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ABSTRACT. Barleya-amylase 1 (AMY1) hydrolyzed amylose with a degree of multiple attack (DMA) of
1.9; that is, on average, 2.9 glycoside bonds are cleaved per productive ermylnsérate encounter. Six
AMY1 mutants, spanning the substrate binding cleft from subsi&t +4, and a fusion protein, AMY4

SBD, of AMY1 and the starch binding domain (SBD)Adpergillus nigeglucoamylase were also analyzed.
DMA of the subsite—6 mutant Y105A and AMY1SBD increased to 3.3 and 3.0, respectively. M53E,
M298S, and T212W at subsite, +1/+2, and+4, respectively, and the double mutant Y105A/T212W

had decreased DMA of 1-01.4. C95A (subsite-5) had a DMA similar to that of wild type. Maltoheptaose

(G7) was always the major initial oligosaccharide product. Wild-type and the subsite mutants released
G6 at 2740%, G8 at 66-70%, G9 at 39-48%, and G10 at 3344% of the G7 rate, whereas AMY¥-1

SBD more efficiently produced G8, G9, and G10 at rates similar to, 66%, and 60% of G7, respectively.
In contrast, the shorter products appeared with large individual differences: -A5%; G2, 8-43%;

G3, 0-22%; and G4, 68 11% of the G7 rate. G5 was always a minor product. Multiple attack thus involves
both longer translocation of substrate in the binding cleft upon the initial cleavage to produc@1G6
essentially independent of subsite mutations, and short-distance moves resulting in individually very different
rates of release of G1G4. Accordingly, the degree of multiple attack as well as the profile of products
can be manipulated by structural changes in the active site or by introduction of extra substrate binding
sites.

Enzymes such as different starch-degrading enzymes,9), and the degree of multiple attack (DMA) was defined as
pectinases, cellulases, endo- and exonucleases, that catalyzee number of bonds hydrolyzed succeeding the initial
the hydrolysis of polymers, have been found to act by a cleavage in a single enzymsubstrate encounte®)( The
mechanism in which several substrate bonds are cleavedmultiple attack mechanism thus represents an intermediate
without dissociation of the enzymeolymer complex 1— of the “single-chain” and the “multi-chain” mechanisn.(

7). This mode of action was denoted multiple attack as In the former, a polymer molecule is hydrolyzed to comple-
described first fors-amylase {) specifically releasing tion by the productive enzymesubstrate complex, whereas
maltose from nonreducing ends afl,4-glucans 4). The the latter involves classical random attack, in which only
concept was subsequently appliedadeamylases Z, 4, 8, one substrate bond is hydrolyzed per productive complex.
DMA among a-amylases varies, being 6 for porcine pan-
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Ficure 1: Catalytic mechanism of retaining glycosidases. In
hydrolysis the covalent intermediate is attacked at C1 h®,H
leading to a second transition state, followed by release of product.

preliminary analysis of barleg-amylase gave a DMA of Y105A C95A M298S  T212W
about 1 ). The term processivity was later introduced to SASAA HARZASBAH
describe multiple attack for other polysaccharide hydrolases
such as cellulase$,(10, 11), chitinases12), and pectinases
(6). DMA of 2—7 was reported for endocellulases from
Thermospora fuscand up to 20 for exoacting cellulases
from T. fuscaand Trichoderma reese{10). FIGURE 2: (A) Active-site cleft of AMY1. The three-dimensional

In general, cleft-shaped binding sites are found in endo- structure is modeled in complex with maltododecaose. S1, S2, and
acting carbohydrases,(11, 13, 14), whereas exo-acting  S3 denotes different docking solutions, of which S1 is favored by

carbohydrases, such as exo-acting cellulases, can have Bolysaccharides3g). (B) Schematic outline of the active site of
tunnel-shaped binding site (s&#). In both cases the active AMY1 with the 10 known subsites. The amino acid replacements
Y . - are indicated above the modified subsites.
site is composed of an array of subsites, each of which
interacts with individual sugar residues of the substrate. Somestate, g3-p-ester intermediate is formed between C1 of the
starch-degrading enzymes possess in addition distinct surfaceeducing end residue and the carboxylic group of the catalytic
or secondary binding site&3, 15—17), participating possibly ~ nucleophile. The aglycon part of the substrate is thus free to
in the degradation of polymeric substraté, (L8). Structural dissociate. A water molecule, activated by the base form of
details of molecular events in multiple attack are largely the catalytic acid, subsequently attacks the ester at C1,
unknown. However, crystallography on different oligosac- resulting in release of the glycon product of the original
charide complexes of the cellobiohydrolase Cel6A from substrate with retention of the anomeric configuration. In
Humicola insolengroposed characteristics of the change in multiple attack byo-amylase, the glycone product is envis-
enzyme-substrate interactions near the catalytic site during aged to reposition in the substrate binding site without
processive action. In this work, snapshots of a variety of dissociating prior to the succeeding hydrolytic attack on a
ligands in different positions depict substrate movements asglycoside bond & 27). Such sliding is assumed to be
facilitated by solvent-mediated interactions and flexible controlled by protein dynamics involving breaking and
hydrophobic contacts generated by a sheet of tryptophansreestablishing of hydrogen bonds, van der Waal contacts,
in the binding site 19). and stacking interactions with aromatic side chainssj.

