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Abstract
Further refinement of the model using maximum likelihood procedures and re-evaluation of the
native electron density map has shown that crystals of pig pancreatic α-amylase, whose structure we
reported more than fifteen years ago, in fact contain a substantial amount of carbohydrate. The
carbohydrate fragments are the products of glycogen digestion carried out as an essential step of the
protein's purification procedure. In particular, the substrate-binding cleft contains a limit dextrin of
six glucose residues, one of which contains both α-(1,4) and α-(1,6) linkages to contiguous residues.
The disaccharide in the original model, shared between two amylase molecules in the crystal lattice,
but also occupying a portion of the substrate binding cleft, is now seen to be a tetrasaccharide. There
are, in addition, several other probable monosaccharide binding sites. To these results we have further
reviewed our X-ray diffraction analysis of α-amylase complexed with α-cyclodextrin. α-Amylase
binds three cyclodextrin molecules. Glucose residues of two of the rings superimpose upon the limit
dextrin and the tetrasaccharide. The limit dextrin superimposes in large part upon linear
oligosaccharide inhibitors visualized by other investigators. By comprehensive integration of these
complexes we have constructed a model for the binding of polysaccharides having the helical
character known to be present in natural substrates such as starch and glycogen.

Keywords
α-amylase; hydrolase; α-cyclodextrin; X-ray crystallography; limit dextrin

Pancreatic α-amylase (PPA, α-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1) was among the first
enzymes to be extensively analyzed in terms of substrate binding and catalytic properties (1,
2) and one of the first enzymes to be crystallized (3), yet many of its most salient features
remain a mystery. This is due largely to the range of substrates that it will degrade and the
diverse structures that those substrates assume. α-Amylase hydrolyzes, without anomeric
inversion, α-(1,4) linkages between glucose residues in (1) amylopectin and amylose, which
comprise starch, (2) glycogen, (3) oligosaccharides of various lengths, and (4) some
cyclodextrins. Both amylopectin and glycogen contain α-(1,6) linkages, which α-amylase
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cannot hydrolyze, as well as α-(1,4) linkages and, therefore, exhibit indigestible branch points.
Upon hydrolysis, the branched polysaccharides give rise to oligosaccharides termed “limit
dextrins” (4-6). Cyclodextrins, also susceptible, in some cases, to cleavage by the enzyme
(7-10), are covalently closed rings, the smaller of which are six to eight glucose residues in
length and termed α-, β-, and γ-cyclodextrin, respectively.

The binding of substrates by α-amylase is further complicated by the complex structures formed
by both linear amylose, and branched amylopectin and glycogen. The polysaccharides are not
simply extended chains, but single and double helices (11-15). Amylopectin, for example,
forms parallel double helices having six sugar residues on each strand per turn (or a total of 12
residues per turn) with a pitch of 21 Å. There are, in addition, higher orders of organization of
the polysaccharides. They create condensed storage forms of high caloric carbohydrate by
packing together in a partially ordered manner in what can be described as paracrystalline
solids, forming dense and compact granules in cells that even water finds difficult to penetrate
(16-19). Thus, α-amylase must contend with substrates that assume intricate and complex
shapes that may not readily present themselves for binding and cleavage. These features of the
substrates, and the necessity of amylase to address them, likely explain some of the more
perplexing observations regarding the enzyme and its structure.

Pig pancreatic α-amylase is a protein of Mr = 55,436 daltons comprised of 496 amino acids,
with an unusually high proportion (12.5%) of aromatic residues. It has one tightly bound
calcium ion (1,2,8,20,21), and it is unusual in that it is catalytically activated by a chloride ion
(22). X-ray crystallography has revealed that the cation is an integral component of the three
dimensional structure (23,24), and it has suggested a possible mechanism for activation by the
anion (24). The protein is organized into two domains (23,24), a large (β/α)8-barrel which is
responsible for at least the major part of its catalytic activity, and a small eight stranded anti-
parallel β-barrel, termed a carbohydrate binding module (CBM), which is common to most
polysaccharide hydrolases (25). The large domain contains an excursion, which is sometimes
considered as a third, or sub domain. The role of the CBM in α-amylase remains, as in other
hydrolases, uncertain.

Catalysis, and the structure of the catalytic site are better understood than are substrate
interactions. There is a prominent trough that traverses the entire face of the (β/α)8-barrel, and
the active site lies in a deep depression near its center. We refer to this trough as the binding
cleft, though it is not yet clear that every part of it participates in the binding of substrates. The
catalytic center is characterized by three carboxylic acid containing residues, conserved among
all α–amylases, Asp197, Asp300 and Glu233. These conspire to hydrolyze the α-(1,4) linkage
and release a maltose unit from the reducing end of the polysaccharide fragment, though,
depending on the length of the substrate, the product may also be a tri- or tetrasaccharide
(26). X-ray crystallography suggests that a change in the conformation of a peptide loop that
approaches the catalytic center, composed of residues 303 through 308, accompanies each
cycle of binding and cleavage (27-30). The polysaccharide is associated with the enzyme in
the binding cleft through hydrophobic interactions with aromatic residues and both direct and
water-mediated hydrogen bonds.

One of the earliest, and most intriguing observations regarding α-amylase was that it is a
processive enzyme (26,31,32). That is, the enzyme does not disengage from its polymeric
substrate after release of product and subsequently bind at some arbitrary point elsewhere along
the chain. Instead, it moves along the polysaccharide sequentially cleaving and releasing
successive maltose or maltotriose units. Processivity of this sort is usually associated with
toroidal enzyme complexes such as DNA or RNA polymerase, which trap their helical
substrates in a center channel and move along it as they function (33). Unless α-amylase
functions as a multimer and not a monomer, a feature that has otherwise escaped the attention
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of investigators, its processivity cannot arise from formation of a toroidal complex, but must
result from some other properties of the enzyme.

The original structure of pancreatic α-amylase was determined in our laboratory (24) and
independently by Qian et al. (23). In our paper we also described the presence in the native
crystals of a disaccharide lying at one end of the substrate-binding cleft that linked neighboring
protein molecules in the crystal lattice. We also described, based on crystal soaking and
difference Fourier experiments, the binding of three α-cyclodextrin molecules to the enzyme.
Two of the cyclodextrins appeared in the active site cleft of the amylase and could reasonably
be expected to reflect the modes of binding of natural substrates. The third α-cyclodextrin was
bound quite far from the active site, not in the binding cleft, and its presence remained
unexplained. In addition to our results, a number of other X-ray diffraction investigations have
been carried out in other laboratories (27-30,34) that extend our knowledge of the interactions
between the enzyme and its substrates.

To properly appreciate our results, it is essential to understand how the α-amylase that we
crystallized and used in our X-ray studies was prepared. The procedure, whose significance
has been largely overlooked, was, in fact, one of the first examples of affinity separation; it
predated what we now refer to as affinity chromatography. Levitzki, Heller and Schramm (5)
and Loyter and Schramm (6,35) showed that if acetone powder of porcine pancreas were mixed
with oyster glycogen suspended in 35% ethanol, then α-amylase would bind to the
polysaccharide, non-covalently crosslink it, and subsequently form an insoluble mass. The
enzyme, however, was inactive in 35% ethanol and would not hydrolyze the substrate. If the
amylase/glycogen precipitate were collected by centrifugation and re-suspended in neutral
buffer, then the enzyme became active again and proceeded to degrade the polysaccharide to
limit dextrins, maltose, and other glycogen fragments. It was enzyme prepared by this
procedure that we crystallized, and then re-crystallized for X-ray diffraction analysis. It is,
therefore, not at all surprising that our crystals contained products of the degradation of
glycogen.

