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ABSTRACT The amylose fraction of starch occurs in dou-
ble-helical A- and B-amyloses and the single-helical V-amylose.
The latter contains a channel-like central cavity that is able to
include molecules, “iodine’s blue” being the best-known repre-
sentative. Molecular models of these amylose forms have been
deduced by solid state *C cross-polarization /magic angle spin-
ning NMR and by x-ray fiber and electron diffraction combined
with computer-aided modeling. They remain uncertain, however,
as no structure at atomic resolution is available. We report here
the crystal structure of a hydrated cycloamylose containing 26
glucose residues (cyclomaltohexaicosaose, CA26), which has
been determined by real/reciprocal space recycling starting
from randomly positioned atoms or from an oriented diglucose
fragment. This structure provides conclusive evidence for the
structure of V-amylose, as the macrocycle of CA26 is folded into
two short left-handed V-amylose helices in antiparallel arrange-
ment and related by twofold rotational pseudosymmetry. In the
V-helices, all glucose residues are in syn orientation, forming
systematic interglucose O(3),~0(2),+1 and O(6),~02),+¢/
0(3),,+6 hydrogen bonds; the central cavities of the V-helices are
filled by disordered water molecules. The folding of the CA26
macrocycle is characterized by typical “band-flips” in which
diametrically opposed glucose residues are in anti rather than in
the common syn orientation, this conformation being stabilized
by interglucose three-center hydrogen bonds with O(3),, as donor
and O(5),,+1, O(6),,+1 as acceptors. The structure of CA26 per-
mitted construction of an idealized V-amylose helix, and the
band-flip motif explains why V-amylose crystallizes readily and
may be packed tightly in seeds.

Starch is composed of two fractions, the linear amylose consisting
exclusively of «(1-4)-linked glucose residues in *C;-chair confor-
mation, and the branched amylopectin, which also contains
a(1-6) links at characteristic intervals. The polysaccharide chain
of amylose may be folded into three different structures denoted
A, B, and V (1-3). Since crystallization of amylose fragments with
defined chain lengths has remained elusive, structural informa-
tion relies on x-ray fiber diffraction, electron diffraction on tiny
single crystals, and solid-state '3C cross-polarization/magic angle
spinning (CP/MAS) NMR spectroscopy combined with com-
puter-aided modeling (3-8). The only available single crystal
x-ray study of an amylose-type oligosaccharide in the complex
(p-nitrophenyl a-maltohexaoside),'Ba(I3),27H,O features an
antiparallel left-handed double helix (9, 10) that has no resem-
blance to A-, B-, or V-amylose.

The structures of A- and B-amylose are similar and differ only
in packing arrangement and water content, the A-form occurring
preferentially in cereals and the B-form in tubers (3). They both
form double helices with parallel strands of 6 X 2 glucoses per
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turn and right-handed (3-8) or left-handed (11) twist, this
ambiguity illustrating the weakness of the above methods, which
do not provide structural information at atomic resolution.

The polysaccharide chain of V-amylose found naturally in
non-A and non-B segments of amylose is folded into a left-
handed single helix; it contains 6 glucoses per turn with 7.91- to
8.17-A pitch height (3-5) and forms a central channel-like cavity.
V-Amylose may be obtained synthetically when amylose is pre-
cipitated from aqueous solution by addition of alcohols, ketones,
fatty acids, iodine, or salts that form inclusion complexes; “io-
dine’s blue” is the most familiar one. These properties are similar
to those found in the related cyclodextrins, a-cyclodextrin or
cyclohexaamylose (CA6) being a mimic of one turn of V-amylose
(12, 13). Because the glucoses in V-amylose (as in the cyclodex-
trins) are all in syn orientation, the secondary hydroxyl groups are
hydrogen bonded O(3),~O(2),+1, and the V-amylose helix is
additionally stabilized by hydrogen bonds O(6),+O(2),+6 be-
tween the turns (3-5).