The present study focuses on the role of the structure of The motion may have features in common with the trans-
the barleyo-amylase substrate-binding site in multiple attack location in maltoporin of maltodextrins, which maintain their
on amylosea-Amylases ¢-1,4D-glucan glucanohydrolase, helical conformation and move in a screwlike manner
EC 3.2.1.1) hydrolyze internal-1,4-glucoside linkages in  through the pore28). In contrast, retaining chitinase29)
starch and related poly- and oligosaccharides. They belongand presumably also pectinasé} (ike a-amylases, act on
to glucoside hydrolase family 13 (GH132(Q, 21) sharing the glycon product after initial cleavage of substrate, and
three structural domains: a catalytj¢/@)s-barrel (domain multiple attack, combined with the exo action on the
A) with a long 8 — o loop (domain B) protruding at the  nonreducing end of substrate by the inverting Cel6A cello-
third g-strand, followed by a C-termingd-sheet domain  biohydrolase 19) and-amylase 80), both involve sliding
(domain C) 22). The substrate is accommodated in a cleft of the aglycon product.
between domains A and B (see r28) that in different Barley a-amylase contains 10 consecutive glucosyl bind-
o-amylases has from 5 to 11 consecutive subsites bindinging subsites—6 through +4 as determined by subsite
substrate glycosyl residue®4-26). A two-step double mapping, the cleavage occurring between subsittsand
displacement catalytic mechanism (Figure20) leads to +1 (25, Figure 2). The individual subsite binding energies
retention of the anomeric configuration of the substrate after are comparable25) in isozymes AMY1 and AMY2, having
hydrolysis. First the acid/base catalyst protonates the glu-80% sequence identity3l) and very similar three-dimen-
cosidic oxygen of the bond to be cleaved, then via a transition sional structuresi, 32, 33). High affinity is associated in
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AMY1 with subsites—6, —5, —4, —2,+1, +2, and+4 (25). ature), and 20 mM sodium acetate and 5 mM Ga@H
Mutational analysis, combined with molecular modeling of 5.5, was added. DMA and oligosaccharide product profiles
maltodextrin (8, 34, 35), proposed that stacking of substrate were determined at a final DMSO concentration of 2% and
glucose onto Tyrl0&y, contributes to the high affinity at  kinetic parameters at 4% DMSO. The DMSO did not affect
subsite —6. The other high-affinity subsites also have enzyme activity. Traces of GiG4 with reducing power
characteristic proteinsugar stacking and van der Waals equivalent to 410 ug (mg of maltose)! in the different
contacts 18, 34, 35), and the importance of these interactions amylose DP440 batches did not affect the enzymatic hy-
in hydrolysis of different substrates was addressed by drolysis of amylose45).
mutations at subsites-5/—6 and +1/+2 (36). Finally, Determination of DMA Amylose solution (1 mg mt?,
hydrogen bonding and stacking to substrate by Tyxgdd 10-15 mL, see above) was equilibrated at 32, and
at subsites+3 and +4 motivated mutations of the corre- enzyme (0.+0.8 nM) was added at time zero. Aliquots (1
sponding Thr21guv1 to Trp and Tyr 85). Previous results ~ mL) were removed at time intervals{3.0 min) during the
showed that these variants all possess strongly modifiedinitial stage of hydrolysis and added 1 M TCA (100uL)
properties compared to wild type in hydrolysis of different for DMA analysis according to the principle of Robyt and
substrates 23, 35, 36—38). This detailed insight into the  French R). Progress of substrate degradation was assessed
structure and role of individual AMY1 subsites in the action by loss in iodine “blue value” (absorbance at 620 nm) for
on the different substrate23, 25, 35, 36, 39, 40) prompted reaction mixture aliquots (50L), diluted in water (45Q:L)
the characterization of the impact of the mutant series on as measured after addition of 0.2%in 2% KI (500 uL).
DMA. The present study includes the C-terminal AM¥1  The remaining mixture was neutralized (0.5 M NaOH, pH
SBD (starch-binding domain) fusio®7) as an example of indicator paper), and polysaccharide (in 620) was
a polysaccharide hydrolase with several substrate-bindingprecipitated by 99.9% ethanol (1.3 mL). After248 h at 4
domains 22, 41). The SBD #2) contains two starch-binding  °C, the precipitate was centrifuged (16@08 min), washed