At the time we reported the structure solution of PPA (24), our attention was principally focused
on the structure of the protein and identifying the catalytic site. In addition, that model was
refined using the mathematical procedures in the program X-PLOR (36,37), which, although
adequate at the time, have been superseded by the maximum likelihood approaches of today.
Finally, much to our chagrin, we never deposited the coordinates for the model in the Protein
Data Bank (38). To atone for our misdemeanor, and with the intention of now depositing the
coordinates, we re-refined the model using the original X-ray diffraction data, but with a
maximum likelihood-based program (39). The statistics for the structure determination and
refinement are now notably superior to the original statistics, the coordinates for the putative
native structure and the α-cyclodextrin complex have been deposited in the PDB, and we
describe below the additional results that have emerged from this re-evaluation.

Materials and Methods
General Methods

The methods used for the preparation of α-amylase, its purification and crystallization are given
in our previous papers (24,40) and are essentially those of Loyter and Schramm (6,35). The
previous paper also includes the methods and procedures for the structure determination by
isomorphous replacement, and the original refinement of the protein model using the program
X-PLOR (36,37). The same X-ray diffraction data described there was used for the refinement
presented here, statistics for which are found in Table 1.
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An important point is that the preparation of the enzyme for crystallization included a step in
which the amylase was bound to glycogen under nonproductive conditions, and then
transferred to accommodating media where the glycogen was subsequently hydrolyzed. Unlike
the original procedure of Loyter and Schramm (6,35), no attempt was made to remove
hydrolytic products of the glycogen on an activated charcoal column. Recrystallization was
used as the final step of purification. Thus, it is not unreasonable that substantial amounts of
glycogen degradation products were carried forward into the crystals used for X-ray data
collection. The experiments in which cyclodextrins were soaked into PPA crystals were
preceded by washing those crystals 4-6 times with enzyme-free mother liquor.

Structure Refinement
For the purpose of discussion, although both structures have considerable bound carbohydrate,
only the α-cyclodextrin complex was intentional and will be referred to as the complex or PPA
complex while the structure described previously will be referred to as the native structure.
The refinement of both the putative native structure and the α-cyclodextrin complex of PPA,
upon which the results presented here were obtained, utilized the REFMAC5 maximum
likelihood program (39). Model manipulation was performed with COOT (41). TLS parameters
were refined for both structures; in each case, the enzyme was partitioned into three TLS groups
based on the three domains A (aa 1-99 and 169-403), B (aa 100-168), and C (aa 404-496) and
each glucose unit in each model was defined as an independent TLS group for a total of 14
groups for the native model and 21 groups for the cyclodextrin complex. Considerable disorder
was found in both structures; 56 and 47 protein residues were modeled with multiple
conformations in the native and complex structures, respectively, including the Cys70/Cys115
pair that forms a disulfide bridge. In addition, a number of glucose units had high B factors.
In the native structure, a combination of high B factors and difference density suggestive of
water overlaying the oligosaccharide structure lead us to a disordered water/saccharide model.
However, even though two of the cyclodextrin rings had very high B factors, reduction of their
occupancies did not improve the Rfree and produced positive ring-shaped difference density at
the site of the cyclodextrin ring whose occupancy was reduced. Therefore, each ring in the
final model of the cyclodextrin complex is at full occupancy. In each structure, occupancies
of disordered protein residues were adjusted to equalize the B factors of corresponding atoms
of the alternate conformers. For the glucose units in the native structure, the occupancies were
adjusted to bring the B factors of each unit to about twice the average B factor of the enzyme.
It is not unreasonable that the oligosaccharide fragments observed in the native structure have
varying lengths.

The final statistics for the models of both the native structure and the α-cyclodextrin complex
are found in Table 1. The final statistics compare very favorably with those previously reported;
R and Rfree have been reduced from 0.168 and 0.213 to 0.115 and 0.157, respectively. Rms
deviations in bonds and angles are 0.013 Å and 1.49°, respectively, versus the previously
reported values of 0.010 Å and 2.10°. The percentage of residues in the most favored region
of the Ramachandran plot has increased from 86% to 89%. The RCSB validation server (38)
and PROCHECK (42) were used to assess the quality of the model and generate the
Ramachandran statistics. Geometrical target values were those contained in the CCP4
dictionary (43) and consist of the values from Engh and Huber (44) for the protein structure
and Saenger (45) for the carbohydrate structure. Figures were prepared using PyMol (46).
Comparison of inhibitors and substrate analogs are based on Cα superpositioning of deposited
structures onto our refined model. Relative displacements in the positions of corresponding
saccharide residues are measured as the distance between the centers of their respective
pyranose (or equivalent) rings. No effort was made to analyze differences in the orientation of
the sugar rings, although, except for subsite −1, such differences appeared to be minimal.
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Results
Upon re-refinement of the model against X-ray data using maximum likelihood procedures,
much disordered density, previously seen but not modeled in the substrate binding cleft, as
well as some ambiguous density present elsewhere in difference electron density maps,
coalesced into identifiable carbohydrate molecules. Aside from several patches of density on
the surface of the enzyme, which will be described below, there were notable appearances of
oligosaccharide at two locations.

Tetrasaccharide
In the model originally presented (24), a disaccharide was identified at the interface of two α-
amylase molecules related by a 21 screw axis along the crystallographic x direction. The
disaccharide was of additional interest because it bridged an end of the substrate binding cleft
on one molecule with the putative distal end of the binding cleft on another. In our current
maps we can clearly see an additional glucose residue on each end of that disaccharide, so that
it is now a tetrasaccharide.

The tetrasaccharide has a pronounced curvature, shown in Figure 1, that, as we discuss below,
corresponds to the curvature of four glucose residues in a molecule of γ-cyclodextrin. The final
model consists of an overlay of water structure and the tetrasaccharide; average B factors and
occupancies for each of the glucose units is shown in Figure 1 and reflect the degree to which
each glucose unit interacts with PPA. We assume that the tetrasaccharide model is really a
composite of maltose, maltotriose and maltotetraose molecules and even interfaces devoid of
saccharide molecules. According to Machius et al. (28), a bridging saccharide molecule is not
necessary for the formation of this interface. As seen in Figure 1, primary PPA-saccharide
interactions, which are both hydrogen bonding and hydrophobic in nature, occur between the
central pair of glucose units; only water-mediated interactions are observed for the end glucose
units. Supplementary Table 1 lists the interactions between the tetrasaccharide and PPA
molecules.

Limit Dextrin
The second appearance of extensive oligosaccharide lay within the extended substrate binding
cleft and consisted of six glucose units. The reducing end of this oligosaccharide occupied what
is referred to as the -1 site (see Figure 2 for numbering system) according to the nomenclature
of Davies et al. (47). This site immediately precedes the active center where cleavage of the
scissile α-(1,4) glucosidic bond produces a maltose product. As shown in Figure 3, subsites -2
through -5 are also filled with glucose residues of the oligosaccharide, but the residue at subsite
-3 also has an α-(1,6) linkage to a third glucose unit. Hence, this oligosaccharide is what is
commonly termed a limit dextrin, and it serves to terminate processive degradation of a
polysaccharide chain. The limit dextrin more or less fills the substrate-binding cleft between
the active center and the location of the bridging tetrasaccharide. Again, we have assumed that
the limit dextrin is a composite of various oligosaccharides by varying the occupancies of the
constituent glucose residues. In this manner we can account, to some extent, for the presence
of an overlying water structure and the large variation in temperature factors between the
glucose units of the limit dextrin. Certainly, there are many oligosaccharide products that can
result from the digestion of glycogen.