Whereas treatment of amylose with bacterial cyclodextrin
glucanotransferases produces the common cyclodextrins with 6 to
8 (CA6 to CAS8) glucose residues and small amounts of the higher
homologues (14, 15), disproportionating enzyme yields cycloamy-
loses (CAs) containing from 17 to several hundred glucose
residues (16, 17). Because the two ends of the amylose chain are
linked together in CAs, the conformational space is substantially
reduced; CA10, CA14, and CA26 could be crystallized, and the
structures of the first two molecules have been described (18-20).
They are not annular in shape as are the smaller cyclodextrins
CAG6 to CAS8 (12, 13) and the elliptically distorted CA9 (21), in
which all glucoses are in syn, this conformation being stabilized by
0(3),0(2),,+1 hydrogen bonds. In CA10 and CA14, excessive
steric strain is relieved by flips (18) at two diametrically opposed
sites in the macrocycles where one glucose each is rotated into the
anti orientation (like cutting a band, rotating one end by 180°, and
then gluing the ends together). At this well-characterized motif,
termed “band-flip” (18), the common O(3),~O(2),+; hydrogen
bond is broken; a new three-center hydrogen bond is formed
instead between the two anti-oriented glucoses with O(3),-H as
donor and O(5),,+1, O(6),,+1 as acceptors; see Fig. 1.4. To balance
residual strain, each band-flip is associated with a “kink” where
adjacent glucoses in syn orientation are rotated about the com-
mon glycosidic link so that the O(3),+O(2),+1 hydrogen bond is
lengthened (as in CA14) or even broken (as in CA10) (18).

Here we describe the structure of CA26 (cyclomaltohexaico-
saose), which also features band-flips and (minor) kinks. It is not
folded in the double-helical form predicted by us on the basis of
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the CA10 and CA14 structures (18); by contrast, it contains two
short V-helices, showing the structure of this form of amylose at
atomic resolution.

EXPERIMENTAL

Preparation of CA26. Cyclic a-1,4-glucan mixtures were pro-
duced by the action of recombinant potato D-enzyme (4-a-
glucanotransferase, EC 2.4.1.25) on synthetic amylose AS-320
(Nakano Vinegar, Aichi, Japan) as described previously (16, 17).
About 500 mg of the cyclic a-1,4-glucan mixture obtained was
size-fractionated by gel-filtration chromatography through a 26 X
500 mm Superdex 30 column (Pharmacia). The fractions con-
taining cyclic glucans with degree of polymerization from 17 to 30
were pooled, and the glucans were precipitated by adding 10 vol
of ethanol. The size-fractionated CA mixture (25 mg) was dis-
solved in water, loaded onto a 20 X 250 mm ODS column
(Daisopak SP-120-5-ODS-BP; Daiso, Osaka, Japan), and eluted
with 6% (vol/vol) methanol. The glucan in the eluate was
monitored with a refractive index detector (RID-6A; Shimadzu,
Kyoto, Japan), and the peak for CA26 was collected, precipitated
with 10 vol of ethanol, and lyophilized. The purity of CA26 was
confirmed by high-performance anion-exchange chromatogra-
phy and time-of-flight mass spectrometry.

Crystals of CA26 were grown from an aqueous solution
containing 37.5% (vol/vol) PEG 400 (Merck) by using the vapor
diffusion method. X-ray diffraction data were collected at syn-
chrotron sources and processed by using the HKL package (22):
19,970 independent reflections to 1.1-A resolution at beamline
X31, European Molecular Biology Laboratory outstation [Deut-
sches Elektronen Synchrotron (DESY), Hamburg] and 25,416
reflections to 0.99-A resolution at beamline DW32 [Laboratoire
pour I'Utilisation du Rayonnement Electromagnétique (LURE),
Orsay] were merged, yielding a data set containing 26,766 unique
reflections (Rmerge 0.037): space group triclinic, P1,a = 21.844 A
b=122922A,c=29.050A, a = 87.36°, B = 8951° v = 61.98°.
The asymmetric unit contains two CA26 molecules (312 C and
260 O atoms) and 76.75 water molecules distributed over 147
positions, of which 26 are ordered and fully occupied; total
molecular mass of 2CA26:76.75H,0 is 8.8 kDa. Attempts to solve
the structure by conventional direct methods were fruitless.
Because the success rate of these methods falls off rapidly above
about 150 unique atoms, and the largest structures so far deter-
mined by direct methods are about half the size of CA26, this was
not unexpected. The structure was eventually solved by a real/
reciprocal space recycling procedure (23) inspired by, but differ-
ent in detail, from the “Shake and Bake” method of Weeks,
Miller, Hauptmann, and their colleagues (24, 25). Instead of using
randomly distributed atoms to generate starting phases, a diglu-
cose fragment was employed along the lines suggested by Shel-
drick and Gould (26). The phase sets were refined alternately in
reciprocal space, optimizing the agreement with the predicted
cosine invariants, and in real space, eliminating atoms to maxi-
mize 229 Eca? (Eobs® — 1), in both cases using only E >1.4.
Finally, the best solutions were refined further against all £ values
by iterative E-Fourier synthesis and elimination of peaks to
maximize the correlation coefficient between Eqps and Ecyic (26).
The best solution had a correlation coefficient (27) of 81.8 and
contained 595 sites of carbon and oxygen atoms. Subsequent
fine-tuning of the algorithm enabled us to solve the structure by
real/reciprocal space recycling starting from random atoms
rather than from an oriented fragment.

