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Background: Carbohydrate-binding domains are usually small and physically
separate from the catalytic domains of hydrolytic enzymes. Glucoamylase 1 (G1)
from Aspergillus niger, an enzyme used widely in the food and brewing industries,
contains a granular starch binding domain (SBD) which is separated from the
catalytic domain by a semi-rigid linker. The aim of this study was to determine how
the SBD binds to starch, and thereby more generally to throw light on the role of
carbohydrate-binding domains in the hydrolysis of insoluble polysaccharides.

Results: The solution structure of the SBD of A. niger G1 bound to
b-cyclodextrin (bCD), a cyclic starch analogue, shows that the well-defined
b-sheet structure seen in the free SBD is maintained in the SBD–bCD
complex. The main differences between the free and bound states of the SBD
are observed in loop regions, in or near the two starch-binding sites. The two
binding sites, each of which binds one molecule of bCD, are structurally
different. Binding site 1 is small and accessible, and its structure changes very
little upon ligand binding. Site 2 is longer and undergoes a significant structural
change on binding. Part of this site comprises a flexible loop, which appears to
allow the SBD to bind to starch strands in a range of orientations.  

Conclusions: The two starch-binding sites of the SBD probably differ
functionally as well as structurally; site 1 probably acts as the initial starch
recognition site, whereas site 2 is involved in specific recognition of
appropriate regions of starch. The two starch strands are bound at
approximately 90° to each other. This may be functionally important, as it may
force starch strands apart thus increasing the hydrolyzable surface, or
alternatively it may localize the enzyme to noncrystalline (more hydrolyzable)
areas of starch. The region of the SBD where the linker to the catalytic domain
is attached is flexible, allowing the catalytic site to access a large surface area
of the starch granules.

Introduction
Starch-degrading and related enzymes are abundant in
animals, bacteria, fungi and plants [1,2]. The fungal
enzyme, glucoamylase 1 (G1; 1,4-a-D-glucan glucohydro-
lase, E.C. 3.2.1.3) from Aspergillus niger, hydrolyses a-D-
glucosidic bonds of starch and other polysaccharides to
yield b-D-glucose. G1 consists of two functional domains,
an N-terminal catalytic domain (residues 1–470, 55 kDa)
and a C-terminal granular starch binding domain (SBD;
residues 509–616, 12 kDa). The two domains are joined
by a bulky, heavily O-glycosylated linker (residues
471–508, 13 kDa), composed primarily of serine and thre-
onine residues [3]. Glucoamylases lacking SBDs have
unchanged hydrolytic rates against soluble substrates, but
have dramatically slower rates against granular starch [4].
Carbohydrate-binding domains with similar characteris-
tics and function (i.e. that are physically separate from the
catalytic domain and that bind specifically to insoluble

carbohydrate substrates) have been found in various
cognate enzymes, for example, chitinase A1 [5], bacterial
a and b amylases [6–9], cyclodextrin glycosyltransferase
(CGT; [10–11]), xylanase D [12] and glycanases [13].

The presence of these carbohydrate-binding domains in a
range of hydrolases clearly highlights their functional
importance, although their precise mode of action is not
known. Substrate recognition and binding by these
domains are extremely specific. For example, xylanase D
from Cellulomonas fimi has two noncatalytic binding
domains that clearly bind to different ligands; xylan binds
only to the xylan-binding domain and cellulose is the spe-
cific substrate for the cellulose-binding domain. There has
been considerable debate over the function of carbohy-
drate-binding domains. It is clear that a major function is to
attach the catalytic domain to its polymeric substrate and
thereby increase the effective concentration of substrate at
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the active site. It is, however, unclear whether the binding
domains also function to prise apart neighbouring carbo-
hydrate strands and thereby make the substrate more
accessible for hydrolysis. In order to understand the mech-
anism by which the substrate specifically interacts with
the binding domain and to determine the functional rela-
tionship between carbohydrate binding and catalysis,
structural information at the atomic level is required.

Only a handful of solution structures of noncatalytic-
binding domains have been determined — the type I cellu-
lose-binding domain of cellobiohydrolase I from
Trichoderma reesei [14], the type II cellulose-binding domain
of Cex from C. fimi [15] and the type IV cellulose-binding
domain of CenC from C. fimi [16]. Although all of these
have a b-sheet structure, the size of the cellulose-binding
domain is not the same between different families and the
structure also varies from a three-stranded antiparallel
b sheet to a ten-stranded jelly roll b sandwich. Another
enzyme of interest is CGT, because, like G1, it also inter-
acts with starch, and its putative granular starch binding
domain shows approximately 37% amino acid sequence
identity to the G1 SBD. Crystal structures have been deter-
mined for free CGT and the CGT–maltose complex from
Bacillus circulans and Bacillus stearothermophilus [11,17,18].

In this paper, we present the solution structure of the
SBD from A. niger G1 bound to b-cyclodextrin (bCD), a
cyclic analogue of starch, and compare it to the solution
structure of free SBD [19]. To our knowledge, this is the
first solution structure of a carbohydrate-binding domain
bound to a ligand. With details obtained from this study,
we aim to further our understanding of the nature and
specificity of protein–polysaccharide interactions, in par-
ticular, the binding of granular starch to the SBD. In addi-
tion, we hope to probe the relationship between the
catalytic and binding domains in the intact enzyme.

Results and discussion
For the amino acid residue numbering of the SBD, we
have adopted that of intact G1 [3]; thus, the SBD com-
prises residues 509–616. The b-strand residues and num-
bering in SBD are as for the free protein [19]. For binding
site numbering we have followed that of Lawson et al.
([11]; Brookhaven Protein Data Bank accession code,
1CDG), which is opposite to the numbering adopted by
Klein and Schulz [17] and Coutinho and Reilly [20].

Assignment of the SBD–bCD complex and derivation of
constraints
1H and 15N nuclear magnetic resonance (NMR) assign-
ments were made from multidimensional homonuclear
and heteronuclear data as described previously [21]. The
assignment process for the SBD–bCD complex was
carried out independently to that of free SBD. The diffi-
cult regions to assign were mainly those residues in the

N terminus (Cys509–Pro512), and those close to the C ter-
minus (Pro601–Gly605). These two groups of residues are
close in space due to the presence of a disulphide bond
(Cys509–Cys604). The 1H and 15N assignments of these
residues remain tentative or incomplete, primarily due to
broadening of resonances as was observed in free SBD
[21]. A table of 1H and 15N chemical shifts is supplied as
Supplementary material, which is available from the Inter-
net version of this paper. 

Previously, we reported the observation of two separate
spin systems for particular residues in free SBD, which
were due to cis–trans proline isomerization and/or glycosy-
lation of a nearby residue [21]. In the SBD–bCD complex,
an additional residue, Glu573, was also assigned to two
spin systems, presumably due to cis–trans isomerization of
Pro570. Re-examination of spectra showed that the second
spin system for Glu573 was probably also present in free
SBD, but the crosspeaks are extremely weak. This,
however, does not affect the solution structure determina-
tion of free SBD [19].