The binding interactions between the limit dextrin and the protein are presented in Figure 4
(also see Supplementary Table 2). They consist of numerous hydrogen bonds and hydrophobic
interactions, including contacts with a number of aromatic side chains. As does the bridging
tetrasaccharide, the limit dextrin too exhibits a pronounced curvature that, as we describe
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further below, also corresponds well with the course of glucose residues in a γ-cyclodextrin
molecule.

Saccharide structure
Generally, the electron density maps provided a good image of the saccharide ligands but not
the detail seen for the enzyme, especially for weakly interacting glucose residues. While the
path and extent of the oligosaccharides are clear, the atomic structure is less so. This is evident
by the average B factors <B> for the glucose residues which, even at partial occupancy, are as
high as 40 Å2 for Glc601 at 50% occupancy; residues in cyclodextrins II and III at full
occupancy have <B> exceeding 100 Å2 (<B> for the oligosaccharides are listed in Figures 1
and 4; for the cyclodextrin rings, see Supplementary Table 3). Although all glucose rings in
the initial models had 4C1 conformations, some rings refined to a different conformation.
Glc601 in the tetrasaccharide has a twisted chair conformation. Glc703 of the limit dextrin,
from which the α-(1,6) branch emanates, has an E3 conformation while the branched Glc706
has a 4E conformation. Even α-cyclodextrin III has one glucose ring that refined to the boat
conformation 2,5B. We do not believe that these deviations, none of which are in the active
site, necessarily represents reality but rather are a function of disorder or partial occupancy.
Puckering parameters have been calculated and deposited as Supplementary Table 3.

The oligosaccharides have a left-handed helical bias. Using the O4 (or O1) atoms to determine
the helical parameters, we obtained a left-handed helix with a radius of 4.2 Å, a rise per residue
of 2.1 Å and 10.4 residues per turn for the tetrasaccharide. The limit dextrin (neglecting O1 on
Glc705) has a curvature corresponding to a left-handed helix with a radius of 3.1 Å, a rise of
3.3 Å per residue and 7.2 residues per turn. We omitted O1 because it refined to a position
midway between the two anomeric positions resulting in O4′...O1 distance of 5.46 Å which is
much greater than any other equivalent O...O distance. The average O4′...O4 distances were
4.72 Å for the tetrasaccharide and 4.48 Å for the limit dextrin. The comparable distances in
the cyclodextrins, which approximate the curvature of single stranded helical V amylose, were
4.20, 4.19, and 4.15 Å, demonstrating that the oligosaccharides are more open than α-
cyclodextrin and V amylose.

The glycosidic linkage torsion angles ϕ(O5′-C1′-O4-C4) and ψ(C5-C4-O4-C1′) have the
following ranges: tetrasaccharide, 69.2 to 127.6° for ϕ and -109.6 to -113.9° for ψ; limit dextrin,
77.9 to 122.2° for ϕ and -100.4 to -136.6° for ψ; α-cyclodextrin I, 101.8 to 117.9 for ϕ and
-102.1 to -120.5° for ψ; α-cyclodextrin II, 104.4 to 145.2 for ϕ and -107.1 to -132.8° for ψ; α-
cyclodextrin III, 109.8 to 157.2 for ϕ and -80.6 to -151.6° for ψ. For the oligosaccharides, the
links between the first and second residues are abnormal, most likely resulting from disorder
due to minimal interactions involving the first residue of the chain. However, in the case of the
limit dextrin there was overlying solvent that could also affect the refinement and produce
distortions. As for the cyclodextrins, ring I conforms best to the expected values; this is
anticipated since it is a fairly well behaved molecule with reasonable B factors. However, the
poorly defined cyclodextrins II and III, with B factors exceeding 100 Å2, have wide ranges of
torsion angles, most probably indicating severe disorder. Many of the hydroxyls of
cyclodextrins II and III are poorly defined in electron density maps.

Finally, most successive glucose units have O2′...O3 distances less than 3.25 Å, suggesting
intrachain hydrogen bonding. Only 601-602 in the tetrasaccharide, 701-702 in the limit dextrin,
and 805-806 in cyclodextrin III have O2′...O3 distances greater than this value and they all
exceed 3.5 Å. Supplementary Table 4 provides greater detail on O...O distances, linkage torsion
angles and glucopyranosyl ring twisting torsion angles.
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Loop 303-308
Other investigators observed that the polypeptide segment comprised of amino acid residues
303 through 308 exhibited some movement as a consequence of substrate binding (27-30,48).
The two distinct conformations appeared when the enzyme devoid of any bound ligand was
compared with the structure of the enzyme complexed with the non–hydrolyzable acarbose-
derived inhibitors (28,29,34,48). These inhibitors fill not only subsites −1 up to −4, but also
subsites +1 up to +3. The same loop movement was observed in the complex of PPA with the
substrate analog methyl-4,4′-dithio-α-maltotrioside which contains two substrate molecules in
the active site cleft, one in subsites −2 and −3 and the other in subsites +1 and +2 (49). It has
been suggested that this loop movement is driven by the formation of a strong hydrogen bond
between His305 and the sugar residue at subsite −2 (28). In our limit dextrin complex, we see
electron density for both conformations of the loop. The predominant conformation is the
“open” form corresponding to the unliganded enzyme, but, as seen in Figure 5, there is
reasonably well-defined density for the closed conformation as well. The fact that we observe
density corresponding to the closed conformation of the loop suggests that there may be
residual sugars in the product sites of some of the PPA molecules in our crystals. Indeed, we
do observe some density near subsite +1, but it appears to be disordered and not clearly
recognizable as a carbohydrate moiety. In all likelihood, there is some residual sugar in some
subsites +1 in our crystals, sufficient to induce the loop movement, but not well enough ordered
to be recognizable. In any case, we have modeled no carbohydrate residues in subsites +1 and
+2. Payan and Qian (30) made a similar observation and drew a similar conclusion in their
structure of PPA with a maltotriose bound in subsites −1 to −3. Clearly, the closed conformation
occurs only in those structures that have subsites +1 and +2 occupied. This suggests that,
contrary to the initial suggestions that the His305 interaction with the saccharide moiety at
subsite −2 produced the shift, the true driving force behind the loop shift is the presence of
moieties in the +1 and/or +2 subsites. This suggests that only after the product is released does
the loop relax to its unliganded position simultaneously releasing its hold on the sugar residue
at subsite −2 to allow repositioning of the upstream oligosaccharide. His305, it may be noted
in passing, could possibly be the histidine identified by Ishikawa and Hirata (50) as
participating in catalysis. Furthermore, the His305 interaction may assist in substrate
repositioning by pulling on the substrate as the loop relaxes to its conformation in the
unliganded state.

Cyclodextrin
In our earlier paper (24) we described an experiment in which we diffused α-cyclodextrin into
α-amylase crystals and carried out difference Fourier analyses. From these, we identified and
described the binding of three α-cyclodextrin molecules to the protein, shown in Figure 6. Two
of these were found in the substrate-binding cleft and superimpose reasonably well on the
bridging tetrasaccharide in one case (I), and upon portions of the limit dextrin in the second
case (II).

The third α-cyclodextrin (III) was not associated with the substrate-binding cleft but was at the
opposite end of the major, catalytic domain from the CBM. The purpose and nature of this
“accessory site” was not clear, and remains so now. The association, however, is clearly with
a single amylase molecule in the crystal lattice and its binding is not assisted by contributions
from symmetry related protein molecules. Its binding is unlikely to be simply fortuitous as its
influence on the catalyzed reaction is detectable by solution studies (9).

We subsequently carried out identical diffusion and difference Fourier experiments using β-
cyclodextrin and γ-cyclodextrin. In those two experiments, no cyclodextrin rings were
observed in difference Fourier maps. There was density present in subsites -1 and −2 of the γ-
cyclodextrin maps that could well be sugar residues, but none otherwise. This, however, might
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have been anticipated, as α-amylase hydrolyzes both of these two cyclodextrins. Amylase
present in the mother liquor of the crystals alone might have been sufficient to cleave these to
maltose even if enzyme molecules in the crystal itself were incapable.