Remaining atoms were located from electron and difference
electron density maps (program O) and by using the SHELXWAT
(28) procedure. The occupation factors of water oxygen atoms
were assessed from electron densities and assigned as 0.25, 0.5, or
1.0, respectively, depending on maxima and their distances. They
were held constant during refinement and add up to a total of
76.75 water molecules. For refinement of the crystal structure, the
number of parameters was reduced by restraining chemically
similar 1-2 and 1-3 interatomic distances (equivalent to bond
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distances and angles) in the 52 glucoses according to the protocol
in the program SHELX 97. All non-hydrogen atoms were refined
anisotropically; C—H hydrogens were placed in their calculated
posmons (C—H at 0.97 A) and treated according to the “riding
model,” and O—H hydrogens identified from difference electron
density maps were put in positions with normalized O—H
distances, at 0.82 A.

In the refinement of twofold disordered O(6) atoms, occupa-
tion factors were restrained to sum up to 1.0 and antibumping
restraints were applied. To avoid “unstable behavior” of disor-
dered water oxygen atoms, their occupation factors were held
fixed and only positional and thermal parameters were refined;
the minimal distance between disordered water molecules is
1.01 A.

In the last cycle of refinement, the number of parameters was
6,617, the goodness-of-fit was 1.932, and the crystallographic R
factor converged at 0.082 for 23,172 reflections with Fops = 40F ops
and at 0.089 for all the 25,473 reflections, based on F2. To avoid
overfitting of the model to the data, 5% of the reflections were
randomly flagged for calculation of the free R factor before
starting refinement (29), which converged at 0.10 for 1,224
reflections with Fops = 40F ops and at 0.11 for all the 1,329 flagged
data. The quality of the refinement and data may be assessed
from electron densities shown in Fig. 1.

RESULTS

Overall View of the Crystal Structure. The triclinic unit cell of
the 2CA26-76.75H,0 crystals (22-27) contains a total of 648.75
non-hydrogen atoms belonging to two symmetry-independent
molecules A and B and 76.75 water molecules. The 76.75 water
molecules are distributed over 147 sites, of which only 26 are fully
occupied. The two CA26 molecules have comparable structures;
they are clearly divided into two halves, glucose residues G1-G13
and G14-G26 (Figs. 2 and 3). In these segments, all glucoses are
oriented syn; by contrast, the relative orientations of glucoses in
the pairs G13-G14 and G26-G1 are anti, forming band-flip

@ (0

FiG. 1. Two sections of electron density at 1.0-A resolution. (4)
Segment of four glucoses, G25 to G2, showing one of the two band-
flip sites in CA26 defined by G26-G1; these two glucoses are
stabilized in anti orientation by the three-center hydrogen bond
0(3)26—H(0(5)1,0(6)1. The adjacent glucoses on both sides of the
flip are oriented syn as usually found in amylose chains and hydrogen
bonded O(3),+O(2),+1. Because the flip at G26-G1 involves not just
a single glucose but the whole appended amylose chain, it was called
“band-flip” (18). Labels of O(2) and O(3) hydroxyl groups are circled
to emphasize the abrupt structural change at the band-flip site. (B)
Disordered water molecules located in the channel-like cavity of the
V-amylose helix. Because the distances between their positions
(marked #) are shorter than the minimum hydrogen bonding distance
of 2.5 A (30), the occupations are around 0.5. Drawn with o (31).
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motifs (ref. 18; see below and Fig. 14). The two halves of CA26
are each folded into nearly two turns of single-stranded, left-
handed V-amylose helix with six glucoses per turn. The helices are
virtually antiparallel to each other and almost regular between
glucoses G3-G13 and G16-G26, the remaining 2 X 2 glucoses
forming interhelix links containing the band-flips. Along the axes
of the V-helices are channel-like cavities with van der Waals
diameters of 5.0-5.5 A filled by statistically disordered water
molecules (Fig. 1B). The CA26 molecule has pseudo-twofold
rotational symmetry with the dyad axis located between the two
V-helices and oriented perpendicular to their axes (Figs. 2 and 3).
The rms deviations between the two halves, glucose residues
G1-G13 and G14-G26, are only 0.33 A and 0.35 A for molecules
Aand B, respectively. If molecules A and B are superimposed, the
rms deviation increases to 0.834 A because the axes of helical
segments are not strictly antiparallel in the two molecules but
differ within 10°.