sites @3), and AMY1-SBD thus represents a different way three times with ethanogj, air-dried, redissolved in DMSO
to manipulate polysaccharide binding in AMY1 than by (20 uL, 30 min), and diluted with water (63@L). The
subsite mutation. Certain GH13 members, including AMY1 reducing power of the polysaccharide fraction was deter-
and AMY2, possess sugar-binding sites situated outside themined by the copperbicinchoninate method with maltose
binding cleft, on the surface of the catalytic doméi5, (44, (6—29ug mL™Y) as standard4(7). The total reducing power
45). In the interaction with polymeric substrates, such sites of the reaction mixture was determined on the remaining
as well as SBDs might play important roles, for example, in pH-adjusted sample diluted with 2 volumes of water. To the
feeding the substrate chain to the active-site crevice and/ormaltose standards was added TCA, NaOH, or DMSO to
by anchoring of enzyme to substrate. Finally, amylose, a mimic samples. The absorbance of aliquots (300 was
water-soluble, polymeric substrate @famylase, offers an  measured at 540 nm in a micro plate reader (MRX Revela-
excellent possibility to quantify the composition of soluble tion, Dynex Technologies). The rates of reducing power
products and analyze DMA in parallel, as opposed to, for formation in the total digestR\f) and the polysaccharide
example, the degradation of insoluble cellulose by cellulases.fraction RV;) were obtained by linear regression analysis
of values from 4-6 time points and DMA= (RWRV,) — 1
MATERIALS AND METHODS was calculated?). The initial stage of amylose hydrolysis
Materials. AMY1 wild-type (35, 40), Y105A, T212W, is defined as the interval characterized by consiRMItR\,
Y105A/T212W @5), AMY1A9 wild-type, M53E @3), (2). Single point measurements of hydrolysis of amylose
C95A, and M298S 36) were produced irPichia pastoris DP440 by PPA gave, in agreement with previous resajts (
and purified from culture supernatants by affinity chroma- RWRV, = 6.9 + 1.6 (14 determinations) up te-20%
tography orB-cyclodextrin-Sepharose as describ&,(40). decrease in iodine blue value. After this stag®4/RV,
M53E, C95A, and M298S AMY1 wer@9 forms lacking increased gradually. DMA of AMY1 wild type and variants
the C-terminal nonapeptide of full-length AMY1. Wild type, was determined over 385 min representing-520% loss
M53E, and M298S were freed by anion-exchange chroma- of iodine blue value. In this interval the average DP of the
tography from the inactive glutathionylated Cys95 forms substrate, after a rapid drop t0100, slowly decreased to
representing roughly 25% of the prote23( 36). AMY1— ~75 (data not shown).
SBD has a 146-residue C-terminal extension containing part Kinetic Parameters.nitial rates of hydrolysis by the
of the O-glycosylated linker and the SBDA$pergillus niger different enzymes (0:81.5 nM) were determined at eight
glucoamylase. The fusion protein was produced by heter-amylose concentrations (6-2.5 mg mL?) in 20 mM
ologous expression iA. nigerand purified from the culture ~ sodium acetate, 5 mM Cag£land 0.005% BSA, pH 5.5, at
supernatant37). Protein concentrations were calculated from 37 °C by the copperbicinchoninate method with maltose
amino acid contents (Amersham Biosciences/LKB Alpha as standard 4(7). Kinetic parametersk.s and Ky were
Plus amino acid analyzer) in hydrolysates as previously calculated by fitting to the MichaelisMenten equation with
described 5). Porcine pancreatia-amylase type I-A was  the software Curve Expert.
purchased from Sigma. Progress of Oligosaccharide Relea3ée rates of release
Different batches of amylose type Il from potato (Sigma), from amylose of glucose (G1), oligosaccharides (&),
originally termed amylose DP44@36), were found to have  and short maltodextrins (G8510) were obtained by analysis
DP in the range 300440 based on total carbohydrate of supernatants from reaction mixtures identical to those used
determinations by the phenol sulfuric acid methd@)(@and for DMA analysis after inactivation of enzyme by heating
measurements of reducing value of ethanol precipitates. The(100 °C, 10 min) and precipitation of the polysaccharides
amylose was dissolved in DMSO (30 min, ambient temper- as above. The supernatant was vacuum-dried, and the residue
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Table 1: Multiple Attack in Hydrolysis of Amylose DP440 by BarleyAmylase 1 Variants