The binding of the cyclodextrin is instructive. Only four consecutive glucose residues of a ring
(less in the case of the “accessory” cyclodextrin) make close interactions with the protein. This
alleviates, to some extent, the problem of binding cyclodextrins of significantly different sizes.
The issue does remain, however, that the curvature of the four interacting glucose residues in
the α-, β-, and γ-cyclodextrins are substantially different. The outside diameters of the three
cyclodextrins are 13.7 Å, 15.3 Å, and 16.9 Å, respectively (51), and the angles subtended by
4 residues are 240°, 206°, and 180°, respectively. That is, as shown in Figure 7, relative to the
four residues in α-cyclodextrin, those in γ-cyclodextrin have substantially less curvature. The
implication is that the binding sites for the cyclodextrins are tolerant and non-specific in terms
of variations in substrate structure. Further, because two of the cyclodextrin binding sites
overlap closely with crystallographically observed substrate binding sites, an additional
implication is that the substrate binding cleft must share these same characteristics vis-à-vis
natural substrates.

The “accessory” cyclodextrin is primarily fixed to the protein by an intimate inclusion
interaction in which the side chain of Trp134 is inserted into the cyclodextrin cavity and through
a stacking interaction with the phenol ring of Tyr174. Trp134 is particularly interesting. The
tryptophan side chain is the most hydrophobic of all of the amino acids and tryptophan is
generally sequestered in the interior of a protein, a part of its core. Trp134, however, is on the
protein surface and its side chain is extended into the solvent where it waves like a flag. A
variety of conformations for this side chain have been observed. Qian et al. (48), Gilles et al.
(34) and Machius et al. (28) modeled the side chain in a similar conformation, Qian et al.
(49) modeled it entirely differently and in their liganded structure, Machius et al. (28) found
no density for the side chain at all. We have modeled the side chain with two conformations,
both of which are similar to the two observed by Qian et al. (29). It is clearly mobile. In the
α-cyclodextrin complex, however, the side chain has a single, ordered position by virtue of its
interaction with the cyclodextrin. It imposes itself into the cavity of the cyclodextrin.

The interaction of Trp134 with the sugar ring, as seen in Figure 8, is reasonable from the
perspective of cyclodextrin properties. Cyclodextrins are known, and widely used in many
chemical applications (8,52), to sequester a broad variety of molecules in the cavity of the
toroids. The small molecules are frequently, but not always, hydrophobic. The insertion of the
indole side chain of Trp134 into the cyclodextrin cavity is a good example. Inspection of the
other two cyclodextrins bound by PPA shows that, in the case of cyclodextrin II, the side chain
of Val163 is inserted into the cavity, and, in the case of cyclodextrin I, it is the side chain of
Asn53.

Previous inhibitor studies
The most detailed description of the binding subsites for the glucose residues in an extended
substrate chain, and the most extensive in terms of the amount of substrate binding cleft it
describes, is that reported by Machius et al. (28) based on the binding of an octameric inhibitor
V-1532. This has a non-hydrolyzable N linkage joining the residue at the reducing end of a
linear oligosaccharide in subsite -1 to the 4-amino–4,6–dideoxyglucose in subsite +1. Three
additional residues precede the scissile bond as shown in the diagram of Figure 2. In the PPA/
V-1532 complex structure, six inhibitor residues were clearly seen in electron density maps
and modeled, occupying subsites −3 to +3, while at subsite -4, there was density that suggested
the presence of a disordered residue.
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In other inhibitor studies, two different inhibitors were used, acarbose (34) and acarviosine-
glucose (29), yielding in each case the same inhibitor occupying subsites -4 through +2 (see
Figure 2). There was good agreement between the atomic positions of the overlapped glucose
residues of this inhibitor and V-1532 at subsites −3 through +2. Taken together, the three
analyses show that the binding cleft can accommodate at least seven glucose residues of α-
(1,4) linkage in a linear chain and fill subsites −4 through +3. It may be relevant that the work
of Robyt and French (26,32) using linear oligosaccharides as substrates showed that
trisaccharides and tetrasaccharides are also products of the α-amylase catalyzed reaction, as
well as maltose. Their data further indicated that as progressively longer oligosaccharides were
used as substrates, the proportion of longer products increased.

Limit Dextrin Disposition
The glucose residue of the limit dextrin in subsite -2 of the complex superimposes well (0.42
Å average displacement) on the glucose residues in that subsite for the acarbose-derived
inhibitors that have been studied. There is a small, marginally significant displacement (average
of 0.81 Å) of the limit dextrin glucose in subsite -3 from those in the inhibitors. At subsite -4,
however, there is a clear displacement of the limit dextrin glucose of more than 2 Å from the
corresponding glucose residues in the inhibitors that have this subsite occupied. No glucose
residue has previously been seen in subsite -5, though one is clearly evident in the limit dextrin.
Because of the displacements at subsites −3 and −4, which are likely due to the presence of
the α-(1,6) linked glucose on the glucose residue at subsite −3, the position of the subsite −5
residue may be different than what would be found for the non-branched amylose substrate.
The α-(1,6) linked glucose is tucked well into the binding cleft and is clearly associated with
the protein.

Most interesting, is the limit dextrin glucose in subsite -1. When compared with the
corresponding glucose residues from the inhibitors that also had residues in subsites +1 and
+2, there is a pronounced movement. The -1 subsite glucose of the limit dextrin appears to
have pulled away from the binding cleft, and away from the positions of the corresponding
residues of the inhibitors by 1.7 Å. It appears almost to be initiating disassociation from the
enzyme. In complexes with acarbose-derived inhibitors, the conduritol ring in subsite -1 is
closely juxtaposed with the underlying Tyr62. In the limit dextrin complex there are, in fact,
two water molecules interposed between the glucose and tyrosine rings. However, in two
complexes in which maltotriose occupies subsites −1 through −3 (30,53), the glucose in subsite
−1 has the same disposition with respect to Tyr62 as the conduritol rings in the inhibitors.

The disposition of the limit dextrin glucose in subsite -1 suggests to us that the presence of
glucose residues (or analogues) in subsites +1 and +2 may be necessary to compel a glucose
residue of the remaining oligosaccharide into the -1 subsite. Forcing that glucose into subsite
-1 by the binding of residues in subsites +1 and +2 could have the effect of straining the scissile
α-(1,4) bond linking the glucose residues in subsites -1 and +1, and thereby contribute to
catalysis.

As noted previously, the bridging tetrasaccharide and the limit dextrin (as well as extended
inhibitors studied by others) have distinct curvatures. When we examined the binding of α-
cyclodextrin, and by extrapolation, β- and γ-cyclodextrin, by making optimal correspondence
of protein interacting glucose residues, and compared those with the complex containing the
bridging tetrasaccharide and the limit dextrin, we found that both the limit dextrin and the
tetrasaccharide superimposed very well upon four residues of a γ-cyclodextrin. The radii of
curvatures were virtually identical. The coincidence of substrates and inhibitors with γ-
cyclodextrin probably explains why α-amylase hydrolyzes γ-cyclodextrin rapidly, β-
cyclodextrin with difficulty, but fails to hydrolyze α-cyclodextrin to any appreciable extent.
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Active Site Interactions Summary
If all of the data from this and previous analyses are integrated in a comprehensive manner,
then an extended polysaccharide chain of eight residues can be placed within the active site
cleft of the enzyme. This then allows definition of the interactions responsible for association
of enzyme and substrate. These interactions are presented in Table 2 (also see Supplementary
Figure 1).