Conformational Features. The glucose residues in the two
CA26 molecules are in the common *Cy-chair form as ob-
served thus far in all unsubstituted cyclodextrins.! Their con-
formations are unstrained as shown by the Cremer—Pople pa-
rameters (35) (Table 1). Other parameters to define the *C;
glucose conformation are the virtual O(4),+O(4),+1 distances,
with mean value of 4.39 A in the helical parts and 4.65 A at the
band-flip sites (G13, G14; G26, G1), indicating minor strain. The
mean angles at the glycosidic oxygens, C(1),,+1—O(4),~C(4),, are
118.3° in the two CA26 molecules. These parameters are in
agreement with B-cyclodextrin** and probably representative of
an unstrained amylose chain.

Because the glucose residues G1-G13 and G14-G26 in the two
halves of CA26 are oriented syn, associated ¢ and ¢ torsion
anglesiT are in the usual range: ¢, 91° to 115% and s, 97° to 131°.
The torsion angles x about the C(5)-C(6) bonds defined by
0O(5)-C(5)-C(6)-O(6) are predominantly in the preferred
(—)gauche range, some are disordered in (—)gauche and
(+)gauche, and those at G1, G7, G14, and G20 are systematically
(+)gauche in molecules A and B (see below); anti is not observed,
again in agreement with the cyclodextrins (12, 13).

Geometry of the Band-Flips and Kinks. The band-flip is a
structural feature of the amylose chain that has not been observed
before for the smaller cyclodextrins, CA6 to CAS. In CA9,
elliptical distortion of the macrocycle (21) indicates severe steric
strain, supported by potential energy calculations (18). In CA10
and the larger CA14, this strain would be even more increased
were it not relieved by two band-flips occurring at diametrically
opposed sites in the macrocycles, where one glucose each is
flipped from the common syn orientation into anti (18). In
2CA26-76.75H,0, the same band-flip motifs are also observed at
diametrically opposed glucose pairs G13-G14 and G26-G1. In
both CA26 molecules the band-flips are stabilized by three-center
hydrogen bonds (Fig. 14 and Table 1), with O(3),—H donating
minor (long; mean 3.07 A) and major (short; mean 2.73 A)
components to the acceptors O(5),+1 and O(6), 11, respectively,
and characterized by mean torsion angles ¢ at 88° and y at —48°
for molecules A and B.

The band-flips are associated with “kinks” where adjacent
glucoses are rotated relative to each other, but still in syn
orientation, leading to widening of the O(3),~O(2),+1 hydrogen
bonds (18). In CA26, the observed kinks are minor, widening the
0(3)120(2)13 and O(3)25O(2),6 distances to 2.98 A and 3.28 A,

ITn two complexes of the fully methylated heptakis-2,3,6-trimethyl-g-
cyclodextrin, one glucose each was found in 'Cs-chair (33) and
30B-boat (34) forms.

**Some mean geometrical data for a-, 8-, and y-cyclodextrin taken from
ref. 12: glycosidic bonds C( 1),+1- 0(4),, C(4)n: @ 119.0°, B 11779, y
112.6°% virtual distances O(4),+ O(4)1: a 4.23 A, B 436 A, y4.48 A
hydrogen bonds O(2), O(3)n1: @ 3.00 A, B 2. 86 A v2 81 A.