Chemical shifts for bCD were assigned mainly from
TOCSY spectra and by comparing one-dimensional (1D)
and two-dimensional (2D) spectra of free SBD and the
SBD–bCD complex. An assignment table is supplied as
Supplementary material, which is available from the Inter-
net version of this paper. Two separate sets of bCD
signals were observed, corresponding to the two molecules
of bCD bound to the SBD (see later discussions). The
structure of bCD has the shape of a truncated cone and is
approximately circular in cross-section. This may explain
why its proton resonances are in fast exchange on the
chemical shift timescale, such that equivalent protons on
each of the seven saccharide units have averaged (identi-
cal) shifts  (although a different shift is observed for each
of the two bound bCD molecules. The averaged shifts
change by up to 0.36ppm on binding to SBD, indicating
the presence of some large ring-current effects.

Following assignment of the complex, the chemical shifts
of backbone HN and Ha protons of SBD were compared
for the free and bound states. The difference in chemical
shift between the two states was calculated as
(dfree–dbound). A summary of the calculated difference in
chemical shifts is shown in Figure 1. The absolute differ-
ence for the Ha protons was, overall, very small with most
values falling within 0.1 parts per million (ppm). Slightly
larger differences were observed for Thr526 (0.13ppm),
Tyr527 (0.20ppm), Gly528 (0.20ppm) and Asn530
(0.18ppm). The HN shifts were more sensitive to the
addition of ligand. Absolute shift changes greater than
0.1ppm were observed for 12 residues and, of these, the
most notable changes were recorded for Tyr527
(0.42ppm), Gly528 (0.77 ppm), Glu529 (0.48 ppm), Ile531
(0.29ppm), Ser546 (0.22ppm) and Ser584 (0.26ppm).
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Distance and dihedral-angle constraints were derived as
described for the calculation of free SBD [19]. A total of
804 intramolecular, 22 intermolecular and 92 hydrogen
bond distance constraints were obtained. Stereospecific
assignments were obtained for eight b-methylene pairs
and seven valine g-methyl groups. Dihedral angle con-
straints were obtained for 58 f and 52 x1 angles, giving a
total of about 10 constraints per residue.

Binding of bCD to SBD
By NMR and ultraviolet difference spectroscopy the stoi-
chiometry of bCD binding to SBD was shown to be 2:1
(bCD:SBD) [22]. Thus, chemical shift changes were
observed on titration of bCD into SBD up to the addition
of two mole equivalents of bCD, after which no further
changes were seen. This is similar to the homologous
domain (E) of CGT, the crystal structure of which shows
two distinct sites where the ligand (maltose) binds [11].
We have previously reported the observed 1H and 15N
chemical shift changes of potential SBD binding-site
residues during the bCD titration, followed by 1D 1H and

2D 1H–15N heteronuclear single quantum correlation
(HSQC) spectra [19]. We found that the majority of
residues exhibiting large chemical shift changes are
located in loops or ends of b strands and can be grouped
into two distinct regions corresponding to the two binding
sites. Determination of the structure of the SBD–bCD
complex now provides us with the opportunity to analyse,
in greater detail, the specific interactions between the
protein and the carbohydrate ligand.

In binding site 1, observed intermolecular nuclear Over-
hauser enhancement (NOE) peaks involved sidechain
protons of residues Trp543 and Trp590. Both of these have
previously been identified as critical binding residues, so
this observation comes as no surprise. The majority of the
intermolecular NOEs observed in the SBD–bCD complex
arise from residues within or around site 2, including
Ala523, Thr526, Tyr527, Ala553, Tyr556 and Leu562.
Some of the NOEs are weak, in particular those involving
residues Ala523 and Thr526, whereas stronger and more
extensive interactions are observed to Tyr527.
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Figure 1

A plot of (a) the HN and (b) the Ha chemical
shift difference between free SBD and the
SBD–bCD complex. For each residue the shift
difference was calculated as (dfree–dbound) and
corrected for the difference in temperature. A
value of zero was used where assignment was
ambiguous or unavailable (i.e. residues
Cys509–Thr511 and Gln602–Gly605, all HN

of proline residues and Ha of Pro561).
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Structure determination
The family of structures for the SBD–bCD complex was
calculated using a simulated-annealing protocol. Calcula-
tions were performed in an iterative fashion by checking
violated constraints and adding new NOE constraints after
each stage. Some ambiguous NOE assignments were
resolved by inspecting the preliminary low-resolution
structures. In total, 22 observed intermolecular NOEs
were introduced as distance constraints in the calculation.
These constraints were not included at the start, but intro-
duced in the second half of the calculation after the basic
fold of the protein had been determined. This resulted in
significant saving of computing time, without distorting
the final structure of the complex.

In the final calculation, 100 structures were calculated
starting from random coordinates and subsequently
refined. Resulting structures were ranked in order of total
(X-PLOR) energy, NOE energy and root mean square

deviation (rmsd) of NOEs. The shape of the curve for all
three parameters was almost identical (figure not shown)
and similar to those obtained for the free protein [19].
Using the rmsd of NOEs as the selection criterion, the top
5% of structures were rejected immediately due to unrea-
sonably high energies and a large number of unsatisfied
constraints. From the remaining structures, 81 had very
similar energies and rmsd values. In order to obtain a man-
ageable number of structures for the final analysis, the first
(lowest rmsd) and subsequently every second structure
were selected, resulting in 41 structures for the family. The
average structure (SBD–bCDav) was calculated from the 41
final structures and was further subjected to restrained
energy minimization to yield the minimized average struc-
ture (SBD–bCDav–min; Fig. 2).

Figure 3 shows a backbone atom superimposition of the
41 structures to SBD–bCDav. The atomic rmsd values for
backbone and all heavy atoms when superimposed over
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Figure 2

Stereoview of SBD in SBD–bCDav–min. Only
the backbone (N, Ca and C) atoms of the
protein are shown. Every tenth Ca atom
starting from residue 510 has been labelled.
The N and C termini are at the bottom and top
of the figure, respectively.
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Figure 3

Stereoview of the superimposition of 41
calculated structures of the SBD–bCD
complex. The structures were superimposed
on to SBD–bCDav, on the N, Ca and C atoms
of the eight b strands (residues 513–523,
530–536, 549–552, 561–571, 573–582,
589–591, 596–600 and 607–615). The
protein (backbone heavy atoms only) and
ligand (heavy atoms only) are shown in green
and red, respectively. The orientation of the
figure is the same as Figure 2.



the eight b-strand residues are 0.54 ± 0.13 Å and
0.92 ± 0.15 Å, respectively. When all residues are used in
the superimposition, the atomic rmsd values for backbone
and all heavy atoms are 1.19 ± 0.25 Å and 1.60 ± 0.25 Å,
respectively. Superimposition of backbone and all heavy
atoms of residues with low solvent accessibility (less than
3%; see later discussions) gives rmsd values of
0.45 ± 0.25 Å and 0.82 ± 0.35 Å, respectively. A summary of
the structural statistics for the calculated ensemble is
given in Table 1.

