group must also hydrogen bond with 3-OH.
Alternatively, Trp178 may interact with the ring oxyen or the
neighboring general acid group, Glul79. Because of the increased
selectivity between maltose and isomaltose resulting from the
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Leui77

Fig. 3. Schematic drawing of the glucoamylase active site from A.niger
complexed with maltotetraose. Circled substrate hydroxyl groups represent
the critical groups for activity (Bock and Pedersen, 1987; Sierks and
Svensson, 1992; Sierks er al., 1992). Aspl76 interacts with subsites 1 and
2, Leul77 is located in subsite 1, Argl78 is located in subsite 2, Glul79 is
the general acid catalyst and Glul80 binds to the 2-OH in subsite 2 (Sierks
and Svensson, 1992).

Trpl78 — Arg mutation, Trp178 is expected to have a role in
binding rather than an interaction with the catalytic Glu179. The
magnitude of the A(AG) values obtained for the three substrates
was between 5 and 7 kJ/mol. Because the magnitude of the
change in activation energy for all the substrates was similar,
van der Waals interactions in subsites 1 or 2, between the glucosyl
units and the large Trpl78 side chain, may account for the
non-specific increases in the A(AG) values and seem to be the
dominant influence of Trpl78, while the specific subsite 2
interaction, possibly with the 3-OH group, is less important.

The kinetic parameters, kg and Ky, obtained with the
Asnl82 — Ala mutation are very similar to wild-type GA on
the three substrates tested (Table I). Therefore, the 182 position
in GA is not as intimately involved with the catalytic process
as are residues 176—180, and it is reasonable that other
substitutions at position 182 or at residues closer to the C-terminal
can alter the properties of GA without significantly decreasing
the catalytic rate. It is somewhat surprising that the rather highly
conserved residue, Asnl82, found in four GAs and present as
the closely related Gln in the fifth (Itoh er al., 1987), can be
substituted by a relatively non-conservative replacement such as
Ala without affecting enzyme function.

The data obtained by kinetic and mutagenesis studies can help
elucidate the catalytic mechanism of GA. Two models for
catalysis by GA have been hypothesized, both representing a two-
step process. In the first model the substrate undergoes a fast
initial recognition step by binding loosely to subsite 2 of GA,
followed by a slower unimolecular rearrangement of the enzyme
and bound substrate to shift the substrate into subsite 1 in an active
configuration (Figure 2A) (Hiromi et al., 1983). The second
model postulates an initial recognition step where the substrate
occupies the entire binding site and the active conformation is
obtained through a conformational change at subsite 1 of GA
(Figure 2B) (Fagerstrom, 1991). The kinetic results obtained with
the various mutations of residues located in GA subsites 1 and
2 provide evidence to select between these two models. Assuming
the substrates bind initially to subsite 2 (Figure 2A), then a
substitution of a binding residue at subsite 2 (Glu180 — Gln or
Trpl78 — Arg) should alter Ky, values for all substrates
(i.e. maltose and isomaltose) similarly, because it is only the
non-reducing end that is recognized, while a change in a binding
residue at subsite 1 (Leul77 — His) should not alter the Ky
values. However, the Glu180 — Gln mutation has a much larger
increase in the Ky value for a-(1,4)-linked substrates than for
a~(1,6)-linked substrates, while the Trp178 — Arg mutation has
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the opposite effect. The Leul77 — His mutation increases the
Ky value 3-fold towards maltose, even though this residue is
situated in subsite 1. These results suggest that the catalytic
mechanism can be better represented by an initial fast binding
step, primarily at subsite 2, followed by a unimolecular rearrange-
ment based on a conformational change in subsite 1 of GA (Figure
2B), rather than dislocation of the substrate (Figure 2A). In this
model the initial substrate recognition is still controlled by the
very large affinity of subsite 2 for a<(1,4)-linked glucosyl residues
(~22 kJ/mol) (Hiromi, 1970; Savel’ev and Firsov, 1982; Sierks
et al., 1989), but the slower rate—controlling step involves a
protein conformational change at subsite 1. Here the replacement
of Trp178 by Arg can affect ground state binding of isomaltose
without affecting the binding of maltose or maltoheptaose,
implying that Trp178 is not involved in initial substrate recogni-
tion of a~(1,4)-linked substrates, but does contribute to transition
state stabilization. Replacement of Leul77 with His slightly
weakens initial substrate recognition and further weakens
transition state stabilization. The Trp120 residue, located near
subsite 4, is essential for directing the conformational changes
necessary to obtain a transition state structure in subsites 1 and
2 (Sierks et al., 1990; Svensson and Sierks, 1992). The Trp120
residue may thus be involved in the conformational change of
subsite 1, as depicted in Figure 2B.