TfDefinition of ¢, i torsion angles: ¢, O(5),-C(1),,-O(4),1-C(4),,1 and
P, C(1),-0(4)1-1-C(4)-1-C(3)-1; see International Union of Pure and
Applied Chemistry recommendations (36).
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Fic. 2. Top and side views of CA26, showing schematically the
folding of the macrocycle into two left-handed single helices connected
in the form of a “figure eight.” O(2) and O(3) oxygen atoms are drawn
red and the other atoms are symbolized by a gray tube passing through
O(4) atoms; all other atoms are omitted. Band-flips occur at the two
positions in the macrocycle indicated by yellow arrows. Overall size of
CA26: 27 A X 15 A X 21 A (height). Drawn with INSIGHT 11 (32).

respectively, in molecule A and to 3.15 A and 3.11 A in molecule
B. This finding confirms the expectation (18) that kinks will
become smaller with increasing chain length of a cycloamylose
because conformational strain can dissipate along the oligosac-
charide.

Intramolecular Direct and Water-Mediated Hydrogen Bonds
Stabilize the Folding of CA26. Except for the band-flip sites
where adjacent glucoses are oriented anti, all other glucoses in
2CA26:76.75H,0 are syn and hydrogen bonded O(3),+O(2),, at
a mean of 2.86 A (Table 1), the same distance as found in
B-cyclodextrin.** In addition, the V-helical turns described by
chain segments G3-G13 and G16—G26 in molecules A and B are
stabilized by five O(6),+O(2),+¢ and/or O(6),,+O(3),+¢ hydro-
gen bonds each. The hydrogen bonds differ in length depending
on the orientation of the C(6)-O(6) groups defined by torsion
angles x; they are (—)gauche in 11, disordered (—)gauche
(+)gauche in 5, and (+)gauche in 4 glucoses. For C(6)-O(6) in
(—)gauche, hydrogen bonds O(6),~O(3),+s are shorter than
0O(6),O(2),,+6, whereas the reverse is found for the (+)gauche
form (Table 1).

A notable hydrogen bonding scheme connects glucoses G1,
G7, G14, and G20, whose torsion angles x are all (+)gauche; G1
and G14 are at band-flip sites and are hydrogen bonded to G7 and
G20 and two water molecules, W3 and W4 (see below; Fig. 3B).
Besides being acceptors of the major (short) components of the
three-center hydrogen bonds donated by O(3),c—H and O(3);3,
respectively, the O(6) hydroxyls of G1 and G14 are engaged in
hydrogen bonds O(6);+O(3)7 and O(6)14O(3)20, respectively.
This scheme adds to the stability of the band-flip motifs, and it
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FiG. 3.

(Left) View of CA26, molecule A. Those parts of the molecule located at the front are light gray, those at the back dark; glucose residues

G are numbered 1-26. Curved arrows indicate the “directions” of the two V-helices. The location of the pseudo-twofold rotation axis (®) is between
water molecules W1 and W2 and vertical to the plane of the paper. Disordered water molecules filling the channel-like cavities in the two V-helical
segments are shown in red, as are two five-coordinated water molecules, W1 and W2, in strategic positions conferring stability to the folding of
CA26. They are hydrogen bonded in bidentate mode to O5/06 atoms; W1 to G21 and G2; W2 to G8 and G15, with additional single hydrogen
bonds W1-+O(2)s and W2-+O(2)»1. Water molecules W3 and W4 are not shown, as they are at the “back” of the molecule and nearly overlap with
W1 and W2. (Right) View as in Left, but rotated 90° so that the pseudo-twofold axis (blue arrow) is now horizontal. Shown is the interface between
the two V-helices where the band-flip segments, glucoses G26—G1 and G13-G14, are connected by direct and water (W3 and W4)-mediated
hydrogen bonds to glucoses G7 and G20. Note superposition of G7 on G20, forming part of the interface between the V-helices. Oxygen atoms

of glucose 1 are labeled. Drawn with INSIGHT 11 (32).

superimposes G7 and G20 at the interface between the two
V-helices.

It is remarkable that there are no other direct hydrogen bonds
between glucoses in this tightly coiled molecule. This lack also
holds for intermolecular interactions between the V-helices,
which are all mediated by water molecules.