The number of violations of the NOE constraints
(Table 1) is higher than normal for reported NMR struc-
tures. This may be explained in two ways: firstly, we have
selected 81 from 100 calculated structures to represent
the solution structure — this is a higher proportion than is
often chosen (where typically the 30% with the lowest
violations might be chosen), but we felt that the only
logically defensible cutoff is at a point where the con-
vergence of the algorithm deteriorates, rather than after
some arbitrarily imposed number of ‘best’ structures; and
secondly, the largest violations involve constraints to
bCD. Calculations requiring the docking of two mol-
ecules are more difficult, and inclusion of the two bCD
molecules led to convergence problems in the simulated
annealing calculations. The largest single violation was
usually 553Hb–sugar H3 (with the top two violations for
the 41 structures of 1.17 and 0.84 Å). In SBD–bCDav–min,
the largest violations are 543dH–sugar H5 (0.57 Å),
553bH–sugar H5 (0.55 Å), and 553bH–sugar H3 (0.53 Å).
For the most frequently violated constraints (which all
involved bCD), the average violation per structure was in
the range 0.35–0.83 Å. There were no significant viola-
tions in the more conformationally mobile regions or near
to the prolines that display cis–trans isomerization.

A graphical summary of the structural statistics is given in
Figure 4. The distribution of NOE distance constraints is
shown in Figure 4a. A comparative lack of constraints is
evident in two regions — the N terminus and the loop
spanning residues 601–606. Similar trends were observed
for the free protein where fewer constraints were ob-
tained for the N terminus and two loop regions. In Figure
4b, the backbone and sidechain rmsd values for each
residue have been plotted. Most of the loop regions
clearly have higher rmsd values, as they are not as well-
defined as the core of the protein. As in the structure of
free SBD, it is evident that the loop between strands 2
and 3 is the best defined loop, despite being the longest
loop. Figure 4c is the plot of the angular order parameters
(S) of f and ψ dihedral angles. A value approaching unity
reflects well-defined local geometry and, therefore, the
loops and regions with fewer constraints have smaller
values than the more well-defined regions. The 3-residue
rmsd values were also calculated (data not shown) and
corroborate these trends.

Figure 5 is the Ramachandran plot of f and ψ dihedral
angles in the SBD–bCDav–min structure. Although in the
SBD–bCD complex there is a greater dispersion of the
f and ψ angles and fewer residues in the most favoured
regions than in free SBD, there are no residues in 
disallowed regions.

The surface accessibility was calculated for each residue
and those with a value less than 3% were regarded as
buried; these are Val515, Val517, Phe519, Leu521, Ile531,
Leu533, Val534, Gly535, Leu540, Asp542, Ile549, Leu551,
Ser559, Trp563, Leu569, Phe575, Tyr577, Phe579, Ile580,
Val600, and Val611. The majority of these residues are
hydrophobic in nature as would be expected. The only
polar residues in this list are Asp542 and Ser559. The latter
has access to solvent through the end of its sidechains
(through its Og and Hg atoms). Asp542, although slightly
more restricted, can also access solvent. Additionally, its
Od atoms are close to HN of Lys578, in an orientation that
would favour formation of a bifurcated hydrogen bond.
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Table 1

Structural statistics for the SBD–bCD complex of A. niger G1.

Parameters 〈SBD–bCD〉* SBD–bCDav–min

NOE violations > 0.5 Å 19.9 ± 3.6 14
Dihedral violations > 5° 6.8 ± 2.3 4
Rmsd from experimental
restraints

distance restraints (Å) 0.141 ± 0.007 0.117
dihedral restraints (°) 2.5 ± 0.4 1.9

Rmsd from idealized
geometry

bonds (Å) 0.0088 ± 0.0009 0.0069
angles (°) 2.56 ± 0.48 5.4
impropers (°) 1.06 ± 0.08 3.1

X-PLOR energies 
(kcal mol–1)†

ENOE 916 ± 91 625
ECDIH 43 ± 15 23

Atomic rmsd (Å) backbone (N, Ca, C) all heavy atoms
〈SBD–bCD〉 vs 
SBD–bCDav

all 1.19 ± 0.25 1.60 ± 0.25
b strands 1–8 0.54 ± 0.13 0.92 ± 0.15
buried residues‡ 0.45 ± 0.25 0.82 ± 0.35

SBD–bCDav vs 
free CGT§

b strands 1, 2, 4–8 1.91
b strands 1, 2, 4–7 1.74

BD–bCDav vs 
CGT–maltose complex§

b strands 1, 2, 4–8 1.82
b strands 1, 2, 4–7 1.66

*〈SBD–bCD〉, ensemble of 41 final structures. †ENOE, NOE energy
term; ECDIH, dihedral angle energy term. Force constants used to
calculate ENOE and ECDIH were 50 kcal mol–1Å–2 and
200 kcal mol–1 rad–2, respectively. ‡Residues with surface accessibility
< 3%. §Strand residues common to the SBD–bCD complex, free CGT,
and CGT–maltose complex were used in the superimposition.



Relaxation experiments
Experiments were carried out to obtain 15N T1 and T2
relaxation time constants and NOE values for each
residue of SBD in both free and bound states. Values
were obtained for 94 residues in free SBD and 93
residues in the complex, and a summary for each residue
is shown in Figure 6. The average values for the three
parameters, in order of T1, T2 and NOE are: 444.6 ms,
118.8 ms and 0.81 for free SBD; 524.7 ms, 99.3 ms and
0.89 for the complex. Using an initial estimate of 6.0 ns
for the overall correlation time, the optimized value cal-
culated by the Modelfree program (see Materials and
methods) was 7.99 ns and 9.37 ns for free and bound
SBD, respectively, which are approximately in line with
values expected for monomeric protein.

The data show that most of the protein has very limited
internal mobility in both free and bound states. In the free
SBD solution structures, the least well-defined region
spanned residues 509–512 and 601–606 (containing the
disulphide bond between Cys509 and Cys604). Many of
these residues have 15N resonances that were too broad to
permit accurate measurement of relaxation parameters
(which in itself is an indication of significant internal

motion). Of those resonances that could be measured,
Ala603 and Ser606 have relaxation parameters that suggest
increased flexibility in this segment. It is significant that
Tyr527 (see later discussion) also has 15N resonances too
broad to permit measurement of its relaxation parameters.

Solution structure of SBD bound to bCD: global comparison
with free SBD
The calculated structures of the SBD–bCD complex
show that the protein consists of eight b strands, arranged
mainly in an antiparallel fashion. The backbone amide
exchange and NOE data are consistent with all residues
involved in b strands being the same as those in the free
protein [19]. One molecule of bCD is located at each of
the two binding sites, as shown in Figure 3.