All these results can begin to define a picture of the GA active
site. Based on chemical modification studies (Clarke and
Svensson, 1984b; Svensson ef al., 1990), kinetic data obtained
on wild-type GA and the various mutations discussed here and
previously (Sierks et al., 1989, 1990), and on data obtained using
maltose analogs (Sierks and Svensson, 1992; Sierks et al., 1992),
a scheme of the GA active site can be constructed locating certain
key residues in the active site (Figure 3). The most important
substrate hydroxyl groups (Bock and Pedersen, 1987), the 4- and
6-OH groups of the non-reducing end ring of maltose and the
3-OH group of the reducing ring, are circled. A four unit long
substrate is pictured to indicate the relative position of the Trp120
residues. Because only maltose analogs were tested in the
molecular recognition studies, no conclusions can be made about
the hydroxyl groups of the third and fourth glucosyl rings fromn
the non-reducing end. However, the Trp120 residue is located
in a distant subsite (Clarke and Svensson, 1984b) and directs
conformational changes in subsites 1 and 2 (Sierks et al., 1989).
Glul79 is the catalytic acid group and Aspl76 interacts with
subsites 1 and 2 (Sierks et al., 1990). Glu180 binds to the 2-OH
group of the glucosyl residue in subsite 2 (Sierks and Svensson,
1992). Trp178 is located in subsite 2 where it probably interacts
with the 3-OH group or the glucosyl-ring oxygen in the transition
state complex, but not the ground state, and Leul77 is located
in subsite 1 where it is postulated to provide a transition state
contact with the 3-OH group of the non-reducing end glucosyl
residue through a main chain peptide hydrogen bond. Substitu-
tion of any of these residues results in a significant decrease in
catalytic activity. The Asnl82 residue, however, can be
substituted without changing the catalytic parameters of GA,
suggesting that it does not interact with the substrate in the
catalytic site.

Acknowledgements

The authors are grateful to Cetus Corporation for the gift of the GA gene, yeast
expression vector and S. cerevisiae strain. Annctte Gajhede 1s thanked for excellent
technical assistance. This project was supported by a grant from the Biotechnology
Council of lowa State University.

|
Functional roles and subsite lomt.lomjI of Aspergillus awamonri

References

Bock,K. and Pedersen,H. (1987) Acta Chem. Scand.| Ser., B41, 617 —628.

Clarke,A.J. and Svensson,B. (1984a) Carlsberg Res. Commun., 49, 111—-122.

Clarke,A.J. and Svensson,B. (1984b) Carisberg Res. Commun., 49, 559~ 566.

Fagerstrom,R. (1991) J. Gen. Microbiol., 137, 1001—1008.

Fersht,A.R., Shi,J., Knill-Jones,J., Lowek,D.M., Wilkinson,A.J., Blow,D.M.,
Brick,P., Carter,P., Waye, M.M.Y. and Winter,G. (1985) Narmre, 314,
235-238. T

Hiromi,K. (1970) Biochem. Biophys. Res. Commun.) 40, 1-6.

Hiromi K., Kawai,M. and Ono,S. (1966a) J. Bi ., 59, 476—480.

Hiromi K., Takahashi,K., Hamauzu,Z. and Ono,S. (L%Gb) J. Biochem., 59,

469-475.

Hiromi,K., Ohnishi,M. and Tanaka,A. (1983) Mol. Cell. Biochem., 51, T9-95.

Itoh,T., Ohtsuki,l., Yamashita,]. and Fukui,S. (1987)
4171-4176.

Nikolov,Z.L., Meagher,M.M. and Reilly,P.J. (1989)B{otxlmol Bioengng., 34,
694 —704.

Nunberg,J.H., Meade,J.H., Cole,G., Lawyer,F.C., McCabe,P., Schweickart,V.,
Tal,R., Wittman,V.P., Flatgaard,J.E. and Innis,M. ‘(1984) Mol. Cell. Biol.,
4, 2306 —2315.

Savel’ev,A.N. and Firsov,L.M. (1982) Biochemistry (USSR), 47, 1365—1367.

Sierks,M.R. and Svensson,B. (1992) Protein Engng, S, 185—188.

Sierks,M.R., Ford,C., Reilly,P.J. and Svensson,B. (1‘989) Protein Engng, 2,
621—-625.

Sierks,M.R., Ford,C., Reilly,P.J. and Svensson,B. (ﬁ990) Protein Engng, 3,
193—198.

Sierks,M.R., Bock,K., Refu,S. and Svensson,B. (1992) Biochemisiry, 31,
8972 —8977. x

Street,I.P., Armstrong,C.R. and Withers,S.G. (1986) Biochemistry, 25,
6021-6027. |

Svensson,B. (1988) FEBS Len., 230, 72~176.

Svensson,B. and Sierks,M.R. (1992) Carbohydr. Res,, 227, 29—44,

Svensson,B., Larsen,K., Svendsen,]. and Boel,E. &1983) Carisberg Res.
Commun., 48, 529—544. l

Svensson,B., Mgller,H. and Clarke,A.J. (1988) Carisberg Res. Commun., 53,
331-342.

Svensson,B., Clarke,A.J., Svendsen,l. and Mgller,H. (1990) Eur. J. Biochem.,
188, 29-38

Tanaka,Y., Ashikari,T., Nakamura,N., Kiuchi,N., Shibano,Y., Amachi,T. and
Yoshizumi,H. (1986) Agr. Biol. Glem 50, 965 969.

Wilkinson,A.J., Fersht,A.R., Blow,D.M. and Winter,G. (1983) Biochemistry,
22, 3581 — 3586

J. Bacteriol., 169,

\
Received on June 24, 1992; revised on September 26, 1992; accepted on September
30, 1992

79

GTOZ ‘TT AInc uo ofesyd Jo Aisieaiun e /Hlo'seulnolpioxotspad)/:dny woly papeojumoq


http://peds.oxfordjournals.org/