We have noted that there is a significant difference in the position of the moiety at subsite -1
in the five structures we are comparing. In the acarbose-derived inhibitor structures, the 6-
hydroxymethylconduritol ring stacks on Tyr62, deep in the active site, whereas in the limit
dextrin, the glucose ring is shifted approximately 1.7 Å away from Tyr62. This changes a few
interactions. As seen in Table 2, the conserved interactions involve O6 of the moiety with NE2
of His101 and one carboxyl O of Asp197, O3 with a carboxyl O atom of Asp300 and O1 (N4
of +1 subsite moiety) with carboxyl O of Glu233. However, the interactions of O3 with His299,
O2 with Asp300, and N4 of subsite +1 with Asp300 are lost in the limit dextrin while water-
mediated interactions between O1 and His201 and O5 with Arg195 and Asp197 are gained. A
direct hydrogen-bonded interaction between O2 and Arg195 is only seen in 1HX0 (29), the
structure determined at the highest resolution of the set.

There is very little difference between the saccharide unit at subsite −2 in the limit dextrin and
those seen in the inhibitors. The only conserved interactions are the partial stacking of the ring
on Trp59 and the involvement of O6 with carbonyl O of Trp59 and the amide N of Gln63. The
differences in the interactions at this site relate to the shift in loop 303-308 that occurs in the
inhibitor structures that is not present in the limit dextrin structure. Hence, there is an interaction
of the side chain of His305 with O2 in the inhibitor structures resulting from this shift, which
is not seen in the limit dextrin structure. On the other hand, the hydrogen bond and the water-
mediated interactions involving Asp300 and O2 of this saccharide moiety of the limit dextrin
results because the 303-308 loop did not shift. Likewise, other water-mediated interactions
between O3 of subsite −2 and loop 303-308 are changed, although there is inconsistency in
these interactions within the set of inhibitor structures. However, it is clear that the interactions
of the protein with the moiety at subsite −2 varies with the position of loop 303-308, the position
of which seems directly related to the state of subsites +1 and/or +2 as previously discussed.

There is only one conserved interaction between protein and subsite −3 for the five structures
being compared here. This is the partial stacking of the saccharide ring on the indole ring of
Trp59. The inhibitors have a hydrogen-bonding interaction between N4 and the carbonyl O of
Val163 that is not present in the limit dextrin structure, since there is no N atom at this position.
On the other hand, O6 interacts with the amide nitrogen of Gln63. The inhibitor structures all
have water-mediated interactions between O2 and the PPA residues Trp59 and Asp356. The
1HX0 structure has one additional water-mediated interaction with Asn53, at the extreme end
of the active site cleft with which the α-cyclodextrin and the tetrasaccharide interact. The
differences between the limit dextrin and the inhibitors most likely result from the 0.8 Å shift
of the −3 moiety in the limit dextrin due to the presence of the α-(1,6) branch on this moiety
which lies between the subsite −3 ring and the floor of the active site cleft (see Supplementary
Figure 1c).

In the limit dextrin structure, subsite −4 has no interaction, direct or water-mediated, with the
enzyme, which partially accounts for the fact that this moiety has the highest average B factor
of all the sugar residues of the limit dextrin when at full occupancy. It is shifted by more than
2 Å from the positions of the corresponding moieties in the two inhibitor structures that have
this subsite occupied (1HX0, 29; 1OSE, 34)(see Supplementary Figure 1d). Because of the
differences in the positioning of the O6 atom at subsite −4, the direct interactions of the two
inhibitors are not exactly the same. They both have a hydrogen bond between the peptide N of
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Gly106, but 1OSE has two other potential hydrogen bonds between O6 and PPA residues
Gly164 and Ser105. The higher resolution structure of 1HX0 has an additional three water-
mediated interactions between the sugar O3 atom of subsite −4 and PPA residues Ile148 (O),
Gln161 (O) and Gly164 (N). If we consider the glucose that is α-(1,6) branched from the glucose
at subsite −3 to be subsite −4b, since it is parallel to the subsite −4 moiety along a continuous
chain from the reducing end, we can compare its interaction with those of subsite −4 found in
the inhibitor structures. There is a difference of about 5 Å between the ring centers of the
moieties in the inhibitors and the subsite −4b sugar ring center. The subsite −4b moiety has a
direct hydrogen bond to the carbonyl O of Gly106, a PPA residue that is involved in subsite
−4 interactions in the inhibitors albeit through the peptide N. There is also a water-mediated
interaction with the carbonyl O of Asn53, an interaction that was seen with subsite −3 in the
1HX0 structure.

Subsite −5, if indeed it is a valid substrate subsite, has no peer in any reported structure. All
the interactions between this subsite and PPA are water-mediated, several of which involve
residues involved in the subsite −4 interactions of 1HX0 (Ile148 (N) and Gln161 (O and OE1))
and of 1OSE (Ser105 (OG)). In addition, there is an interaction with Ser145 (OG). The −4 and
−4b subsites are directed toward the tetrasaccharide position and, indeed, as shown below, can
be extended to utilize the entire nonreducing end of the substrate binding cleft. The degree of
interaction and the trend of increasing B factors for the individual subsites suggest a
diminishing binding strength from the −1 subsite to the −4 subsite. Subsite −5, although
apparently more securely bound than subsite −4, still is only weakly bound since all interactions
are indirect through water. The direction of the saccharide chain at this point is toward
cyclodextrin III. However, the chain would have to continue up the binding cleft wall and
follow the enzyme surface toward Trp134, about 20 Å away.

Although the limit dextrin structure has no identified sugar residues on the reducing end of the
binding cleft, the +1 and +2 subsite interactions of the inhibitors are quite consistent, especially
for the direct hydrogen bonded interactions. For subsite +1, these include possible hydrogen
bonds between O2 and PPA residues His201, O3 and Glu233, N4 and Asp300 and Glu233.
There are also water-mediated interactions between O2 and Ile235 and Glu233 that appear in
all structures. Other water-mediated interactions are found in 1HX0 for Glu233 and Lys200,
with a third involving Gly306 that is found in two structures, 1HX0 and 1PPI.

The key direct interactions at subsite +2, found in all four inhibitor structures, involve O2 with
Lys200 and Glu240, O3 with Lys200 and the stacking of the sugar ring against Tyr151. Less
conserved among these structures are the water mediated interactions involving Gly306,
Leu237, Gly238, Val163, Tyr151 and Ile148. Only the V-1532 complex has an additional direct
interaction between O6 and Gly306 (O). The number of interactions at these subsites (+1 and
+2) rival those of subsites −1 and −2, but only one structure (49,53) has been determined for
PPA in which these subsites are occupied but not covalently linked to subsite −1. This seems
to be a curious observation.

Finally, subsite +3, occupied only in the V-1532 complex, has only a single water-mediated
interaction with residues lining the active site cleft. This is between O2 and Gly238 (O), which
was involved in a water-mediated interaction at subsite +2 in 1PPI, the first acarbose-derived
inhibitor structure to be reported. However, although not meaningful from a substrate binding
point of view, there are several interactions between this subsite (O1 and O6) with a symmetry-
related PPA molecule, which may account for the sugar ring being observed in this subsite.

Additional Carbohydrate Binding Sites
In addition to the oligosaccharides in the substrate-binding cleft, there is direct evidence in
difference Fourier maps for a number of other sites where carbohydrate is bound. These are
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illustrated in Figure 9. These sites presumably represent points of association with other
polysaccharide chains in hydrated starch or glycogen granules, or where the enzyme binds to
chains joined to the substrate oligosaccharide by α-(1,6) linkages. It is argued, for example,
that this is precisely the function of the ubiquitous CBM (25). The binding of cyclodextrin well
away from the active site is likely another example.