subsite DMAe®

AMY1 enzymé localizatior? RV¢ (s79) RVi¢ (s RVA (s7h) [(RWRV,) — 1]
wild-type AMY1 1474+ 33 52+ 8 95+ 28 1.9+ 0.5 (10)
wild-type AMY1A9 1384+ 18 48+ 8 884+ 15 1.9+ 0.5 (13)
Y105A —6 103+ 18 23+ 3 78+ 15 3.3+ 0.6 (5§
C95A9 -5 212+ 48 804+ 13 132+ 45 1.7+ 0.6 (6)
M53E -2 70+ 13 35+ 5 35+ 10 1.0+ 0.2 (6)
M2988 +1/+2 65+ 7 32+ 7 33+12 1.24 0.6 (6)
T212W +4 72+ 17 30+ 5 42413 1.4+ 0.4 (7)
Y105A/T212W —6/+4 474+ 25 22410 25+ 16 1.2+ 0.4 (4)
AMY1—-SBD 140+ 12 37+ 7 1034+ 10 3.04 0.6 (9

a Enzyme concentrations (hanomolar): wild-type -6013; wild-typeA9, 0.1; Y105A, 0.4; C95A, 0.1; M53E, 0-4.8; M298S, 0.£0.2; T212W,
0.2-0.3; Y105A/T212W, 0.5-0.8; AMY1—-SBD, 0.1-0.3.° Reference®3, 35, and36. ¢ Calculated from rates of reducing value formation (see
Materials and Methods).RV; is calculated aRV; — RV,. ¢ Values of DMA are means: SD calculated from the linear rates of reducing value
formation in each individual experiment, the number of which is given in parenthiégalsies significantly different from wild-type valueRW
values: P = 0.02 for Y105A (Student's-test) and< 1 x 10~ for the other variantsR\}, values: P < 4 x 10°* for all enzymes. DMA values:

P = 0.02 and= 0.03 for M298S and T212W, respectively, and8 x 1072 for the other variants? M298S, C95A, and M53E arA9 forms (see
Materials and Methods).

was redissolved in water (100 or 200) and injected (15 cleavage, reaccommodation of the segment containing the
25uL) for HPAEC—PAD (Dionex system, PA100 column). new reducing end at aglycon binding subsites is a require-
G1-G25 were eluted with a-6300 mM sodium acetate  ment for the subsequent (i.e., multiple) attacks to oc2qy. (

gradient (5 mM min?) in 100 mM NaOH at 0.8 mL min*. The present work confirms that structural changes along
G1-G7 were quantified by use of a standard mixture (20 the 10-subsite-long binding site in AMY1 affect the DMA
uM each component), and rates of accumulation of the in general. DMA thus varied from 1.0 to 3.3 for six AMY1
individual products were determined by linear regression variants mutated at designated specific substrate binding
analysis of values from 57 time points. The G8G10  subsites (Figure 2); Y105A at subsites; C95A at subsite
accumulation was described by linear rates of increase in—5: M53E at subsite-2; M298S at subsite-1/4-2; T212W
peak areas and calculated relative to values from parallelat subsitet+4; and a double mutant Y105A/T212W (Table
wild-type digests. 1).

Statistical Bzaluation.Results were evalugted statistically Y105A had an increased DMA of 3.3: that is, about four
by the Student's-test (two-sample equal variance). Data sets |y cosidic bond cleavages took place in a single productive
are cc_)n3|d_ered significantly different fBr< 0.05.P values enzyme-substrate complex. For Y105A with modified
are given in the footnotes to the tables. subsite—6, looser subsite binding was obtained by elimina-

tion of Tyrl05 stacking onto substrate (Figureld, 35).
RESULTS AND DISCUSSION Thus substrate, despite the reduced apparent affinity (in-

DMA of AMY1 VariantsDMA of different a-amylases creasedy) observed in kinetics analysis (see below, Table
was originally resolved by Robyt and Frend®) (ising the 2), once it is bound seems to reposition more readily on the
ratio of the reducing power of all products to that of the variant than on wild-type AMY1. This is consistent with the
polysaccharide fraction, as determined for a few samples decreased rate of formation of new reducing polysaccharides
removed at the early stage of hydrolysis of amylose DP1000.(RV, in Table 1). Maltododecaose complexes have been
This procedure required prepurification of substrate to computed to suggest different binding modes for oligo-
remove low molecular weight carbohydrate prior to analysis saccharide and polysaccharide in AMY1 (S2 and S1,
(2). A DMA of ~1 for barley oc-amylase was initially ~ respectively, in Figure 2). Moreover, a recent thorough
obtained from single-point measurements with a commercial mutational analysis of subsite6 suggested that insoluble
pure amylose9). The present study reports an improved Sstarch employs different binding modes to different extents
method of DMA analysis that involves monitoring ftes ~ in Y105A and in wild-type AMY1 @85), presumably involv-
of formation of reducing power rather than analysis from ing interactions at areas outside the active-site clet44).
individual time points. This procedure permits detection of Two such binding sites in AMY1 contain Trp278p279,
small changes in DMA and does not require prepurification at the early-recognized starch-binding surface i, @nd
of the substrate. Tyr380 at a site discovered recently in domain C by

Barley wild-type AMY1 and AMY1A9 both hydrolyze crystallography44). Preliminary characterization of Tyr380
amylose by a multiple attack mechanism with a DMA of Mmutants, however, indicates that this residue is not important
1.9+ 0.5 (Table 1); that is, 2.9 glycoside bonds on average in multiple attack on amylose DP440 (Bozonnet et al
are cleaved per productive enzymsubstrate encounter. unpublished work).

