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ABSTRACT: The binding to glucoamylase 1 fromspergillus niger(GA1) of a series of four synthetic
heterobidentate ligands of acarbose ghdyclodextrin (3-CD) linked together has been studied by
isothermal titration calorimetry. GA1 consists of a catalytic and a starch-binding domain (SBD) connected
by a heavilyO-glycosylated linker region. Acarbose is a strong inhibitor of glucoamylase and binds
exclusively in the catalytic site, while the cyclic starch mimii€CD binds exclusively to the two sites of

SBD. No spacer or spacer arms of 14, 36, and 73 A in their extended conformations connect acarbose
andS-CD. These compounds were used as probes for bidentate ligand binding to both domains in order
to estimate the distance between the catalytic site and the SBD binding site in solatibof binding

of the four heterobidentate ligands is within experimental uncertainty equal to the stibh off binding

of free acarbose an6-CD, indicating ligand binding to both domains. However, the binding constants
are 4-5 orders of magnitude smaller than for the binding of acarbkse (L0'2 M~1), increasing with

spacer length from % 107 M~ for no spacer to & 108 M1 for the 73 A spacer. Subsequent titrations

with 5-CD of the glucoamylasebidentate ligand complexes revealed that only one of the two binding
sites of SBD was vacant. Further titrations with acarbose to these mixtures showed complete displacement
of the acarbose moiety of the bidentate ligands from the catalytic sites. These experiments show that the
bidentate ligands bind to both the catalytic domain and SBD. The weakening of the bidentate ligand
binding compared to acarbose is a purely entropic effect point to steric hindrance between SBD and the
B-CD moiety. To test this, titrations of glucoamylase 2, a form containing the catalytic domain and the
linker region but lacking SBD, with the bidentate ligands were carried out. The results were
indistinguishable from the binding of free acarbose. Thus, the reduced affinity of the bidentate ligands
observed with GA1 stems from interactions due to SBD. The results show that the catalytic and starch-
binding sites are in close proximity in solution and thus indicate considerable flexibility of the linker
region.

Many polysaccharide hydrolyzing enzymes consist of a primary product{0). The enzyme is produced by the fungus
catalytic domain and a binding domain that enables the in two forms, glucoamylase 1 (GA1) and glucoamylase 2
enzyme to attach to the polysaccharides, for example, starch(GA2). GAL contains 616 amino acids forming a catalytic
cellulose, chitin, xylan, and otherd&{9). However, very domain from amino acid residue 1 to 440, a linker region
little is known about how these domains interact in the from amino acid 441 to 508 rich in Ser and Thr which are
process of hydrolyzing a polysaccharide. Glucoamylase 1 O-glycosylated mainly by mono-, di-, and trisaccharides of
from Aspergillus nigefGA1Y) is an enzyme of this type. It  mannosyl units 11), and a starch-binding domain (SBD)
is an exo-glycosidase that catalyzes the hydrolysis-af from amino acid 509 to 616 (Figure 1). The other form
— 4-glycosidic anda-1 — 6-glycosidic linkages of oligo-  (GA2) only contains the catalytic domain and the linker
and polysaccharides of glucose to prodgieglucose as the  region from amino acid 1 to 512. This form readily degrades
soluble starch but not raw starch or starch granules-(
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Ficure 1: Schematic structure of glucoamylase 1 frémniger.

The enzyme consists of a catalytic domain (CAT), a starch-binding
domain (SBD), and a®-glycosylated linker region (LR) joining
the two domains. Also shown is the possibility of heterobidentate
binding of ligands consisting of acarbose (AC) ghdyclodextrin
(CD) moieties covalently coupled by a poly(ethylene glycol) spacer
arm (SA). Acarbose binds in the active site, ghdyclodextrin
binds in one of the two starch-binding sites of the starch-binding
domain.

14). Crystal structures of thex(o)e-barrel catalytic domain
including part of the linker region of a closely related GA
from Aspergillus awamorvar. X100without ligand (5, 16)

and with the bound inhibitors 1-deoxynojirimycin (NOJ)
(17), acarbosel, 19), or b-gluco-dihydroacarboselg, 20)

are available. Furthermore, solution NMR structures of the
SBD without ligand 21) and with boungs-cyclodextrin 3-

CD) (22) have also been determined. The only structural
information available about the whole enzyme is scanning
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isothermal titration calorimetry (ITC). This technique
enables the determination of free energy, enthalpy, entropy,
and stoichiometry of an association reaction in a single
experiment and is thus ideally suited to provide thermody-
namic descriptions of proteifligand interactions.