In addition to Trp134 in the α-cyclodextrin complex, discussed above, we observe convincing
density for a glucose stacked upon Trp203 in the native structure (also seen by Payan and Qian
(30)). Several other exposed aromatic side chains (see Supplementary Table 5) are also
associated, as seen in Figure 9, with significant density, but density that is not sufficiently
distinct and well defined that we can be sure that it represents carbohydrate. These aromatic
groups include Trp434 on the CBM, Trp269 at the interface between the CBM and the catalytic
domain, and possibly Trp396 and Trp388. It should be noted that several PPA structures have
been reported with maltose bound to Trp388 (28,30,49,53). There is also suspicious density
that may be glucose closely associated with Tyr118 and Phe348.

Aromatic Residues
There is an interesting, and somewhat unique feature of pig pancreatic α-amylase that deserves
some attention. The extinction coefficient in the ultraviolet for α-amylase is remarkably high;
1 mg/ml of amylase yields an OD280 of about 2.6 OD units. This is due to an unusually high
percentage of aromatic amino acids, about 13%. Among these are 19 tryptophans, 19 tyrosines,
and 24 phenylalanines. Most of the aromatic residues are formed in discrete dimer and trimer
clusters, or in larger networks of interacting side chains. The predominant constellations of
residues were parallel stacks of ring on ring, or edges perpendicular to ring faces.
Supplementary Table 6 presents those found in α-amylase. Antigenic binding sites on
antibodies that bind carbohydrates have frequently been observed to also exhibit a high
proportion of aromatic amino acids (54-57). The same has been observed to be true of many
enzymes that bind oligo- and polysaccharides.

Discussion
Structure of the Natural Substrates

It is questionable whether solution and crystallographic studies focused on linear
oligosaccharides as the substrates, or as inhibitors, accurately or completely reflect the
mechanisms by which α-amylase binds and degrades its natural substrates. These are, in
general, considerably more complex in structure. The natural substrates of α-amylase are starch
and glycogen, which are polymers of glucose linked by α-(1,4) glucosidic linkages, with
occasional branch points where another chain is initiated through an α-(1,6) linkage. Starch
has two polymeric components. Depending on the source, 5-40% is amylose, which is
completely linear in a covalent sense and generally contains no α-(1,6) branches. The remainder
is amylopectin, which exhibits an α-(1,6) branch point about every 20 glucose residues.

Glycogen, produced by animals, is more highly branched with about one in twelve residues
containing both α-(1,4) and α-(1,6) links. Both starch and glycogen condense into compact,
dehydrated granules with about 1 water molecule per glucose residue (58). The granules exhibit
a paracrystalline structure of closely packed chains. Before hydrolysis can commence, the
granule must be hydrated and transformed into a gel. In the course of this process α-amylase
has been shown to participate in the disruption of the polymeric chains and the unwinding of
its helices (18). While α-amylase can hydrolyze α-(1,4) bonds in a processive manner, it cannot
hydrolyze α-(1,6) bonds at all, and limit dextrins, as we see in this study, are a common product
of amylase digestion of starch and glycogen (4,5).
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The polymeric backbones of both starch and glycogen, and even short, linear glucose polymers,
assume distinctive helical conformations. The turns of these helices are rather stiff and present
contiguous hydrophobic surfaces. The helices are left-handed and generally double helical
(with a 21 Å pitch, and 12 total glucose residues per turn)(11,12), though the polymers also
exist as single stranded helices with 6 residues per turn and 8 Å pitch (14,15). When double
helices are unwound, as they must be for α-amylase to catalyze hydrolysis, then the polymeric
substrates are single stranded helices. The turns of these single stranded helices have been
likened in their properties to cyclodextrins, which are closed rings of, generally, six to eight
residues joined by α-(1,4) glucosidic linkages (14). Cyclodextrins of various sorts and sizes
can, in fact, be made from amylase degradation products of starch (8,52,59,60). The binding
of three cyclodextrin molecules to α-amylase observed in our crystalline complex is consistent
with enzymatic data based on solution studies. Kinetic analyses indicate the binding of three
β-cyclodextrin molecules to α-amylase, and, furthermore, show that all three bind with very
close to the same affinity, as all have virtually the same dissociation constant (9). Cyclodextrins
are not natural substrates of α-amylase. They would rarely be encountered under physiological
circumstances, yet they are bound in multiple copies and, in the cases of β- and γ-cyclodextrins,
hydrolyzed like other oligosaccharides containing α-(1,4) glucosidic linkages. The association
of cyclodextrins and their hydrolysis is not so difficult to understand, however, in light of the
gross structures of the natural polymeric substrates, starch (amylose and amylopectin) and
glycogen. It is quite plausible that the association with cyclodextrins reflects the binding by
the enzyme of helical turns of natural substrates. There are several observations that lend
support to this hypothesis.

Cyclodextrins, in two of three cases, bind in the substrate binding cleft, and they do so using
the same interactions as are used to bind other oligosaccharides, e.g. the limit dextrin, the
“bridging” tetrasaccharide, acarbose-derived inhibitors. As shown crystallographically, here
and elsewhere, natural substrates, or their inhibitor analogues, are not flat, but have a distinctive
curvature that is consistently the same. That curvature corresponds very well to that of the ring
of glucose residues in γ-cyclodextrin, a readily hydrolyzable substrate (7). This curvature likely
corresponds to the preferred curvature of natural, helical polysaccharides as they bind to the
enzyme.

The fact that the larger cyclodextrins can be hydrolyzed by α-amylase further confirms that
they not only bind, but that they bind productively. The extended binding site for α-amylase
is clearly very plastic and tolerant of diverse substrate structure and local structural variation
as shown by its ability to associate productively with helical polysaccharide, polysaccharides
containing α-(1,6) glucose linkages that produce branch points, and circular cyclodextrin
molecules having a range of sizes and properties. It is important to note, in this regard, that the
diameter range of the cyclodextrins is about the same diameter as the helical turns found in
starch and glycogen.

Proposed Model for Total Binding
If the linear oligosaccharide inhibitors and cyclodextrin binding observed in crystals are
reflective of polysaccharide binding to the enzyme, then we can attempt to reconcile them with
the binding of the natural, helical substrates. It should be noted that the limit dextrin, inhibitors
and cyclodextrin II have the same direction as the tetrasaccharide and cyclodextrin I, so it is
feasible that these two fragments could be linked together to give an extended polysaccharide
substrate. Because γ-cyclodextrin most closely superimposes with the glucose chains of
crystallographic inhibitor complexes, we initiated a modeling effort based on two γ-
cyclodextrins in the binding cleft where they are observed. We assume that the cyclodextrins
are surrogates for helical turns within polysaccharides.
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Based on this two-turn concept, we derived a model based on the cycloamylose 26 structure
(PDB entry 1C58 (61)) as shown in Figure 10a. This molecule consists of 26 glucose residues
that form two anti-parallel left-handed helices of approximately two turns each with between
6 and 7 glucose residues per turn. Each helix is connected to the other at both ends by a bridging
glucose to form a cyclic structure. The helical turns in cycloamylose 26 closely approximate
the helical turns in V6 or V7 amylose chains; the radius is slightly greater that 4 Å and the rise
per residue is about 1.35 Å.