A comparison of the solution structures of free and bound
SBD is shown in Figure 7. The core (b strand) structure of
the SBD is essentially the same in the two states, high-
lighting its contribution to structural stability of this
domain. The main structural differences are evident in the
loop regions, in particular the loop between strands 2 and
3, as well as that between strands 3 and 4. These loops
contain residues involved in ligand binding.
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Figure 4

Summary of structural data versus residue
number. The b-strand location and numbering
are marked at the top. (a) The distribution of
distance constraints is shown for each
residue by bars representing the number of
intraresidue (solid bar), sequential, medium-
range, long-range NOEs and hydrogen-bond
(open bar) constraints, cumulatively stacked
with decreasing intensity of shading. (b) The
average rmsd (Å); backbone, solid line;
sidechain, broken line for SBD–bCDav. and
(c) angular order parameters (f, solid line; ψ,
broken line) for the 41 final structures are also
presented.
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The backbone amide exchange rates exhibit similar trends
in both free and bound SBD (i.e. most residues with fast
exchange rates are those not involved in b strands). A qual-
itative comparison of the rates between the two states
shows that the rate is slower for a number of residues in the
bound state. The most significant difference is seen for
residues Glu591, Arg596 and Asp613, which were classified
as medium exchange in free SBD but slow exchange in the
complex. These residues, however, are all involved in
b strands; this may suggest that the core of SBD is better
defined in the presence of the ligand. The loop connecting
b strands 2 and 3 overall shows the slowest exchange rates
(six residues are classified as medium exchange) of all the
loop regions, despite being the longest loop in this domain.
In the calculated structures, this region is supported by an
extensive network of intraloop hydrogen bonds which help
to stabilize the backbone. Another noteworthy residue is
Trp563 — its sidechain NH proton (Hε1) shows medium
exchange characteristics unlike the other three tryptophan
residues. These characteristics were also observed in free
SBD although the hydrogen-bonding partner of Trp563
could not be located. In the bound state, a potential hydro-
gen-bond acceptor has been located as Thr524 N, because
in 32 out of the 41 final structures this residue is in a posi-
tion that satisfies the criteria for hydrogen bonding.

The majority of hydrogen bonds deduced from amide
exchange rates and NOE patterns for the complex were
similar to those identified in the free protein [19]. These
are mostly cross-strand interactions that serve to reinforce
the core of the structure. Three additional hydrogen
bonds were immediately apparent in the complex —
Glu576 HN–Ser536 O, Tyr564 HN–Ser552 O and
Phe579 HN–Glu591 O. In each pair, one residue is
located at the end of a b strand and, once again, this indi-
cates a better defined, less flexible protein core in the
complex. A number of other differences in the hydrogen-
bonding pattern were evident following preliminary cal-
culations. Because Ser552 HN is hydrogen bonded to
Tyr564 O and shows no NOEs to Ile531 HN, we could
not confirm if a hydrogen bond acceptor existed for the
slow exchanging Ile531 HN. There is an NOE between
Ile531 HN and Leu551 HN, however, and following early
calculations, the Ile531 HN–Leu551 O hydrogen bond
was confirmed by its presence in all structures. The
Glu583 HN–Ser587 O hydrogen bond is also detected in
all initial calculated structures and supported by inter-
strand NOEs. This interaction is located in the hinge
region of the loop between b strands 5 and 6 and was also
found in free SBD. A number of hydrogen bonds were
found in the long-loop region (Ile537–Gly548) between
strands 2 and 3 following preliminary calculations —
Ile537 HN–Leu540 O, Leu540 HN–Ile537 O and Gly541
HN–Asp547 O. These were all present in 80–100% of the
calculated structures, the relevant protons are in medium
exchange and there are NOEs supporting these interac-
tions. However, the Leu540 HN–Ile537 O interaction is
the only one also present in free SBD and although this
long loop is well stabilized in both free and bound states,
the pattern of the hydrogen-bond network is not the same
in the two states. This probably reflects minor structural
changes in this region that accompany ligand binding due
to its proximity to Trp543, a key binding residue. From
the same loop region, the atom pairs of Asp547
HN–Glu544 O and Gly548 HN–Thr545 O appeared con-
sistently to form hydrogen bonds (according to distance
and angle criteria) in all calculated structures. However,
these were not supported by HN-exchange data and were
therefore not included in the calculations. Another impor-
tant tryptophan residue is Trp563, the HN atom of which
is in slow exchange and its hydrogen-bond acceptor was
deduced to be Leu521 O. Surprisingly, when this hydro-
gen bond constraint was included in the calculation, it
was only satisfied in 10% of the structures and many
NOEs supporting this interaction were violated. Instead,
the most feasible acceptor was found to be Asp560 O and
although this initially looked awkward by eye, other sup-
porting NOEs were found (e.g. Pro561 Hb–Ala523 HN)
and the NOEs found earlier (e.g. Thr522 Ha–Trp563
HN and Ala523 HN–Trp563 HN ) were still satisfied.
Thus, the Trp563 HN–Leu521 O hydrogen bond con-
straint was replaced by Trp563 HN–Asp560 O. This new
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Figure 5

Ramachandran plot of f and ψ dihedral angles for SBD–bCDav–min.
The plot was generated using the program PROCHECK version 3.4.3
[57]. The coloured areas indicate, from red to light yellow, most
favoured region, additional allowed region, generously allowed region,
and disallowed region. Residues in the latter two regions are labelled.
Glycine residues are shown as triangles, and all other residues are
squares.
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hydrogen bond stabilizes the loop between b strands 3
and 4, which contains residues critical to binding site 2.
Although not directly involved in ligand binding as
Trp543 and Trp590 are in site 1, Trp563 is a critical
residue in site 2; it is central to many interactions and sta-
bilizes neighbouring residues which create a surface for
the ligand to bind.

In summary, the hydrogen-bonding patterns in free SBD
and in the complex are very similar. The main differences
are that the b-sheet core is further stabilized in the
complex, there is a small structural change of the loop
between strands 2 and 3, and the loop between strands 3
and 4 is stabilized.

In the free SBD structure, residue Asp542 displayed
unusual backbone geometry (f angle of 81.9°) and was
located in the disallowed region of the Ramachandran
plot. In the majority of final structures for the complex,
Asp542 also has a positive f angle in the range of
63.0°–86.8°. As discussed previously [19], this geometry
is thought to be necessary for the binding residue
Trp543 to adopt a conformation which would allow inter-
action with the ligand.