The thermodynamics of binding of acarbose to a number
of mutant variants of GA1 has been reported previoudy. (
One of these mutants is Arg54 Leu in which a critical
hydrogen bond in the active site between the 4-OH group
of acarbose and the side chain of Arg54 is abolished. This
leads to a highly reduced affinity for acarboge= 3.9 x
10° M1 (32). To investigate whether changes in the binding
interactions of the heterobidentate ligands compared to free
acarbose an@-CD take place in the active site or on the
SBD sites, ITC measurements of binding to this mutant of
the heterobidentate ligands were also carried out.

MATERIALS AND METHODS

Materials. GA1 and GA2 were purified from the com-
mercial preparation (AMG 200L) from Novo Nordisk A/S
essentially as described previously?). The gene construc-
tion and production of the mutant variant Arg54Leu has
also been described previouslB3]. Acarbose was a
generous gift from Bayer AG (Wuppertal, GermanyrCD
and NOJ were purchased from Sigma. The syntheses of the
heterobidentate ligands will be described elsewha#. (

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) measurement85, 36) were performed

tunneling microscopic images, which suggest that the two on an MCS isothermal titration microcalorimeter from
domains are spatially separated with the linker region in an picrocCal, Inc. (Northampton, MA). All titrations were

extended conformatior2g).
Differential scanning calorimetric investigations on dif-

carried out at 27C in 50 mM sodium acetate buffer, pH
4.5. In each ITC experiment, solutions of-1Z5 uM GA

ferent proteolytically truncated forms produced from GALl \yere titrated with 21 portions of 1@_ of ligand in the same
haVe ShOWn that the Iinker region Stabi|izeS the structure Of buffer at3 min interva's_ The Concentrations of the |igands

the catalytic domain24). The same conclusion was reached
by sequence alignments of different glucoamylas#s). (

in the injection syringe were 17¢M for acarbose and the
heterobidentate ligands and 46®1 for 5-CD. The instru-

These studies showed a correlation between longer linkerment was calibrated using electrical heat pulses. Acquisition
region and increased stability. A study on linker region of the titration thermograms was controlled by the Observer
deletion mutants also showed reduced catalytic domain spftware from MicroCal, Inc., and integration of the heat
stability, while activity toward both soluble and insoluble  sjgnals was carried out using the Origin software from the
starch remained unchangeb). Moreover, deglycosylation  same manufacturer. The binding isotherms were corrected
Of the ”nker region Of GA Ied to thel’mal destabilization W|th for heat Of di|uti0n of the |igands from b|ank titrations of
unchanged overall conformation as probed by circular jigand into buffer. Nonlinear regression analysis of binding
dichroism and UV spectroscop@{). Deglycosylationalso  jsotherms was performed as described previoud8y and
leads to less reversibility of thermal unfolding, suggesting outlined briefly below. In the analysis of the binding
that the linker region may primarily destabilize unfolded GALl sotherms for the reaction # nL = PL,, the site binding
(27). constant for theith site is given by

Acarbose is a strong inhibitor of glucoamylase and binds
in the active site with an affinity oK = 7.7 x 10t M1
(28), while 5-CD binds exclusively to the two sites of SBD
with an affinity of 4.8 x 10* M1 for both sites 29—31).

Four heterobidentate ligands with acarbose/&@D linked assuming that the sites are identical and independent. If

together have been synthesized. One has no spacer, whilghe stoichiometric concentrations of protein and ligand are
in other three ligands spacer arms consisting of poly(ethylene -5jjeq [P} and [LJ, respectively, then the concentration of
glycol) moieties are attached to the reducing end of acarbosecommex is given by

by a g-thio glycosidic linkage and to one of the primary

hydroxyl groups off3-CD by a thioether bond (Figure 2).