The coordination of the water molecules to CA26 follows
patterns that have been observed previously (9, 10, 12, 18). The
most prominent motifs are five-membered rings formed by water
molecules coordinated in bidentate mode to O(2) and O(3)
and/or to O(5) and O(6) belonging to the same glucose. A
number of such interactions are found in CA26, the most

Table 1. Selection of geometrical data in CA26, molecules A and B
In helical part At band-flip sites
Parameter Max Min Mean Max Min Mean
Glycosidic angle, °* C(1),,+1-0(4),—C(4)n 120.7 114.6 118.3
Virtual distance, AP O(4), * ©O(4),-1 456 411 439 4.79 4.48 4.65
Virtual angles, ©°  O(4), - *O(4)n+1°* *O(4)n+2 136.7 117.9 126.4 149.8 138.7 143.6
Hydrogen bonds, A O(3),* *O(2),+1 (interglucose) 3.10 2.65 2.86
O(3)n* *O(6),+1 (at band-flips) 2.78 2.66 2.73
OB - O(5)n+1 3.12 3.03 3.07
(—)gauche-0(6),* * *O(2)n+6" 3.42 3.09 3.27
(—)gauche-O(6),* - *O(3),+6° (between turns) 3.27 2.65 2.85
(+)gauche-O(6),+ * *O(2)n+6" 297 2.66 2.75
(+)gauche-O(6),* * *O(3)n+6° 3.28 3.09 3.23
Torsion angles, * ¢, O(5),~C(1),~O(4),-1-C(4), -1 115.3 91.1 103.6 90.2 86.4 88.1
Torsion angles, °" i, C(1),~O(4),,—1-C(4),—1-C(3)n-1 131.4 97.4 115.3 -51.7 —45.8 —48.4
Cremer—Pople glucose puckering amplitude Q, A 0.58 0.52 0.54 0.58 0.53! 0.541
angle 0, ° 9.8 1.0 4.6 14.78 1.1 8.3

aFor all glucoses because these angles are not different at band-flips.
YHelical parts: n from 3 to 13 and 16 to 26.
¢Helical parts: n from 2 to 11 and 15 to 24.
d-gHelical parts as in b; averaged over different number of glucoses: d, 11; e, 10; f, 9; and g, 2.

hDefined as in footnote 7.

iFor glucoses G26-G1 and G13-G14.
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interesting involving water molecules W1 to W4 located between
the V-helices (Fig. 3). W1 is hydrogen bonded simultaneously to
O(5) and O(6) of glucose residues G21 and G2 and additionally
to O(2) of G8; W2 is related to W1 through the pseudo-twofold
symmetry and in the same configuration with G8 and G15 and
forms an additional bond to O(2) of G21. Another pair of water
molecules related by the pseudosymmetry, W3 and W4, mediates
hydrogen bonds between O(2) and O(3) hydroxyls of glucoses
G13 and G26 at the band-flip sites and O(2) of G7 and G20,
respectively, namely, O(2)7W3-0O(2)2, O(3)2 and
O(2)20W4+0(2)13, O(3)13 (Fig. 3 Right). All these interactions
contribute to the stabilization of the band-flip sites and of the
structure of the linker segment between the V-helices formed by
glucoses G13, G14, G15 and G26, G1, G2.

Disordered Water Molecules Fill the Channel-Like Cavities in
the V-Helix. Because the central channels formed by the V-helices
in CA26 are coated by C(3)—H, C(5)—H, C(6)—H; and ether-
like O(4) groups, they are hydrophobic in character so that only
van der Waals interactions can form with molecules that fit into
them (Fig. 3 Left). They are disordered with occupancies around
0.5, and distances between the water sites are in the range
1.01-1.94 A (Figs. 3 Left and 1B)—i.c., water molecules in
adjacent sites cannot be present smultaneously because their
distances are shorter than the minimum hydrogen-bonding dis-
tance of about 2.5 A (30). This restriction does not hold for the
water sites at the “ends” of the channels, where direct hydrogen
bonding to glucose O(2), O(3), and O(6) hydroxyls may stabilize
full occupation.

NMR Studies on CA26. >C NMR studies on CAs dissolved at
50°Cin ?H,O and containing 6-26 glucoses in the macrocycle (18,
37) showed a distinct shift of the signals for the 13C atoms at the
glycosidic link, C(1),,+1—-0(4),—C(4),.. For CA6 to CAS, signals
occur at 102.4 ppm for '3C(1) and 81.8 ppm for 3C(4), but for
CA10 and higher homologues, they are at 100.2 ppm for *C(1)
and 78.3 ppm for 3C(4); the corresponding '*C signals for CA9
are at intermediate positions. These shifts are interpreted as the
band-flips observed for CA10 and their higher homologues but
not for CA6 to CA8 (18). The positions of 13C signals for C(2),
C(3), C(5), and C(6) are as expected and do not show a defined
trend. Since only six sharp signals are observed for each CA, the
molecules experience rapid conformational changes in solution;
the band-flips and V-helices in CA26 are not static but migrate
through the macrocycle so that all glucoses are equivalent on the
NMR time-scale.