Analysis of binding sites
Cyclodextrin binds to the SBD with the apolar faces of the
sugars stacked against aromatic rings — Trp543 and
Trp590 in site 1, and Tyr527 and Tyr556 in site 2. Similar
observations have been made with CGT [23], a-amylase
[24] and b-amylase [25]. Tryptophan residues play an
important part in the function of SBD and all four are
highly conserved in starch-degrading enzymes. Residues
Trp543, Trp563 and Trp590 are all intimately involved in
the binding sites, as later discussed. The fourth trypto-
phan, Trp615, is not involved in either binding site. Nev-
ertheless, it has been shown to be a key residue [26]. We
have mutated this tryptophan to a lysine. The resultant
variant has greatly reduced stability, implying that Trp615
has a primarily structural role [27].

Binding site 1
Binding site 1 is dominated by Trp543 and Trp590, which
form a compact, rigid and surface-exposed hydrophobic
site with an inter-ring spacing appropriate for binding to
a-1,4-linked glucoses. The structure of this binding site is
almost unchanged in the SBD–bCD complex from that in
free SBD. It is also closely similar to site 1 in the
CGT–maltose complex [11], with respect to both the
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Figure 6

Experimental 15N relaxation parameters
((a) T1, (b) T2 and (c) NOE) obtained for free
SBD (closed circles) and the SBD–bCD
complex (open circles). Because we only have
three experimental parameters recorded at a
single magnetic field strength for each protein
state, we do not feel that it is justified to
present a more detailed analysis of the
relaxation data.
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positions of key tryptophans and the orientation of the
binding site relative to the protein core. The cyclic nature
of the ligand and the ambiguous definition of the inter-
molecular NOEs, which allows for the possibility that any
of the sugars may interact with the protein (see Materials
and methods section), make the flat stacking of the sugar
ring onto the hydrophobic tryptophan indole ring less par-
allel than expected. Nevertheless, both Trp543 and
Trp590 are in close proximity to the sugar rings as the
NOEs indicated and the van der Waals surface of these
protein residues and the ligand are closely packed
together. The saccharide units that stack against the two
tryptophans are units i and i+2 of the ligand. Potential
hydrogen bonds are also apparent which would strengthen
this interaction. The structure of starch is not known in
detail (though models have been proposed; see later dis-
cussions), so it is unwise to propose a detailed hydrogen-
bonding scheme for the SBD–starch complex on the basis
of the structure of the SBD–bCD complex. However, it is
likely that all of the residues identified as potential bCD
ligands can form hydrogen bonds with starch, although
some interactions may be mediated by water molecules.

We previously proposed potential binding residues on the
basis of bCD titration studies and from modelling the
free SBD structure onto the crystal structure of the

CGT–maltose complex [19]. The two tryptophan residues
discussed above are in similar positions in the free and
bound SBD structures. The three other residues previ-
ously proposed, Lys578, Glu591 and Asn595, all occupy
different conformational space in the complex than in free
SBD, but we could not assign constraints for them beyond
Hb. Thus, although these residues do not form the same
interactions in the current structure as in the previously
proposed model, our data do not define the locations of
the sidechains. As the sidechains of these three residues
protrude outwards forming part of the protein surface,
they would still be capable of interacting with a large
ligand such as starch. Figure 8a gives a summary of the
possible intermolecular interactions in binding site 1.

Binding site 2
Binding site 2 is more extended than site 1 and undergoes
conformational rearrangement on binding to bCD, partic-
ularly in the loop between strands 3 and 4 and at Tyr527,
which forms the apex of the loop between strands 1 and 2.
The protein–ligand interactions in this site are once again
dominated by hydrophobic effects from two aromatic
rings, Tyr527 and Tyr556. These two planar rings pack
closely against the van der Waals surface of the bCD mol-
ecule. An inspection of all 41 final structures shows that
the position of the ligand is more variable in this binding
site; this appears to be due to the flexibility of residue
Tyr527. Although Tyr556 also interacts closely with bCD,
the position of this tyrosine in the ensemble of structures
is reasonably static. Residue Tyr527, on the other hand,
appears to accommodate movement in the ligand that
would occur in solution. The flexibility of this residue was
already evident in the free protein, where two ring confor-
mations were observed and therefore the stacking inter-
action with the ligand, when modelled onto the
CGT–maltose complex, was not well defined [19]. It is
possible that with a larger ligand/substrate, the flexibility
observed in Tyr527 would be reduced, as there would be a
larger protein–ligand interaction surface. It is additionally
feasible that the flexibility associated with Tyr527 is func-
tional, in that it can act to locate the ligand and guide it
towards the binding site.

Residue Tyr556 in the free SBD structure is in a very
similar position to a tyrosine residue in the CGT struc-
tures (Tyr632 in free CGT; Tyr633 in the CGT–maltose
complex), although these are not the corresponding homo-
logues of Tyr556 in CGT. In the SBD–bCD complex,
Tyr556 has moved closer to Asp554 and Lys555 (corre-
sponding to Asn626 and Gln627, respectively, in free
CGT) and its aromatic ring would be located near the
sidechains of these CGT residues. These residues (and
their homologues Asn627 and Gln628, respectively, in the
CGT–maltose complex) have been identified as binding-
site residues in free [17] and bound [11] CGT. It appears
that this shift in location of Tyr556 in the SBD complex is
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Figure 7

A view of the superimposition of SBD–bCDav–min (red) and the
minimized average structure of free SBD (blue). The structure of free
SBD was superimposed on to the N, Ca and C atoms of b strands
1–8 of SBD–bCDav–min. The bCD molecules are shown in yellow.



related to the position of Asp560, which has changed sub-
stantially (the Ca atom has moved more than 13 Å from its
position in free SBD). Despite this large conformational
change, the indole ring of Trp563 is maintained in approx-
imately the same position as in free SBD and the CGT
structures. Thus, Asp560 may be contributing to the stabi-
lization of this region by hydrogen bonding to Trp563 and
thereby positioning the loop containing Tyr556 to interact
with the ligand.

Although Trp563 is classified as a buried residue (it has
negligible surface accessibility) and is incapable of a
direct interaction with bCD, it is in close contact with
many residues in and around binding site 2. There is a
slight difference in the location of the indole ring of
Trp563 between the free and bound states of the SBD.
This is not a large change and many features observed in
free SBD are retained. For example, Ile531 HN is still
pointing towards the sidechain of Trp563 and this is
reflected in the upfield-shifted chemical shift (5.12 ppm),
compared to a similarly upfield-shifted 5.48 ppm in the
free SBD. The main residues affected by the slightly
different tilt angle of the indole ring are Thr526–Ile531;
the indole ring rests against the backbone in this region.
The change in backbone conformation is further high-
lighted by the large chemical shift changes of Tyr527 on
ligand binding.

In binding site 2, there are a number of residues on the
surface of the protein that are within direct or water-medi-
ated hydrogen-bonding distance of a potential starch lig-
and. In addition, Asp554 and Lys555 have their sidechains
protruding outwards, such that they could potentially form
an interaction with a larger ligand. Some residues (e.g.
Thr525, Thr526) that were flexible on the surface in free
SBD, are packed tighter together upon ligand binding;
this packing contributes to the stability of the binding
interface. The residues in site 2 form a larger surface area
for the ligand to interact with than those in site 1. This
may be related to the different roles/functions of the two
sites. A summary of the possible intermolecular inter-
actions observed in binding site 2 is shown in Figure 8b.