The lengths of the spacers in their extended conformation
are 14, 36, and 73 A, respectively. We have used these
compounds as probes for bidentate ligand binding to both
domains in order to estimate the distance for GAL in solution The heat evolved after one addition of ligandQ, is
between the catalytic site and the SBD binding site using proportional to the calorimeter cell volum¥y, the molar

[PL]

Pl @)

[PL] = ",(n[P], + [L], + 1/K —
JnlPlo + [L1o + 1K) — 4nPlL] ) (2)
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FiGure 2: Structures of the heterobidentate ligands formed by acarbosg-eyrlodextrin joined by spacer arms of poly(ethylene glycol)

of varying lengths attached to the reducing end of acarbose/btha glycosidic linkage and to one of the primary hydroxyl groups of
B-CD by a thioether bond. The four ligands used have either no spacer (0 A, LO) or spacer arms of 14, 36, and 73 A (L14, L36, and L73),
respectively.

enthalpy of binding,AH, and the change in complex respect toAH. This enthalpy additivity suggests that both
concentration: ends of the heterobidentate molecules bind to GA1. How-

ever, the bindings are4b orders of magnitude weaker than

AQ = V,AHA[PL,] 3) the binding of acarbose which corresponds to reductions in

negative free energy of more than 23 kJ MolThis suggests
wheren is the stoichiometry of the reaction. By fitting the  the possibility that binding of the heterobidentate ligands
binding isotherm to the above expressions by nonlinear takes place only in one site by either the acarbose moiety or
regression, the binding constant, enthalpy, and stoichiometrythe 5-CD moiety. This would most likely be binding to the
can be determined, and subsequently standard free energygatalytic site by the acarbose moiety, since the bidentate
AG®, and standard entroppAS’, can be calculated from ligands bind 3 orders of magnitude stronger tifa@D.

AG® = —RTINK = AH — TAS (4) Since SBD has tw@-CD binding sites, one and only one
site must be vacant after binding of one equivalent of a
where R is the universal gas constart, is the absolute heterobidentate ligand. That this is indeed the case is shown
temperature, and the standard state is defined as the fictitioudy subsequent titrations wii+CD (Figure 4 and Table 1).
state in which all components of the system have concentra-The apparent stoichiometries 8fCD binding after binding

tions of 1 M. of heterobidentate ligands are all somewhat below one. The
apparent stoichiometries of the bidentate ligands are, on the
RESULTS other hand, a little larger than one. This happened because

the heterobidentate ligand titrations were carried out to an
gextent that exceeded an equimolar amount to approach

in Figure 2, either lack a spacer or have spacer arms of 14 saturation. Hence, after the catalytic site and one of the SBD
36, and 73 A, respectively, in their extended conformations. sites have been filled by bidentate ligand, some of the excess

Hence, they are dubbed L0, L14, L36, and L73, respectively. 192nd can bind to the vacant SBD binding site byAt€D

It is anticipated that only if the spacer arm is long enough MO'€L-

compared to the distance between the catalytic site and one Although binding of the heterobidentate ligands is sub-
of the starch-binding sites of SBD will bidentate binding be stantially stronger than that gFCD, it cannot immediately
observed. The results are summarized in Table 1, and abe ruled out that binding takes place only at an SBD site. A
typical thermogram and binding isotherm for L36 are shown proof of the binding of the acarbose moiety of the hetero-
in Figure 3. The binding thermodynamics of acarbose to bidentate ligands in the catalytic site was provided by further
GA1 andf-CD to SBD determined previously2, 30) is titrations with acarbose, a representative thermogram of
also listed in Table 1 together with the results SCD which is shown in Figure 5a. The very small heat signals
binding to GA1. There is no significant difference between are of the same size as heat of dilution signals. This shows
B-CD binding to GA1 and SBD. The sum ofH for that either acarbose does not bind at all or it displaces the
acarbose and-CD binding to GA1 is—86.74 1.7 kJ mot™, acarbose moiety of heterobidentate ligands with an exact
and this is very close toAH for the binding of the cancellation of the endothermidH of dissociation with
heterobidentate ligands. L73 seems to be an exception,exothermicAH of association. Since acarbose has a much
approximately 19 kJ mol short of showing additivity with higher affinity for GA than that of any of the heterobidentate