Thus, after the first bond is hydrolyzed, the substrate C95A had a similar DMA as wild-type AMY1, suggesting
repositions in the binding cleft to undergo approximately two that subsite—5 is not important for reaccommodation of
more attacks prior to dissociation from the enzyr@e§, amylose in the catalytic cleft. The other subsite mutants
48). Multiple attack was previously shown for PPA acting showed reduced multiple attack. Amino acid substitutions
on “C-end-labeled maltooctaose to proceed toward the at subsites—2 (M53E) and+1/4+-2 (M298S) close to the
nonreducing end of the substra#9). In accordance with  site of catalysis (Figure 2) caused the largest decrease in
covalent binding of the glycon product after substrate DMA, to 1.0 and 1.2, respectively (Table 1), implying a
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Table 2: Kinetic Parameters for Hydrolysis of Amylose DP440 by Badedmylase 1 Variants

amylose DP440 amylose DPAL7
substrate Keat Kwm KealKwm Keat Kwm Keal K
AMY1 enzyme (s (mg mL™) (stmgimL™?) (s (mg mL™) (stmgimL™?
wild-type AMY1 195+ 24 0.19+ 0.04 1026 165t 8 0.57+ 0.09 289 85)
wild-type AMY1A9® 185+ 20 0.19+ 0.01 972 248k 16 0.52+ 0.01 476 23, 36)
Y105A 178+ 12 1.4+ 0.1 132 146+ 15 24+ 0.7 62 @5
C95A8 250+ 42 0.63+ 0.18 397 351+ 16 2.5+ 0.22 140 86)
M53E® 233+ 12 1.2+03 203 208+ 34 8.0+ 1.8 26 @3
M2983¢ 124+5 0.13+ 0.02 939 189+ 16 0.53+ 0.06 357 86)
T212W 106+ 19 0.07+ 0.04 1514 154+ 6 0.29+0.03 531 85)
Y105A/T212W 1344 13 0.27+0.07 496 105t 15 2.0+ 0.09 53 85
AMY1-SBD 209+ 36 0.23+ 0.04 909 225+ 18 0.45+ 0.04 560 87)

aReferences to the DP17 daf&Enzyme concentrations (nanomolar): wild-type,0089; Y105A, 1.6-1.7; C95A, 0.9; M53E, 0.91.6; M298S,
0.5-1; T212W, 0.70.9; Y105A/T212W, 0.8-0.9, and AMY1-SBD, 1.4-1.5. Values are means SD of three or more individual experiments.
¢Values from ref36. 9 Significantly different from wild-type value® < 0.01 (Student's-test).e M298S, M53E, and C95A arA9 forms (see
Materials and Methods).

crucial role in multiple attack of the subsite®2 and+1. by the decreased rate of formation solely of reducing
Subsite—2 has very high affinity in wild-type AMY1 and  equivalents in the polysaccharide fraction (Table 1). The high
therefore the low apparent affinity of the M53E mutant (see DMA of 6 for PPA having at least one binding site outside
Table 2) was anticipated to adversely influence repeatedthe active site 16, 24) supports the possibility of secondary
substrate sliding, because productive enzysghstrate substrate binding sites playing a positive role in multiple
complexes will be less stabilized, due to fewer subsites attack. Furthermore, this phenomenon is reminiscent of
providing efficient contact to substrat23]. The replacement  cellulose binding domains in cellulases, where removal of
M298S enlarges the space at subsiig+2 (36). This might the binding domain fromT. fuscacellulase reduced the
locally weaken binding and thus limit the number of new processivity from 7 to a single attack)(
aglycon segment accommodation possibilities, despite the It may be envisaged that the increase in DMA for AMY 1
slightly reduced{y; and retained transition-state stabilization SBD occurs because enzyme and substrate remain associated
by this enzyme for amylose DP4486; see also Table 2).  only by binding at the SBD. In this case the catalytic site
T212W at subsite-4 had a reduced DMA of 1.4, and the would be free to hydrolyze substrate in the vicinity of the
double mutant enzyme Y105A/T212W, involving both outer primary attack, which would resemble multiple attack but
subsites—6 and+4, had a DMA of 1.2 (Table 1). T212W not involve sliding. Such a mechanism cannot be ruled out

was made to establish substrate stacking at sub<ités5s). on the basis of the present data and may in fact be included
The mutation accordingly resulted in a 3-fold improvement as a type of multiple attack.
of the apparent substrate affinity (reduckg, Table 2). Except for C95A, which had increased product release