Comparison with crystal structures of other carbohydrate-
binding proteins
In addition to comparing the structure of the SBD–bCD
complex to the free SBD solution structure, we also made
comparisons to a number of crystal structures of other car-
bohydrate-binding proteins. As noted previously [19], the
global fold of the putative starch-binding domain of CGT
is very similar to that of SBD. The main difference is that
the third b strand of SBD is not evident in CGT. Both
proteins possess two binding sites, and many key binding
residues are conserved. The four tryptophan residues are
found in similar positions for both proteins in their free
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Figure 8

Schematic diagram representing SBD–bCD
intermolecular interactions suggested in (a)
binding site 1 and (b) site 2. The bCD
molecule is shown by seven units marked
‘glc’. Hydrophobic-ring stacking is
represented by thick horizontal lines between
the sugar and the aromatic ring. Direct
hydrogen bonds are shown as dashed lines;
dotted lines represent possible water-
mediated hydrogen bonds. Residues
enclosed in dotted square boxes are those at
the surface of the protein which may interact
with a larger ligand (see text).
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and bound states. In binding site 1, the position of Glu591
is also very similar to the position of its homologous
binding residue Glu663 in the CGT–maltose complex.
Inspection of Glu576 in the SBD–bCD complex shows
that this charged residue also has its sidechain at the
surface close to binding site 1 and it may be capable of
forming an interaction with the ligand–substrate. The
observed chemical shift changes upon addition of bCD for
Glu576 HN and Ha are 0.10ppm and 0.08 ppm, respec-
tively, which are moderate changes. The homologous
residue in free CGT (Glu648) was in fact identified as a
binding residue [17].

The principal protein–ligand interaction seen in both
binding sites is face-to-face stacking of aromatic rings
against the hydrophobic sugar face. Aromatic residues
dominating the interaction between ligand and protein
have also been seen in the structure of the Fab fragment
of the Se155-4 antibody bound to an oligosaccharide [28].
Three sugars from bCD are involved in the interaction
with SBD at binding site 1 and four interact at site 2,
although only two sugars in each site make direct contact
with aromatic residues of the protein. The number of
direct protein–ligand contacts is perhaps fewer than
expected, although it is possible that some intermolecular
hydrogen bonds mediated by water molecules exist. It is
interesting to note that in the crystal structure of the mal-
todextrin-binding protein–bCD complex [29], the ligand
made 94 interactions of less than 4.0 Å with the protein
and bound water molecules. However, there were only
four direct sugar–protein hydrogen bonds plus another
four water-mediated hydrogen bonds. The number of
bCD sugar residues involved in protein–ligand interac-
tions in this complex was three. Both this maltodextrin-
binding protein and the SBD highlight the largely
nonspecific interactions encountered in protein–bCD
complexes which, in fact, appears to be the case for many
protein–carbohydrate structures.

In a recent crystallographic study of CGT from B. circulans
strain 251 bound to a-cyclodextrin, residue Leu600 was
found to be approximately in the centre of the ligand mol-
ecule [23]. In CGT from Thermoanaerobacterium thermosul-
furigenes EM1, this residue has been replaced by Tyr597
[30]. The homologous residue in SBD is in fact Tyr527,
which we have observed to be closely associated with
bCD and plays a major role in binding site 2 in the struc-
ture of the SBD–bCD complex.

Understanding the binding of starch to SBD
The ultimate aim of this study is to have a better under-
standing of how granular starch interacts with the SBD. It
is clear that the two binding sites in G1 SBD are struc-
turally different. Site 1 is small and rigid, with Trp543 and
Trp590 forming a well-exposed planar aromatic surface
that is well placed to interact rapidly with carbohydrate,

with minimal structural rearrangement. Similar planar aro-
matic surfaces have been observed in cellulose-binding
domains [31]. By contrast, site 2 is longer and undergoes a
change in conformation on binding. It is striking that the
key aromatic residues in this site, Tyr527 and Tyr556, do
not lie parallel to the protein surface (as do the aromatic
rings in site 1) but project out from it, as if to lock the
ligand into place. Thus, the structure of the complex and
the different flexibility of the two binding sites suggest
different functional roles for the two sites. A similar obser-
vation has also been reported for the two sites in CGT, in
which the binding site containing Trp616 and Trp662
(corresponding to the SBD residues Trp543 and Trp590,
respectively) is proposed to be largely responsible for
attaching the enzyme to raw starch granules, whereas the
second binding site located near Tyr633 (close to Trp563
in SBD) may be involved in guiding the starch chain
towards the active site [30,32]. Information obtained from
our calculated ensemble of structures fully supports such a
result, and suggests a model in which binding site 1 acts as
the initial starch-recognition region, allowing the SBD to
scan rapidly through many potential binding sites until
site 2 (and the highly mobile Tyr527 in particular) adopts
the appropriate conformation to bind tightly and coopera-
tively to a second starch strand. This model is reinforced
by the binding constants of bCD to the two sites [27],
which show that site 1 binds bCD approximately four-fold
less strongly than site 2.

Using the information we have gained from the structure
determination of the SBD–bCD complex, a model of an
SBD–starch complex was built. Figure 9 shows this model
with the protein coordinates retained from SBD–bCDav–min
and starch molecules replacing the bCD ligand; it high-
lights the different orientations that the starch helix can
adopt. The interaction in site 1 is compact and quite rigid
as shown above for SBD–bCD. The major interactions
between SBD and starch only involve two glucose units,
which stack over Trp543 and Trp590. Site 2 displays a
more extended, broader area of interaction surface. The
starch molecules in this site span a much larger conforma-
tional space. The main protein–carbohydrate contacts
involve Tyr556, which forms a fixed pivot, and Tyr527,
which can swing around in an arc, taking the starch strand
with it. The starch helices in the two binding sites adopt a
markedly nonparallel geometry; the difference in orienta-
tion is approximately 90°. This is significant, because it is
thought that the starch helices on the surface of starch
granules are normally parallel; certainly this must be true
for the crystalline regions of starch. Two quite different
functional reasons for the nonparallel geometry are plausi-
ble — either the SBD is forcing two starch strands apart
and thus assisting in the breakdown of starch granules; or
the SBD localizes the enzyme to noncrystalline (and
therefore presumably more easily hydrolyzable) regions of
starch. The former reason has been postulated as a
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function for the cellulose-binding domain in C. fimi
endoglucanase A [33], but it is unclear whether this is a
general mechanism. We are currently investigating which,
if either, of these two mechanisms occurs in G1.