GALl was titrated with each of the four heterobidentate
ligands. The four compounds, whose structures are outline
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Table 1: Binding Constant, Free Energy, Enthalpy, Entropy, and Stoichiometry of Binding of Heterobidentate Ligands to Glucoamylase 1 and
2 Determined by Isothermal Titration Calorimetry at 27, pH 4.5

cell content ligand K, Mt —AG°, kJ molt —AH, kJ mol? TAS, kJ molt apparent stoichiometry
GA1P¢+ NOJ acarbose (7£5.5)x 10" 68.94+ 1.6 328+ 1.4 +36.1+ 2.1 0.95+ 0.01
GAl $-CD (4.84£1.1)x 10 26.9+ 1.3 53.9+ 0.9 —27.0+£ 3.9 1.76% 0.09
SBDA B-CD (5.24+0.3) x 10* 27.1+0.2 55.54+ 0.7 —28.4+ 0.7 1.99+ 0.01
GAl LO (1.9+0.8) x 107 41.8+1.1 84.3+ 3.6 —42.5+ 3.9 1.08+ 0.27
GA1® LO 1.0+ 1.9) x 107 40.3+ 4.5 86.0+ 4.1 —45.7+ 6.1 1.114+0.33
GA1f LO (8.4£0.7)x 10° 39.84+0.2 88.2+ 0.3 —48.4+ 0.4 1.06+ 0.10
GAl L14 (2.5+ 1.7) x 107 4254+ 0.7 89.44+ 0.9 —46.94+ 1.2 1.19+0.11
GAl L36 6.6+ 1.1) x 107 4494+ 1.8 94.3+ 1.7 —49.44+25 1.07+0.12
GAl L73 (9.6+ 1.2) x 107 45.94+ 0.8 69.2+ 0.6 —23.3+£1.0 1.254 0.08
GAl1+LO p-CD (5.4+2.2) x 10* 27.2+1.0 53.5+ 3.1 —26.3+ 3.3 0.82+ 0.07
GAl+ L14 p-CD (7.54+ 1.6) x 10* 28.0+ 0.5 559+ 7.4 —279+7.4 0.84+ 0.12
GAl + L36 p-CD (5.8+0.4) x 10* 27.44+0.2 56.9+ 1.7 —29.54+1.7 0.81+ 0.01
GAl1+L73 p-CD (6.64 0.5) x 10* 27.7+0.2 53.1+ 1.5 —25.44+1.5 0.87+ 0.01
GA2° NOJ (3.3 0.2) x 10* 25.84+0.1 11.24+0.1 +14.54+ 0.2 1.00+ 0.07
GA2 LO >108 >46.0 33.6t 0.6 >12.4 0.78£ 0.01
GA2 L14 >10° >46.0 31.8+£ 0.6 >14.2 0.68+ 0.02
GA2 L36 >7 x 107 >45.1 27.0+£0.8 >18.1 0.63+ 0.02
GA2 L73 >108 >46.0 41.4+ 0.1 >4.6 0.79+ 0.01
GA2° + NOJ LO (1.6£ 0.9) x 10%? 70.2+ 1.5 32.1+ 2.2 +38.1+ 2.7 0.78+ 0.01
GA2°+ NOJ L73 (2.2+0.9) x 10*? 709+ 1.5 37.7+ 3.5 +33.2+ 3.8 0.71+0.01
GA2°¢ + NOJ acarbose (84 3.2) x 101t 68.2+ 0.9 40.6+ 0.1 +27.6+ 0.9 1.01+ 0.01

aThe concentrations used were-125 uM glucoamylase, 17%M acarbose or heterobidentate ligands, and/aQ3-cyclodextrin unless otherwise
stated in footnote or f. ® Data from ref28. ¢ Displacement experiment of 1-deoxynojirimyciData from ref30. ¢ [GA1] = 12.5uM; [LO] = 88
uM. T[GA1] = 50 uM; [LO] = 320 uM.
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FiGure 3: Thermogram (top) and binding isotherm (bottom) of Fgure 4: Thermogram (top) and binding isotherm (bottom) of

the binding of the heterobidentate ligand L36 to glucoamylase 1 the binding ofs-cyclodextrin binding to the starch-binding domain

obtained by isothermal titration calorimetry. of glucoamylase 1 which has already been bound to the heterobi-
dentate ligand L36.