A Model for V-Amylose. An “infinite” V-amylose helix has
been constructed by superposition of the central 6 glucose
residues of the four independent short helices in the CA26 crystal;
with rms deviation of only 0.20 A [omitting O(6) atoms in
(+)gauche]. The resulting structure agrees well with that pro-
posed for V-amylose on the basis of x-ray fiber diffraction,
electron diffraction, and '3C CP/MAS NMR (refs. 1-8; Fig. 4).
There are exactly 6 glucose residues per turn with the following
mean geometrical data: pitch, 7.9 A; virtual bond O(4),~O(4), 41,
4.26 A; glycosidic angle C(1),,+1—O(4),—C(4),, 118.7% all C(6)-
O(6) groups are oriented (—)gauche. The V-helix is stabilized by
hydrogen bonds O(3),~O(2),+1, 2.89 A, between adjacent glu-
coses and, between the turns, by O(6),+O(3),+6, 2.86 A; the
hydrogen bonds O(6),O(2),.+¢, 3.16 A, are somewhat longer. If
the V-helix is modeled with C(6)-O(6) groups oriented
(+)gauche, hydrogen bonds O(6),, O(2),,+(, are shorter, 2.75 A,
than O(6),~O(3)n+6 3.23 A, as discussed in the section Intramo-
lecular Direct and Water-Mediated Hydrogen Bonds. . . This alter-
native possibility for hydrogen bond formation will add to the
flexibility of V-amylose which is, in fact, observed—the V-helix
might accommodate 6 to 8 glucoses per turn, depending on the
size of the molecules that are enclosed in the channel-like cavity
3).

According to x-ray fiber and single-crystal electron diffraction
data from fibrous and microcrystalline V-amylose preparations,
the helices are oriented antiparallel and preferentially arranged in
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FiG.4. View of the ideal left-handed, single-stranded V-amylose helix
constructed on the basis of the central 6 glucoses in the four helical parts
of the two symmetry-independent CA26 molecules in the triclinic unit
cell. All C(6)-O(6) groups are oriented (—)gauche, hydrogen bonds
0(3)O(2)n+1 and O(6),O(2)+6; O(6),*O(3),1+6 drawn in blue; geo-
metrical data are given in the text. Drawn with INSIGHT 11 (32).

pseudohexagonal lattices with the orthorhombic space group
P212124 and typical unit cell constants a = 13.6 A b=23A, and
¢ =8.0A (3). In CA26, the reduced unit cell containing only one
V-helix in the asymmetric unit is pscudohexagonal witha ~ b =
13.8 A and v ~ 60°. If this is transformed into a C-centered
pseudo-orthorhombic lattice, the unit cell constants become a =
13.8 Aand b = 24.5 A, in close agreement with above data from
x-ray fiber diffraction. This comparison suggests that the packing
arrangements and intra- and intermolecular interactions found
between the short V-helices in CA26 correspond to those derived
from fibrous and microcrystalline V-amylose.

Comparing the Models: Single-Crystal Versus Fiber X-Ray
Diffraction. The available structural data on V-amylose obtained
in the present study and by x-ray fiber diffraction analyses of
V-amylose complexed with iodine (38), water (39), or DMSO
(40) indicate that the overall structures are identical. The fiber
work identified 6 glucoses per turn with pitch in the range
7.91-8.17 A, the V-helix being left-handed and stabilized by
hydrogen bonding O(3),0O(2),+1 and O(6),~O(2),+s With
C(6)-0O(6) groups being oriented (—)gauche or (+)gauche, de-
pending on model. The alternate hydrogen bond O(6),,+O(3)+6,
found to be 0.18 A shorter than O(6),+O(2),+ in our study (see
above), was not modeled in the fiber diffraction analyses. The
overall geometries are comparable, but they are more narrowly
confined in the x-ray fiber diffraction work to those known for
a-cyclodextrin than, as found in the present study, to the more
relaxed B-cyclodextrin.** This might be the reason for the
discrepancies in hydrogen bonding interactions involving O(6),
and O(2),,+6 or O(3),, +6.