The results presented here show that the ‘bottom end’ of
SBD, as shown in Figures 2 and 3 (i.e. the N terminus and
the adjacent loop between strands 7 and 8, containing
residues 601–606), is more mobile than the rest of the
protein. It is significant that this is the opposite end of the
SBD from the end that binds starch, and it is the point of
attachment with the catalytic domain. This would imply
that the SBD can bind tightly and rigidly to starch, but it
can still ‘waggle its bottom’ and allow the catalytic domain
to scour a large area on the surface of the starch granule,
thereby combining tight and specific binding with access of
the catalytic site to a large number of potential substrates.

Biological implications
Starch is the most abundant storage polysaccharide in
plants; it consists of glucose units mainly in the form of
amylose and amylopectin, which are thought to be
arranged in semicrystalline arrays of double-helical
strands to form large irregular granules. The detailed
structure of the granules probably differs depending on
the producing organism. Starch-degrading enzymes are

abundant in animals, plants and microorganisms. Many
processes in the food and beverage industries that
produce alcohol, soy sauce, syrups and sweeteners rely
heavily on fungal enzymes that degrade starch to sugars.
Glucoamylase from Aspergillus niger is one such enzyme
that is used widely in these processes. 

Glucoamylase has a structure typical of many polysaccha-
ride-degrading enzymes, with a catalytic domain and a
separate polysaccharide-binding domain. The binding
domain attaches the enzyme to its polymeric substrate,
thereby increasing the concentration of substrate at the
active site and dramatically increasing the rate of reaction.
It is not clear whether binding domains have other func-
tions; for example they may disrupt the saccharide surface
or target the enzyme to particular sites. Such roles have
been proposed for some cellulases and hemicellulases.

Our structure determination of the complex between the
glucoamylase starch-binding domain (SBD) and
b-cyclodextrin provides us with a high-resolution solution
structure of a carbohydrate-binding domain bound to a
ligand. There are two independent binding sites in the
SBD that are structurally and probably functionally dif-
ferent. Site 1 is smaller, more rigid and more surface-
exposed than site 2, and it is proposed to act as the initial
recognition site for starch, whereas site 2 has a larger
surface area, undergoes a conformational change on
binding, and is proposed to act as the more specific site
which acts to lock the SBD into place. Site 2 is also
capable of recognizing a range of orientations of starch
strands. The two starch strands are bound to the SBD in
an unexpected perpendicular orientation, implying that
the SBD does more than merely locate the catalytic
domain onto the starch surface. We have also shown that
although the SBD binds tightly to starch, its site of attach-
ment to the linker, connecting the SBD to the catalytic
domain, is flexible, thereby allowing the catalytic domain
to access large areas of the starch granule surface. The
SBD thus has several simultaneous functions, which may
also be relevant to other carbohydrate-binding domains.

Materials and methods
Sample preparation
Unlabelled SBD was obtained by proteolytic cleavage of G1 (Sigma)
followed by purification, and uniformly 15N-labelled SBD was
expressed in A. niger with a pIGF fusion vector, using 15NH4Cl as the
sole nitrogen source. These procedures have been described in detail
elsewhere [22,34]. The SBD–bCD complex was prepared by addition
of the appropriate amount of bCD to achieve a ratio of 1:2 (SBD:bCD).
Typically, samples for NMR experiments contained the complex
(1–2 mM unlabelled SBD or 1 mM 15N-labelled SBD) in 90%
H2O/10% D2O or 99.9% D2O solution.

NMR experiments and data processing
Spectra were recorded on a Bruker AMX 500 or 600 spectrometer at
310K. Additional 2D spectra were recorded at 300K and 320K to
resolve ambiguities arising from overlap. The H2O signal was suppressed
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Figure 9

A view of the SBD–starch model. Two representative orientations of
the starch helix are shown in yellow. The aromatic contact residues
from SBD–bCDav–min are highlighted in red.



by low-power presaturation during the recycle delay and the 1H carrier
was placed at the solvent frequency. 1H chemical shifts were referenced
to the H2O resonance at 4.56ppm (310K) relative to sodium 3-
trimethylsilyl-2,2,3,3-(2H4)propionate. 15N chemical shifts were refer-
enced indirectly by using the 1H frequency for the H2O resonance and
the gyromagnetic ratios [35].

The following multidimensional experiments on the SBD–bCD complex
samples were recorded and processed as described previously for free
SBD [19,21], except where noted — double quantum filtered correla-
tion spectroscopy (DQF-COSY; [36]), nuclear Overhauser enhance-
ment spectroscopy (NOESY; [37,38]), clean total correlation
spectroscopy (TOCSY; [39]), double quantum spectroscopy [40],
primitive exclusive correlation spectroscopy (P.E.COSY; [41]), HSQC
[42], 3D NOESY-heteronuclear multiple quantum correlation (HMQC)
experiment [43], and 3D TOCSY-HMQC experiment [44]. Homonu-
clear 2D experiments were recorded with 474–750 real t1 increments.
The P.E.COSY was recorded with 500 (real) t1 increments of 2048
(complex) data points, using the 15N-labelled sample that had been
exchanged in D2O. The NOESY-HMQC was recorded with 220
(complex, t1), 64 (real, t2) and 256 (complex, t3) points. Mixing times of
50–80 ms were used for the acquisition of clean TOCSY spectra and
60–200 ms for NOESY spectra. For the backbone amide exchange
experiments, a total of seven 15N HSQC spectra were recorded at
310K, with 64 scans, 256 t1 increments and 2048 complex points. The
time-domain data of homonuclear 2D experiments were apodized by a
60°-shifted sine-squared function (except for the P.E.COSY where a
30°-shifted sine-squared function was used), whereas the 3D data
were processed with a 60°-shifted sine-bell function in all dimensions.
The first point in each 3D experiment was divided by two before Fourier
transformation to suppress ridges in the transformed spectra [45].

Sensitivity-enhanced heteronuclear experiments described by Kördel et
al. [46] were acquired to measure 15N T1 and T2 relaxation time con-
stants and {1H}–15N NOEs. T1 and T2 experiments were recorded
using eight (0.04, 0.12, 0.2, 0.4, 0.8, 1.2, 2.0 and 3.0s) and seven
(0.004, 0.032, 0.128, 0.22, 0.36, 0.8 and 1.3s) delays, respectively,
with a minimum of two time delays duplicated in each set. All three
experiments (except where specified) were recorded with the following
parameters: spectral width of 6250Hz with the carrier placed at the
centre of the spectrum, 480–600 increments in t1, eight (T1 and T2) or
32 (NOE) transients per increment, and a recycle delay of 3s (T1 and
T2) or 4.4 s (NOE) to ensure sufficient recovery of the 1H magnetization.
The dynamics data were analysed by applying a non-linear least-
squares fit to single exponential functions with the Modelfree program
(version 3.1; [47,48]), which uses a Levenburg–Marquardt algorithm.
An optimized value for the overall molecular correlation time (tm) was
obtained for free and bound SBD. An initial estimate of 6.0ns was used
based on published correlation times of proteins of similar size [15,49].