ligands, it must displace the acarbose moiety of these. Thus,

AH for binding of acarbose in the catalytic site is the same the previously published value28) (Table 1, top entry).
whether it is free or part of a heterobidentate ligand. It is These experiments clearly show that the heterobidentate
therefore concluded that the observed enthalpy additivity is ligands indeed bind to both the catalytic domain and SBD.
a result of true additivity and not the result of a fortuitous At this point, there is still the possibility that the bidentate
cancellation of opposite changes AH of interactions in binding occurs between different GA1 molecules with the
the two different binding sites. A control experiment with formation of higher-order complexes. Since the apparent
the same batch of GA1 titrated with acarbose reproducedstoichiometry is clearly 1:1 (Table 1), these complexes must
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a competitive inhibitor NOJZ8) were indistinguishable from
=0 ' the binding behavior of acarbose (Table 1). Thus, the
é BASARARRARR A AR AR AN adverse effect characteristic of GAL seems to stem from
& - interactions due to the SBD. Our results therefore indicate
<5 ) 0 50 that the catalytic and starch-binding sites are in close

Time (min) proximity in solution and suggest co_n5|derable flexibility of
the highly O-glycosylated linker region.

b , , Control experiments in which GA1 was titrated with free
% 0 acarbose after binding to frgeCD and vice versa revealed
3 WWWWWWFW no influence on the binding of either ligand by the other.
o ! Acarbose binding to GA2 is not affected by the presence of
< 0 20 40 60 B-CD, either (data not shown). The effects observed for the

Time (min) heterobidentate ligands are thus caused by the covalent

) Lo . connection between the binding moieties.

Ficure 5: (a) Thermogram of the binding of acarbose to a mixture A Y ) )

of glucoamylase 1, the heterobidentate ligand L36, myclo- There is a small but significant increase K with
dextrin. Acarbose displaces the acarbose moiety of the heterobi-increasing length of the spacer fromx210" M~ for LO to
dentate ligand. (b) Thermogram of the binding of acarbose to a 1 »x 108 M2 for L73. As far as the ligands are concerned
mixture of the glucoamylase 1 active site mutant Arg54Leu, ; Q!
the heterobidentate ligand L36, afiecyclodextrin. IQnger spacer arms allow for Conform"’.‘“o.“a' ﬂex.lb'“ty

(increased entropy) and hence stronger binding. This effect

be formed after the equationP + nL = P,L, The is very small though, with the ligands used in this study,

equilibrium constant of this reaction is given by and it is probably not possible to obtain full free-energy
additivity just by prolonging the spacer chain.

[PLnl The side chain of Arg54 hydrogen bonds to the critical

N ®)  oHa i i
_ n _ n -4 group of the pseudosugar ring at the nonreducing end
([PJo = nlPaLol) ([L o = NIPoL-o]) of acarbose in the catalytic sitd@). It has already been

However, the binding isotherms have been fitted according SNOWn that changing this residue to Leu (or Lys) greatly
to a model in which only binary complexes are formed reduces the affinity for acarbosdg). We have conducted

according to eqs 2 and 3. The heat signals are thenthe same type of ITC measurements using bidentate ligands
proportional to the apparent concentration of binary complex, with this mutant, and the results are summarized in Table 2.

[PL]app Which will be equal tan[P.L,] for the formation of S_ubgequent tirrations were cono_lucted WﬁhC.D after
n-mers. Hence, the observed binding constant is binding of L36 and L73 both failed due to instrument

malfunction and could not be repeated because of lack of

n[P.L,] material. The affinities for the heterobidentate ligands are
Kapp= (6) approximately 1 order of magnitude smaller than for the wild
([PJo = [PaLal)([L] o — [PyLnl) type, but the same increase in affinity with increasing spacer

chain length is observed for Arg54 Leu as for the wild
type. However, there is no longer additivity for the two
binding components, acarbose gh@&D, with respect ta\H.
In fact, acarbose can displace the acarbose moiety of the
heterobidentate ligands as shown in Figure 5b for LO. This
means that the acarbose part contributes very little to the
inding to Arg54— Leu GA1 and that the interactions in
he catalytic site change when acarbose is connected to the
spacer an@-CD. The displacement titration with acarbose
shown in Figure 5b shows heat signals with small endo-
thermic components in the beginning of the thermogram.
This confirms thatAH does not cancel out but is more
exothermic for binding of the heterobidentate ligands than
for acarbose to this mutant.