Repositioning of substrate without dissociation was appar- rates, all subsite variants, irrespective of the DMA, actually
ently counteracted and substrate sliding into the aglycon had decreased rates of insoluble product formatR¥,X
binding area was less efficient, probably due to difficulty in compared to wild-type AMY1. Reducd®lV, may thus arise
accommodating the stable left-hand helical substrate con-either from an increased tendency of substrate repositioning
formation in T212W AMY1 B5), thereby leading to fewer  without dissociation, as discussed above for the variants with
repeated attacks. As the double mutant enzyme Y105A/increased DMA, or from looser binding and increased
T212W had a low DMA of 1.2, the change in thel subsite tendency to dissociate, as for the variants of reduced DMA.
dominated over loss of stacking at subsit® seen in Y105A Soluble product formationR\), however, was only mod-
to increase DMA to 3.3. This may also be inferred from the erately reduced and unchanged, respectively, for Y105A and
observation that the subsite$/4+-4 double mutant produced AMY1—SBD, as reflected in the increased DMA of these
insoluble productsR\;) at the same reduced rate as Y105A variants. The subsite mutant enzymes with low DMA all
and T212W but soluble products at an even lower rate thanreducedR Vs to a larger extent thaR\,, (Table 1). To further
T212W (Table 1). This strongly indicates that a critical point characterize the mutant enzymes and the AM$BD
in the multiple attack mechanism is for the substrate to get fusion with respect to enzymesubstrate interactionks,;and
efficient binding of the repositioned substrate aglycon part Ky were assessed for amylose DP440 hydrolysis and the
and, moreover, that coordination of substrate chain binding progress of release of individual oligosaccharides was
to span the entire binding cleft is delicate and appears to beinvestigated.
fully developed only for wild-type AMY1. Kinetics of Hydrolysis of Amylose DP440The soluble,
AMY1—-SBD has the SBD fromA. niger fused to the linear polysaccharide amylose DP440 is distinguished from
C-terminus of AMY1, introducing two additional starch- the previously used routine substrates by having a much
binding sites from the SBD4@) and causing DMA to larger DP. Qualitatively very similar but, for some mutant
increase to 3.0 (Table 1) while retaining similkg on enzymes, more pronounced effects than with amylose DP17
amylose DP440 as AMY1 (Table 2). AMY4ASBD also were observed for the DP440 (Table 2). Y105A/T212W had
showed increased activity toward starch granuldg).( Kwm similar to wild type and hence intermediate to the values
Possibly, different AMY1SBD substrate complexes and/ of the corresponding single AMY1 mutants. Interestingly,
or longer residence time of the enzyme on the polysaccharideKy of Y105A/ T212W was increased only for amylose DP17,
explain the increase in DMA. The latter point is supported whereas Y105A maintained decreased apparent affinity for
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wild-type enzyme and most of the AMY1 variants (Table
3), but despite the complex soluble product composition,
similarities as well as distinct differences among the variants
could be identified.

Rates of G+ G7 ReleaseG7 was produced at the highest
rate in all cases (Table 3). Y105A, C95A, and AMY$BD
produced G7 at rates essentially similar to wild type, whereas
smn_ ° M53E, M298S, T212W, and Y105A/T212W AMY1 pro-
duced G7 more slowly, as also expected fromRivgvalues

Time (Table 1). However, since the results all were obtained with
FicurRe 3: Oligosaccharides released during the initial stage of 1 mg mL™! amylose DP440, it is likely that the overall
amylose hydrolysis by wild-type AMY1 (0.2 nM) The oligosac-  soluble product release would be higher for Y105A, C95A,

charides formed were separated from polysaccharides by ethano P ; ;
precipitation and chromatographed by HPAEAD (see Materials nd M53E if it was determined at substrate concentrations

and Methods). The products at 40 min represent 19% substrateVell @boveKy as in the case of the other variants. Despite
degradation as estimated from the decrease in iodine blue valuethis, significant differences among the variants were observed