We extracted a fragment of 13 glucose units (residues 9-21) and superimposed it onto
cyclodextrins I and II (Figure 10b). Glucose 14 of the extracted fragment is the connecting
residue between the helices and initiates the change of glucose orientation. This residue in our
model serves the same purpose in transitioning between cyclodextrin I and cyclodextrin II.
Minor adjustments were made to the oligosaccharide to alleviate penetration of atoms of the
fragment into the enzyme model. The reducing end was straightened to align more closely with
the inhibitors in subsites −1, +1 and +2. This fragment was refined using CNS (62) against our
native data while holding constant the enzyme, the glucose ring at Trp203, and the water model
that was not in conflict with the fragment being refined. This refinement gave a better fit of
glucose units at subsites −1, -2 and −3 and at the tetrasaccharide binding site while reducing
undesirable van der Waals contacts. The final refined model is shown in Figure 10c and d.

The model in Figure 10 is composed of 13 contiguous α-(1,4) glucosidically linked residues.
It has a number of attractive features. First, it uses virtually all of the protein–carbohydrate
interactions that have been observed in the amylase–oligosaccharide, inhibitor, and amylase–
cyclodextrin complexes studied by X-ray crystallography. Second, it possesses a left-handed
helical turn of approximately the correct diameter. Third, it is consistent with what we know
of the stereochemistry of oligosaccharides and polysaccharides. Finally, the model
oligosaccharide superimposes on nearly all of the corresponding glucose residues of the
crystallographic complexes. We propose that the model in Figure 10c may serve as a fair
representation of the complex between α-amylase and a realistic, helical, polymeric substrate.

Unwinding Double Helices
Proteins that passively (without expenditure of ATP) unwind extended, double helical
molecules such as DNA and dsRNA, do so by cooperatively binding in a contiguous manner
along the two complementary single chains once a “bubble” in the helix occurs. They bind
contiguously because of energetically favorable protein–protein interactions between adjacent
protein molecules. By altering the equilibrium between double and single stranded forms they
unwind the double helices and make them available for other enzymes to operate on the nucleic
acid (63). The Gene 5 protein from bacteriophage fd, the bacteriophage T4 gene 32 protein,
and ssB from E. coli are examples.

α-Amylase has a similar task in that it must disrupt and unwind double helical polysaccharide.
Because it expends no ATP, it likely does so by a similar mechanism. In the case of α-amylase,
as with the proteins above, cooperativity would depend on favorable intermolecular
interactions between neighbors along a polysaccharide chain, and these could be the
interactions between 21-screw related molecules that we see in the crystal.

Bridging binding site—implications for processivity
It is noteworthy that the binding site for the tetrasaccharide and the “bridging” cyclodextrin I
is a composite binding site at the juncture of two protein molecules related by a 21 screw axis.
The binding of the cyclodextrin, or what we would contend would be a helical turn of a
polysaccharide, benefits from significant interactions from both protein molecules. This
suggests that if the model in Figure 10c is correct, or nearly so, then α-amylase may function
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by multiple protein molecules binding contiguously along a polysaccharide chain such that the
sequential molecules are related by the same 21 operation that exists in the crystals.

Inspection of the contacts between protein molecules along the x direction in the crystal shows
that several potentially favorable interactions are in fact likely. These include both hydrogen
bonds and hydrophobic interactions (see Supplementary Table 7). In addition, about 634 Å2

of surface area on the two protein molecules is buried. With the bridging tetrasaccharide in
place, the buried surface area increases to 1030 Å2, which suggests an attractive interface for
cooperative binding (64). This is in addition to all of the favorable protein–carbohydrate
interactions that would accrue by the coordinated and cooperative binding of a helical turn of
the polysaccharide substrate, as represented in crystals by the “bridging” tetrasaccharide or the
cyclodextrin (see Supplementary Table 1).

We appreciate the danger of interpreting lattice interactions between protein molecules in
crystals physiologically. These can often be misleading and one must approach their
significance with caution. Often, however, crystals do incorporate interactions having
functional relevance and, thereby, provide valuable information regarding the mechanisms
operative in vivo.

Further support for cooperative binding, based on the model of Figure 10c, is founded on the
observation that α-amylase is a processive enzyme. With a processive mechanism of catalysis,
the enzyme essentially never releases the chain that it is degrading from its grasp. Most
processive enzymes are large complexes of different proteins that often have toroidal
structures. The extended, linear or helical substrate is captured and brought into the center of
the toroid where it cannot escape. This insures that the substrate will be processed continuously
and without release. In most of these complexes, ATP is expended to provide directionality
and drive function. α-Amylase is not a toroid and does not use ATP, though some energy may
be provided to the process by the hydrolysis of the α-(1,4) sugar linkages.

Breyer and Matthews (33) have argued that in the absence of toroidal trapping, a processive
enzyme must have an alternative property. This would be an extended binding region with
numerous subsites, none of which have high specificity or high affinity for the units of the
extended substrate, but which collectively bind the polymer tightly to the enzyme. This would
allow the enzyme and substrate to locally loosen their grip on one another and permit the
enzyme to slide along the substrate. The binding cleft of α-amylase, including the binding site
for the bridging tetrasaccharide, has exactly those characteristics.

Cyclodextrin at Trp134
Cyclodextrin III in our complex is not in the substrate binding cleft, but an appreciable distance
away. It is generally agreed, however, that α-amylase, like other polysaccharide hydrolases,
must function in the dense environment of hydrated starch and glycogen granules, some of
which are paracrystalline in nature (16-19). Hence, an amylase molecule likely interacts not
only with the chain it is currently hydrolyzing, but must assist as well in the progressive
disruption of the polysaccharide network. Hence, they almost certainly associate with multiple
polysaccharide chains. It has been postulated, for example, that this is the explicit function of
the amylase CBM (25).

The “accessory” cyclodextrin (III), which has about the same dissociation constant with the
enzyme as the other two cyclodextrins (9), binds to an unusual feature of the protein, a fully
solvated and disordered surface tryptophan. We find not only the cyclodextrin at this site, but
nearby we have identified a glucose residue associated with Trp203 as was observed by Payan
and Qian (30). The observations support the contention that the “accessory” cyclodextrin is,
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indeed, physiologically relevant. It possibly indicates the mode of interaction of the enzyme
with other polysaccharide chains during the process of disruption of condensed substrate.

Carbohydrate binding module
Most polysaccharide hydrolases, such as chitinases and xylanases, but also including α-
amylase, possess a small domain or module which are currently classified into seven structural
folds predominated by the antiparallel β-barrel or β-sandwich fold (25). In PPA this is
composed of the carboxy terminal residues 404 through 496. The function of this domain is
not certain. Generally, of those hydrolases possessing such a domain, that domain is a
considerable distance from the substrate-binding cleft. Nevertheless, it is commonly believed
to be involved in the binding of polysaccharide away from the substrate cleft, and probably
assists in the disruption of densely packed polysaccharide strands. As a consequence, it has
been given the name of “carbohydrate binding module”, or CBM. For some other hydrolases,
complexes with oligosaccharides have been observed in crystals of their CBMs (25).

In α-amylase, in spite of the ready availability of oligosaccharides of considerable variety, we
did not find, with one minor exception, carbohydrate bound by the amylase CBM. Certainly,
it forms no extensive interactions with oligosaccharides in our crystals, and this is not due to
occlusion by other molecules in the lattice (the crystals contain about 70% solvent). The only
exception is the possible presence of a glucose residue bound to Trp434 (see Figure 9f). While
surface-exposed aromatic residues are signatures of oligosaccharide binding proteins, the CBM
of PPA, which contains eleven aromatic residues (∼12%), has only two that are accessible for
binding carbohydrate, Trp434 and Tyr468. Perhaps the amylase CBM does not bind
carbohydrate of arbitrary structure, but is specific for local structural features of the
polysaccharide substrate that are eliminated by the hydrolysis of glycogen that occurs prior to
crystallization.