By dividing this equation with eq 5 one obtains
Kapp= KN([Plo = N[P,L)" (Lo = nP,LD™" (7)

From eq 7 it is clear that if quaternary or higher-order
complexes were formed, then a strong dependence on th
concentrations of the interacting species should be observe
for Kapp Two experiments using 12.5 and M GAl
titrated with 88 and 32@M LO, respectively, were carried
out, and the results are listed in Table 1. No concentration
dependence can be observed within experimental uncertainty
In addition, native polyacrylamide gel electrophoresis of the
titration mixtures only showed one band corresponding to
GA1l (data not shown). Further evidence was given by
dynamic light-scattering experiments in which no defined piscussioN
complex was observed. Hence, we are confident that only
binary binding is occurring. The strongly reduced affinity of the heterobidentate ligands
The values of the thermodynamic functioh&°, AH, and for GA1 compared to acarbose afdCD is purely an
TAS are also listed in Table 1. The reduced affinity of the entropic effect. If the free energies were additive, the&sf
heterobidentate ligands compared to acarbose is clearly avalues close to-100 kJ mot* would have been expected,
pure entropy effect. This points to a steric clash between corresponding to a binding constant of'1M~. The
the spacer and/g#-CD of the ligands and the SBD of the additivity of AH clearly indicates that the molecular interac-
protein. In GA2, which lacks the SBD, this proposed clash tions between the heterobidentate ligands and protein in the
should not appear. This is confirmed by titrations of GA2. two binding sites are identical to the interactions of acarbose
The results of both direct titrations with the heterobidentate and 5-CD. Furthermore, if ternary complexes of GAL,
ligands and titrations in which the ligands displace the weak acarbose, and-CD were formed, this would carry a cratic
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Table 2: Binding Constant, Free Energy, Enthalpy, Entropy, and Stoichiometry of Binding of Heterobidentate Ligands te-Args4
Glucoamylase 1 Determined by Isothermal Titration Calorimetry at@7pH 4.3

cell content ligand K, M~ —AG°, kJ molt —AH, kJ mol? TAS, kJ mol? apparent stoichiometry
R54L acarbose 2&01)x 10° 36.4+£0.2 41.5+ 0.3 —524+0.3 1.06+ 0.01
R54L B-CD (9.040.8) x 10 28.5+ 0.2 53.7+ 1.6 —252+1.6 1.80+ 0.03
R54L LO (4.1+0.6) x 10° 38.0+0.3 68.2+ 0.8 —30.24+ 0.9 1.08+0.11
R54L L14 (4.44+0.7) x 10° 38.1+ 0.4 69.8+1.0 —31.6+1.1 1.21+0.13
R54L L36 6.7+ 1.1) x 10° 39.2+0.4 62.44+ 2.3 —23.24+2.3 1.10+ 0.09
R54L L73 (1.3+0.3) x 10 40.94+0.5 69.9+ 3.0 —29.0+ 3.0 1.10+0.10
R54L+ LO B-CD (3.1+0.5)x 10* 25.8+ 0.4 51.44+2.8 —25.64 2.8 0.89+ 0.07
R54L+L14  B-CD (3.5% 0.3) x 10 26.14+0.2 52.0+2.9 —25.9+2.9 0.88+ 0.10
aThe concentrations used were @8l glucoamylase Arg54— Leu, 177uM acarbose or heterobidentate ligands, and ARI0S-cyclodextrin.
entropy penalty that is 10 kJ mdl (—TAS’) larger than 0 : : N :
forming a binary complex between GA1 and a heterobiden- i
tate ligand 87). The total amount of adverse entropy then 10 -
comes to 60 kJ mol. Some of this entropy reduction may a F
come from strongly reduced conformational freedom of the 2 20} .
ligand spacer arms and/or the linker region of GA1. One s L
might expect that the heterobidentate ligands could bind by & 30| i
the acarbose moiety alone and leave fR€D out of the :,E‘
SBD binding site, thereby obviating the heavy entropy I -40f |
penalty. This is clearly not the case, even for LO. The most < . ]
probable explanation for this is that SBD of GAL is close in 50 |- -
space to the catalytic site and that a steric contact between T
this domain ang3-CD of the ligand is unavoidable when 0 1 2 3 4 5
the acarbose moiety is bound in the active site. This strongly Molar ratio
reduces the affinity by an adverse entropy effect. Ficure 6: Binding isotherm of the binding g8-cyclodextrin to