(Ps20)- (Table 3). Most remarkably, all subsite mutant enzymes
produced G1 at a much slower rate than wild-type AMY1.
both amylose DP17 and DP440, confirming a dominant role |t follows that the ability to reposition the terminal glucose
of the T212W replacement on the action toward the longer unit of the substrate to subsitel seemed to be lost in the
substrate. Thek differences are expected to mirr&\; subsite variants. The complete loss of detectable G1 produc-
(Table 1). This indeed was essentially the case except fortion for Y105A and C95A situated at outer glycon subsites
Y105A and M53E AMY1, wher&R\; was more reduced than  may stem from the reduced apparent affinity (increasgd
Keat cOmpared to wild-type AMY1. This was a consequence Table 2) for substrate that facilitates interaction at the aglycon
of RVt being measured at nonsaturating conditions (1 mg binding subsites, shifting the balance between glycon and
mL~* amylose DP440) as indicated by ti& of these  aglycon accommodation. For M53E and M298S, the reduced
variants (Table 2). Thi for T212W was 55% that of wild-  G1 production rate may result from altered binding in the
type enzyme but was only marginally affected for the other close proximity to subsite-1 (20, 23, 36). Replacing Thr212
variant enzymes; M298S and the double mutant both showedby Trp in the T212W enzyme, affecting subsit¢8 and
a kear ~70% that of wild-type AMY1 (Table 2). Thus, +4 (35), resulted in the only subsite variant, except C95A,
changes in the catalytic efficiencl¢¢/Ku) were mostly due  that produced G2 at a rate comparable to wild-type enzyme.
to an effect orky, with the largest effects seen for T212W, This mutation perhaps suppressed the short-distance sliding
with kea/lKm augmented by 50%, and Y105A, witga/Ku of the reducing-end glycosyl ring beyond subs#&. The
decreased to about 13% (Table 2). Kagvalues for amylose  increase in apparent affinity (Table 2), caused by the
DP440 essentially match the activities on insoluble blue introduced aromatic group, was accompanied by disappear-
starch @3, 36, 50). Exceptions were Y105A and the double ance of the products G3 and G4, which could reflect
mutant enzyme Y105A/T212W, which had unchanged and promoted binding at outer subsites, possibly in the S3 binding
decreaseé,, respectively, on amylose DP440 but increased mode as suggested previously (see38). This indicates
activity on blue starch50). This marked difference between  that this binding mode could be less prone to multiple attack
the soluble and insoluble substrates was also seen withthan the S1 binding mode which most probably is preferred
amylose DP1735) and was explained to be a result of the by barleya-amylase in hydrolysis of polysaccharides (Figure
absence of the stacking possibility at subsité in both ~ 2A; 35. M53E had low formation rates of all soluble
Y105A and the double mutant enzyme, showing adverse products, especially of G1G5. This may, at least in part,
effects on the binding of soluble substrat&8)( It should be due to the experiments with M53E being performed at a
be noted thak., cannot be directly correlated to the degree substrate concentration belddy as pointed out above. For
of multiple attack becaus. reflects the combined result  M298S all products except G3 were formed at slower rates
of the independent events: (i) the rate of release of the than for the wild-type enzyme. The fusion AM¥-BBD that
product in each catalytic event, (ii) the rate of each substratehas two extra substrate binding sites on the SBI3) (
repositioning, (iii) the number of repeated repositions, and produced G3 and G4 at reduced rates compared to wild-
(iv) the rate of dissociation of substrate from the enzyme. type AMY1. This, however, was apparently accompanied
Finally, the observation that the long substrate amylose by improved accommodation of longer substrate aglycon
DP440 in general is a better substrate than amylose DP17segments in the multiple attacks as indicated by relatively
may be attributed to the use of binding sites outside the increased rates of production of 6610 (see below and
catalytic cleft @44, 45), which somehow could compensate Figure 4B). For all enzymes G5 was a minor product (Table
for adverse effects of the subsite mutations. 3).

Oligosaccharide Product Profiles from Amylose Hydroly-  The initial rates of production of G8 and G10 by Y105A
sis DMA involves consecutive formation of relatively short were 1.5- and 1.3-fold higher, respectively, than obtained
products from polysaccharide substrates. Supernatants aftefor the wild-type AMY1. Also, C95A tended to produce 68
ethanol precipitation of amylose digested by barkey G10 at somewhat increased ratesl(2-fold). M53E at
amylase contain glucose, maltooligosaccharides, and maltosubsite —2 and the double mutant Y105A/T212W, in
dextrins up to~DP25 in the initial stage of hydrolysis as contrast, produced G8510 at rates 50% that of wild type,
deduced from~25 peaks appearing in HPAEG®AD while the other variant enzymes produced-&s310 at rates
(Figure 3). G2 and G6G10 were major initial products of  similar to wild type (data not shown).

Detector response
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Table 3: Rates of Production of G157 during the Initial Phase of Degradation of Amylose DP440

AMY1 enzymé subsite G1l(shH G2 (shH G3(s)H G4 (sY G5 (s G6 (sY G7(sH

wild-type AMY1 294+0.8 7.0+ 2.6 29+11 2.0+ 0.9 1.0+ 0.5 6.9+ 1.8 18.3+ 3.7
Y105A —6 o 25+ 1.0 1.5+ 0.5 1.9+ 0.9 1.1+ 0.5 6.2+ 1.8 19.0+ 5.1
CO5A° ) (ol 4.0+0.8 3.0+ 0.6 2.1+ 0.7 1.5+ 0.5 9.0+ 1.8 23.4+ 6.0
M53E° -2 0.2+ 0.2 0.8+ 0.7 0.5+ 0.8 0.7+ 0.1° 0.2+ 0.4 3.0+ 0.8 10.9+ 3.4
M298S +1/42 0.2+ 0.2 25+0.5 29+04 1.2+ 0.3 0.7£ 0.2 3.6+ 0.6° 13.2+ 2.7
T212W +4 1.0£0.2 51+0.8 o o° 0.7£0.2 4.8+ 0.8 12.0+ 3.2
Y105A/T212W —6 and+4 0.3+ 0.2 1.0+ 0.8 0.7+ 0.4 1.0+£0.4 0.6+0.4 4.0£0.7 10.2+ 0.7
AMY1—-SBD 3.2+ 0.5 6.1+ 2.9 1.3+ 0.9 0.3+0.2 0.8+ 0.6 8.9+ 1.4 22.0+2.1