NMR spectra were generally assigned manually using 2D homonuclear
data, initially in conjunction with the software programme PRONTO/3D
[50]. The 2D and 3D heteronuclear data were used to confirm the 2D
assignments and to help resolve ambiguities arising from overlap of the
backbone amide resonances.

The degree of exchange of backbone amide protons was measured
using the 15N-labelled protein sample. The sample in H2O was
lyophilized, redissolved in D2O at time=0 and a series of 2D 1H–15N
HSQC spectra was recorded over a period of five days. The midpoint of
each experiment was at the following times: 3.3, 8.6, 11.9, 16.2, 20.5,
44.9 and 119.1h. The sample was stored in a water bath at 310K
between experiments. Those residues with HN resonances observed in
the last spectrum (midpoint time of 119.1h) and those which were
observed in the first spectrum (midpoint time of 3.3h) but not in the last
were deemed to be involved in slow and medium exchange, respectively.

Structure calculations
Distance and dihedral angle constraints, stereospecific assignments,
hydrogen bond constraints and the structure calculation protocol used

in this study were similar to that used for the structure calculation of
free SBD. These were reported in detail previously [19], so only a brief
description is given here.

Distance constraints were derived manually from 2D NOESY
spectra acquired with mixing times of 60 ms and 200 ms and cali-
brated using NOEs typical of regular secondary structure. The cali-
brated upper bounds used for the following number of crosspeak
contour levels were: ≥ 6 contour levels, 2.7 Å; 5 levels, 3.1 Å; 4
levels, 3.5 Å; 3 levels, 4.1 Å; 2 levels, 4.7 Å; 1 level, 5.8 Å. Lower
bounds were set to 1.9 Å in all cases. The final set of NOE distance
constraints consisted of 45 intraresidue (i = j), 282 sequential
(|i–j| = 1), 76 medium-range (2 ≤ |i–j| ≤ 4), 401 long-range (|i–j| ≥ 5)
and 22 intermolecular NOEs.

Coupling constants between backbone HN and Ha (3JNa) were mea-
sured from DQF-COSY and NOESY spectra using PRONTO/3D or
using the line-fitting interface in the FELIX software package (Felix User
Guide, version 2.3, Biosym Technologies, San Diego, 1993). In the
structure calculations, for residues with 3JNa values ≥ 8.0 Hz, < 8.0 Hz
but ≥ 7.0 Hz, and ≤ 5.5 Hz, the corresponding f angles were con-
strained to –120° ± 40°, –120° ± 50° and –65° ± 25°, respectively.
Stereospecific assignments of prochiral b-methylene groups and valine
g-methyl groups were obtained wherever possible. Restraints for x1
and x2 angles were set to ± 30° or 40° of the appropriate staggered
(180°, –60°, 60°) rotamer as described previously [19].

Hydrogen-bond constraints were not included in initial rounds of calcu-
lations. Following preliminary calculations possible hydrogen-bond
donor–acceptor pairs were identified and compared to amide exchange
and NOE data. In subsequent calculations, these were included as dis-
tance constraints of d(H–O) =1.8–2.5 Å and d(N–O) =2.5–3.3 Å (i.e.
two constraints per hydrogen bond) together with other previously
unidentified long-range pairs that were present in 70–100% of the
structures and were consistent with amide exchange and NOE data.

Structure calculations were performed with a simulated annealing
protocol using the X-PLOR program [51], as previously described
for free SBD [19]. The protocol was modified slightly from the free
SBD calculation, in that the dgsa.inp and refine.inp steps were run
initially with only the protein–protein NOEs, then repeated with the
incorporation of protein–ligand NOEs. Dihedral angle constraints
were included from the start. The initial annealing temperature, the
number of dynamics steps at high temperature and the number of
cooling steps generally had to be increased from the values used in
the free SBD calculation. The s value for oxygen type O was
increased from 2.7755 to 3.0068 to reduce the number of bad non-
bonded contacts [52]. The sum averaging option was used to treat
equivalent and nonstereospecifically assigned protons, to maintain
consistency with calculations on free SBD, and because this method
(or the essentially equivalent r –6 averaging method) is generally the
most appropriate in such cases [53]. Due to the cyclic nature of the
ligand molecule and the fact that rotation of bCD about its symmetry
axis leads to averaging of shifts from the seven saccharide units,
intermolecular NOEs could not be assigned to one specific proton of
a particular sugar residue. Thus, these were defined between one
SBD proton (or a group of equivalent protons) and a group of bCD
protons (i.e. the same atom from each of the seven sugars), resulting
in a constraint format similar to one which would be used for multiple
or ambiguous assignments [54]. For NOEs involving H5 or H6 sugar
protons, 21 protons had to be defined to cover all possibilities due
to their similar chemical shifts.

Analysis of structures
The calculated structures were viewed and analysed on a Silicon
Graphics workstation using the Insight II® molecular modelling system.
From the final 41 refined structures, SBD–bCDav was calculated using
X-PLOR; this was then energy-minimized by 1500 steps of restrained
Powell minimization to obtain SBD–bCDav–min. Individual structures
from the ensemble were superimposed onto SBD–bCDav.
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Dihedral angle order parameters (S) for f and ψ angles were calcu-
lated according to Hyberts et al. [55]. A well-defined dihedral angle is
reflected by an S value approaching unity. The solvent accessible area
for SBD–bCDav was calculated in X-PLOR, using a probe radius of
1.6 Å. For each residue, the accessibility was expressed as a percent-
age of its total area.

Building the model of SBD–starch complex
A model of an SBD–starch complex was built using the
SBD–bCDav–min structure, two calculated structures selected from the
final ensemble, and model parameters of the B-starch double helix pro-
posed by Imberty and Perez [56]. The two structures were chosen by
eye, following superimposition of the complete ensemble onto
SBD–bCDav–min, as those representing the conformational space that
the ligand (bCD) can occupy. The structures were superimposed onto
the b-strand residue backbone atoms of SBD–bCDav–min. Two model
starch molecules were then superimposed onto bCD in each binding
site for both structures (i.e. four starch molecules). This was achieved
by overlaying two glucose units from one face of the starch helix onto
the bCD glucose units in each binding site that are involved in a stack-
ing interaction with SBD aromatic residues (see Results and discus-
sion section). No energy minimization was carried out during this
protocol. The starch molecules were then represented simply as cylin-
ders running parallel to the helical axes. Thus in Figure 9, this final
SBD–starch model is represented by the SBD structure from
SBD–bCDav–min and four starch molecules (two in each binding site).

Accession numbers
The coordinates of five final structures selected at random, coordinates
of SBD–bCDav–min and the list of NMR constraints have been
deposited in the Brookhaven Protein Data Bank, with the codes 1acz
and 1ac0, respectively.

Supplementary material
Supplementary material contains a table of the 1H and 15N resonance
assignments for the SBD–bCD complex and a table of 1H resonance
assignments for bCD in complex with SBD and free bCD.
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