The thermodynamic parameters for gfe€cD molecule the starch-binding domain of glucoamylase 1. The line has been
P . : generated by nonlinear regression with two sites and fixed values
binding to the complex of GA1 and a heterobidentate ligand binding constantsk = 3.6 x 10¢ and 1.6x 10° M-L. AH values

(Table 1) are the same as thaf®€D binding to unliganded  gptained for the two sites are52.9 + 0.9 and—54.9 & 0.9 kJ
GAL1 (30). This confirms the previously reported result that mol-2, respectively.

the two binding sites of SBD seem to be virtually thermo-

dynamically identical, at least toward binding®fCD. ITC cannot be resolved in this fit and result in identicsH
measurements 0f-CD binding to GA1l under varying values. It is thus entirely likely that the two sites indeed
conditions of temperature and pH also show very little are somewhat different in affinity.

variation, and no differences between the two sites could be Scanning tunneling microscopic studies on the architecture
observed (T. Christensen, B. Svensson, and B. W. Sigur-of GA1 suggest that the linker region is in an extended and
skjold, unpublished experiments). This is very surprising rigid conformation and that the catalytic domain and SBD
since the two binding sites are structurally very different and have no contact2@). These studies, however, have been
interact differently withs-CD as shown by NMRZ2). It carried out on dry samples of unliganded GA1, and it is not
is not clear what the mechanistic significance of the known how the dryness of the sample might influence the
thermodynamically identical binding sites of SBD is. Neither protein structure. In the crystal structure the first ap-
is it clear how thermodynamic identity is achieved by two proximately 30 of the 70 amino acid residues of the linker
structurally different sites. Williamson and co-workeBs) region are closely curled around the catalytic domam
have studied the binding gFCD by two GA1 mutants with ~ 24). If one imagines the end of this part of the linker region
altered tryptophan residues in SBD, Trp568 Lys, and being prolonged by the 40 highy-glycosylated part of the
Trp590— Lys, by NMR and UV difference spectroscopy. linker and the C-terminal part of SBD, the SBD would indeed
They found that each of these mutants abolished binding toget close to the catalytic site.

one of the binding sites. They also found slightly different ~ The mechanism of binding of acarbose to GA1 wild type
binding constants for the two site& = 3.6 x 10* M1 for contains at least two intermediary states as shown by stopped-
site 1 (site 2 knocked out by W590K) ad= 1.6 x 10° flow kinetic studies 89, 40). The additive enthalpies of the
M~ for site 2 (site 1 knocked out by W563K). The wild- heterobidentate ligands indicate that their acarbose moiety
type affinity was 6.9x 10* M~! which to a reasonable binds to wild-type GA1l the same way and, hence, goes
approximation is the average of the two unchanged sites ofthrough the same intermediates. However, if the last step
the mutants. However, as the authors point out, the sum ofin acarbose binding has/H = 0, then it is not possible to
the maximum UV absorbance changesfe€D binding to rule out that the heterobidentate ligands can be caught in a
the mutants does not add up to the maximum change for thekinetic trap. The last step in free acarbose binding has a
wild type, indicating that mutation in one site of SBD might rate constank~ 0.6 st at 8°C (39, 40). This corresponds
affect the other. Fitting ITC isotherms gECD binding to toty», ~ 1 s and about 10 s to reach equilibrium. ITC is a
GAL1 using a model containing two independent sites with slow technique; the apparatus constant is approximately 9 s
the K values reported by Williamson et a38) gives the for the decay of the heat signals. A reaction with the above-
curve shown in Figure 6. Clearly, the two binding sites mentioned rate constant would not give rise to significant



10452 Biochemistry, Vol. 37, No. 29, 1998

line

carried out at 3 min intervals, and the thermograms show

broadening of the heat signals. The injections were

good baseline separation with no indication of a very slow
step (Figures 35). If the last step is slow with an enthalpy
significantly different from O, thent;, must be in the
magnitude of hours.
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