@ Enzyme concentration (nanomolar): wild-type,80L4; Y105A, 0.1-0.2; C95A, 0.2-0.25; M53E, 0.2; M298S, 0-30.4; T212W, 0.250.3;
Y105A/T212W, 0.3-0.6; and AMY1-SBD, 0.15-0.2. The values are meain SD of 12 independent experiments for wild-type, 5 for Y105A and
M298S, 4 for T212W, Y105A/T212W, and AMY4SBD, and 3 for C95A and M53E.Value significantly different from wild-type value®® =
0.05 for release of G6 by T212W. In all other cases ® < 0.04.9P = 0.09.¢ C95A, M53E, and M298S arA9 forms.
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type AMY1 thus produced G1 through G6 at rates from 5%
(G5) to 38% (G2 and G6) of the G7 production rate (Figure
4). The variants produced shorter products, especially G1
G3, at highly varying relative rates (Figure 4A), and G4 was
produced at 611% the rate of G7 release by wild type and
most variants, except for the complete lack of detection and
low production in the case of T212W and AMY¥-EBD,
respectively. Noticeably, among the short products only G1
by AMY1—-SBD, G2 by T212W and AMY+SBD, and G3

by C95A and M298S were released at relative rates
comparable to those of wild type.

Remarkably, the relative rate distribution of &G4 for
Y105A/T212W resembled more closely that of Y105A than
that of T212W despite the lower overall rates of production
of oligosaccharides by both T212W and the double mutant
enzyme. This is in contrast to the dominating effect of the
T212W replacement on (i) DMA, (ii) soluble product
formation (Table 1), and (iiilKm for DP440 (Table 2). It
may be speculated that in the double mutant the Y105A
mutation determines the product composition, whereas
T212W is the determinant of the number of events per
enzyme-substrate encounter. Interestingly, the G3 produc-
tion by M298S was increased relative to G7 compared to
wild-type AMY1, whereas G2 production was reduced

dFigure 4A). M298S had modified subsitesl/4-2, and

subsitet+3 may thus compensate for loss of interactions close

the standard deviation and horizontal bars show the correspondingto the catalytic site. Notably, the production rates of-G1

relative rates for wild-type AMY1.

Barleya-amylase was previously reported not to hydrolyze
maltododecaose by multiple attack8( 51). This is in
contrast to multiple attack being demonstrated for PPA also
for even shorter substrate®y. The preferred sliding distance

of barleya-amylase corresponds to seven glucose residues,

as G7 was found to be the major product at initial hydrolysis
of amylose (Table 348, 51). Assuming that the outermost

subsites, as suggested previously, play a major role in the

initial stage of substrate binding to barleyamylase 18,
48), maltododecaose is too short to be hydrolyzed by a
multiple attack mechanism producing G7.

Product Release Profileg.o facilitate comparison of the
different AMY1 variants with respect to initial product
formation, the production rates of GG6 (Table 3) were
normalized to that of the G7 production rate for each AMY1
variant (Figure 4). In addition, to cover all 10 subsites of

G4 relative to the G7 rate by M53E constituted only 20%
compared to 80% for wild type and 3G0% for the other
AMY1 variants, indicating narrow product specificity for
M53E. Narrow product specificity was also observed for
T212W AMY1, which produced G2 at a similar relative rate
as wild-type AMY1 and had much reduced G1 production
and no detectable formation of G3 and G4. For all variant
enzymes G5 appeared at 8% of the G7 release rate and
G6 at 2740% (Figure 4B).

G8, G9, and G10 appeared at relative rates B®b6, 39~
48%, and 33-45% of the G7 production rate for all the
subsite mutant enzymes. This resembles the wild-type
enzyme producing G8, G9, and G10 at 60%, 42%, and 38%
of the G7 production rate, respectively (Figure 4B). The
relative production rates of GE510 were thus very similar
for the subsite mutant enzymes, indicating marginal impact
of subsite structural changes on formation of these products.

the substrate-binding site, the area increase rates for each oThis is in contrast to the highly diverse distribution of the

the G7~G10 peaks were used to normalize the production
rates of G8, G9, and G10 to that of G7 (Figure 4B). Wild-

shorter products GiG4 (Figure 4A). In clear distinction to
the other variants, AMY1SBD had elevated formation of
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G8—-G10 relative to the G7 production rate, in particular G8, results provide new insight into structurinction relation-
compared to wild-type AMY1. This behavior suggests that ships of barleya-amylase acting on a polymeric substrate
the SBD stabilizes the enzymsubstrate complex and allows  with relevance for other polysaccharide-degrading enzymes.

longer sliding between successive attacks than wild type
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