CONCLUSIONS

This study reports the three-dimensional structure of the largest
oligosaccharide obtained so far in single-crystal form suitable for
x-ray diffraction studies. With 648.75 non-hydrogen atoms it is
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also the largest “equal-atom” structure for which the crystallo-
graphic phase problem has been solved by real/reciprocal space
recycling methods. The CA26 macrocycle is tightly folded into a
compact structure with pseudo-twofold symmetry featuring two
short, two-turn V-amylose helices in antiparallel orientation. The
helices are connected by three-glucose linkers with trans-oriented
glucoses forming band-flips, as in CA10 and CA14. This struc-
tural motif serves to relieve steric strain in amylose chains (18),
permitting all glucoses to adopt the preferred *C;-chair form and
to be oriented syn with formation of interglucose O(3),+O(2),, +1
hydrogen bonds.

The band-flips explain readily why amylose precipitates as
plate-like, flaky crystals with molecules forming inclusion com-
plexes. The V-amylose chain folds back and forth in these crystals
to yield antiparallel packing of the helices in pseudohexagonal
form, the folding being facilitated or even made possible by the
band-flip motif. This also appears to be of importance for the
packing of amylose in seeds and tubers. As observed with x-ray
methods, 20-40% of the amylose in starch granules adopts A and
B forms (41, 42), but there is no indication of the V-form.
According to BC CP/MAS NMR, however, the V-form is
present as well (7, 8), and probably forms inclusion complexes
with small molecules such as fatty acids and alkanes occurring in
substantial amounts in seeds and tubers. It appears that the
segments of the amylose chain adopting the V-form are so short
that they escape detection by x-rays, which require more extended
repetitive structures (helical turns) to yield measurable diffrac-
tion intensities. The same might be true for amylopectin, where
short, unbranched segments could occur in V-form associated
with band-flips.

Of great interest is the formation of inclusion complexes
because of the channel-like cavity in the V-amylose helix. In the
crystal structure of 2CA26-76.75H,0 the channels are occupied
by disordered water molecules. The availability of CA26 and of
other CAs with a wide range of chain lengths will permit
investigation of a variety of inclusion complexes of V-amylose.
We expect a correlation between the size and nature of the
enclosed guest molecules with the geometries of the V-helices
defined by the number of glucoses per turn and by the hydrogen
bonds formed between O(6) and O(2), O(3) hydroxyl groups.
This information will also provide an answer to the long-standing
question about the structural characteristics of “iodine’s blue,”
which was discovered 185 years ago (43).

In the series of CAs from CA10 to CA32, crystallization
succeeded so far only with CA10, CA14, and CA26. The CAs
show pronounced differences in solubilities which we correlate
with differences in structural flexibility. The least-soluble CAs
were those obtained in crystalline forms. This behavior is prob-
ably similar to that of the cyclodextrins, where CA7 is about 1/10
as soluble in water as CA6 and CAS8 (11, 44) and crystallizes more
readily.

Crystallization of CA10, CA14, and CA26 may occur because
(i) due to cyclization, they are conformationally restricted; (if)
they have inherent molecular twofold symmetry so that the
band-flips are diametrically opposed; (iii) they are internally
stabilized by tight folding and intramolecular hydrogen bonding;
and (iv) in CA26, water molecules W1 to W4 are in strategic
positions. For these reasons, it is questionable whether CA24 or
CA28 would crystallize—one is too short, the other too long to
provide structural features as found for CA26; the best candidate
may be CA38, with V-helices three turns long.

I3C NMR studies and model building used to interpret small-
angle x-ray data for CA21 in aqueous solution (45) indicate that
the larger CAs have enormous conformational flexibility. Of the
many models fitted against the data for CA21, the best one was
shaped like a threefold propeller and had no band-flip and no
V-type helix. We also tried to model CA26 before the x-ray
structure determination. Although our models contained the
band-flips, all were wrong, showing how elusive model building
may be.

Proc. Natl. Acad. Sci. USA 96 (1999) 4251

Because CA26 is available on a preparative scale and has been
characterized structurally, it may now serve as a prototype of the
V-amylose helix. Of interest will be investigations in solution
where spectroscopic methods can be used to study the structure
of CA26 per se and its kinetics and affinities of complex forma-
tion with a large variety of guest molecules. Crystallographic
studies will also continue, as we have obtained an orthorhombic
form of CA26 hydrate and two inclusion complexes with triio-
dide, one light and the other dark brown.
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