Tetrasaccharide
An interesting question is raised by the shared tetrasaccharide regarding the crystallization of
PPA. The tetrasaccharide cannot be shared in solution, as this would imply the existence of
extended strings of weakly linked molecules having screw symmetry, which subsequently
crystallized. This is impossible. The only explanation is that the tetrasaccharide is bound to,
and is carried through the purification process by a single PPA molecule in solution, and that
sharing occurs as PPA associates along the x direction as the crystal is formed.

This being the case, then the question becomes: Is the tetrasaccharide bound to the half site
involving amino acids Tyr276 and Trp284 at the reducing end of the binding cleft, or by the
half site containing amino acids Thr52 and Asn53 at the nonreducing end of the binding cleft?
Given the extensive participation of aromatic, and particularly tryptophan residues in the
binding of carbohydrate elsewhere on PPA in addition to three hydrogen bonds involving
residues Lys261, Glu272, and Asn279, it seems most likely that the tetrasaccharide is carried
in solution by the half site at the reducing end of the cleft.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) The tetrasaccharide model is superimposed on the difference density calculated with the
tetrasaccharide omitted from the structure factor calculations. The density around residues
602-604 is contoured at 2.5σ; around residue 601, the density is contoured at 1.0σ. (b) The
interactions involving the tetrasaccharide are represented schematically. Residues with “*” are
from the 21 screw-related PPA molecule. The residues in both the model and the schematic
correspond to the glucose numbering in the table in which the occupancies and average B
factors are given for each glucose unit.
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Figure 2.
Active site cleft subsite numbering and schematic representations of acarbose-derived
inhibitors previously described and limit dextrin identified in this study.
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Figure 3.
Stereoview of the limit dextrin superimposed on difference density generated from structure
factors and phases calculated from the final model with the limit dextrin omitted. Subsites are
numbered; the density is contoured at 2.5σ for subsites −1 through −4 and contoured at 1.5σ
for subsites −5 and −4b.

Larson et al. Page 22

Biochemistry. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Schematic diagram of the hydrogen bonded interactions between the limit dextrin and PPA.
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Figure 5.
Loop 303-309 from the present study is in green and from 1HX0 (29) is in magenta. Electron
difference density, which covers the 1HX0 loop fairly well, was calculated with water
molecules in the vicinity of the 1HX0 loop removed from the final model. The density suggests
an unmodeled alternate conformation for this loop that is consistent with the loop conformation
observed in all the acarbose-derived inhibitor complexes. The loop sequence is Arg303-Gly-
His-Gly-Ala-Gly-Gly309. The difference density is contoured at 2.0σ.
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Figure 6.
The electron density for each α-cyclodextrin ring is from a Fo-Fc map phased by the final model
with the α-cyclodextrin ring that the density covers removed. (a) α-cyclodextrin I bridging
between two PPA molecules superimposed on the map density contoured at 4.0 σ. (b) α-
cyclodextrin II bound in the binding site cleft superimposed on map density contoured at 2.0
σ. (c) α-cyclodextrin III bound at Trp134 superimposed on map density contoured at 1.8 σ.
(d) Full view of the 3 molecules of α-cyclodextrin bound on the surface of PPA with α-
cyclodextrins labeled I, II, and III.
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Figure 7.
(a-c) α-, β-, and γ-Cyclodextrin structures, respectively, with the tetrasaccharide below each
for comparison of curvature. The exterior diameters are 13.7, 15.3, and 16.9 Å for α-, β-, and
γ-cyclodextrin, respectively.
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Figure 8.
α-Cyclodextrins are shown acting as hosts to various side chains within their cavities. Key
platform-forming aromatic residues are also highlighted. (a) α-Cyclodextrin ring I bridges
between 21 screw related molecules. Asn53 is the guest side chain; Tyr276 and Trp284 of the
symmetry related molecule (in magenta) are the platform residues. (b) α-Cyclodextrin ring II
is in the active site cleft. Val163 is the guest side chain for this ring. Trp59 at the bottom of the
active site cleft is the platform residue. (c) Trp134 is the guest side chain for α-cyclodextrin
ring III. Tyr174 is the platform residue.
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Figure 9.
Additional or potentially additional carbohydrate surface binding sites. Electron difference
density was calculated from the phases and structure factors using the final model for parts (b),
(c), (e), and (f). For parts (a) and (d) water molecules in the vicinity of the density were remove
from the final model before the map calculation. The density in parts (a), (b), (c), (e) and (f)
are contoured at 2.0σ; in part (d) it is contoured at 2.5σ.
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Figure 10.
Cycloamylose-derived model for extended substrate binding. (a) Cycloamylose 26 (PDB entry:
1C58) roughly placed on cyclodextrins I and II. (b) 13 glucose units extracted from the
cycloamylose model. (c) 13 glucose units after manual adjustments to relieve bad interatomic
contacts and refinement against native data to get a better fit of the most tightly bound glucose
residues in subsites −2 and −3 and the two central glucose units of the tetrasaccharide. (d) The
final extended substrate model in the active site binding cleft.
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Table 1

Data-processing, refinement and model statistics. Values in parentheses are for the highest resolution shell.

Native α-cyclodextrin complex

Crystal data

 Space group P212121 P212121

 Z 4 4

 Unit-cell parameters (Å) a=70.59, b=114.82, c=118.78 a=70.65, b=114.88, c=118.85

Data-processing statistics

 Resolution (Å) 14.01-2.11 (2.22-2.11) 29.30-1.97 (2.07-1.97)

 No. of unique reflections 47149(2315) 62592(5276)

 Redundancy NA 4.84 (1.61)

 <I/σ(I)> 10.93(3.91) 19.83 (3.07)

 Completeness (%) 82.6 (28.8) 84.6 (36.6)

 Rmerge † 0.052 (NA) 0.068 (0.178)

Structure-refinement statistics

 Resolution (Å) 14.01-2.11 (2.16-2.11) 29.30-1.97 (2.02-1.97)

 No. of reflections 47147 (438) 62084 (1218)

 R/R free
‡ (all data) 0.115/0.157 (0.223/0.314) 0.127/0.160 (0.240/0.279)

 Reflections in test set (%) 10.07 (11.16) 10.11(8.46)

 No. of refined parameters 20378 20617

 No. of reflections 42398 55805

 No. of restraints 33319 33259

 Data-to-parameter ratio 2.08 2.71

 Data/restraints-to-parameter ratio 3.72 4.32

Model statistics

 Non-hydrogen atoms total 5021 5044

  Protein (full/partial) 3536/752 3601/628

  Ions (full) 2 2

  Ligands (full/partial) --/124 198/--

  Water (full/partial) 508/99 549/66

 Geometry: r.m.s. deviations from ideal values

  Bonds (Å) 0.013 0.012

  Angles (°) 1.49 1.39

  Planes (Å) 0.007 0.006

  Chiral centers (Å3) 0.11 0.09

 Average isotropic B factors (Å2)

  B (Wilson plot) 23.3 22.0

  Overall 20.4 19.4

  Protein (full/partial) 17.7/19.6 14.6/15.9

  Ions (full) 15.6 15.6

  Ligands (full/partial) --/34.8 80.3/--

  Water (full/partial) 37.4/15.4 33.2/15.6
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Native α-cyclodextrin complex

 Ramachandran plot

  Most favored region 374 (89.0%) 374 (89.0%)

  Allowed region 45 (10.7%) 45 (10.7%)

  Generously allowed region 1 (0.2%) 1 (0.2%)

  Disallowed regions 0 (0.0%) 0 (0.0%)

†
Rmerge = Σh Σi | Ihi - <Ih> | / Σh Σi <Ih>, where Ihi is the ith used observation for unique hkl h and <Ih> is the mean intensity for unique hkl h.

‡
R = Σh | Fo − Fc | / Σh Fo, where Fo and Fc are the observed and calculated structure factor amplitudes.

NA means data not available.
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