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An Amylose Antiparallel Double Helix at Atomic

Resolution

W. HiNrIcHS, G. BUTTNER, M. STEIFA, CH. BETZEL,* V. ZABEL,T

B. PFANNEMULLER, W. SAENGER

In the crystal structure of the polyiodide complex (p-nitrophenyl-a-maltohexaose,)
Ba(I3); - 22H,0, the maltohexaose units form an antiparallel, left-handed double helix
with O-2 - O-3 and O-6 -+ O-6 hydrogen bonding and a central cavity that encloses
two triiodide units. This structure contrasts with the parallel, left-handed double helix
with no central cavity proposed for the A- and B-starch helix and the left-handed single
helix in V-amylose and may be relevant for the stabilization of glycogen structure.

TARCH, THE STORAGE POLYSACCHA-

ride for glucose in plants, is composed

of D-glucopyranose units. It can be
separated into the branched amylopectin,
which has interglucose bonds of the
a(l—>4) and a(1->6) type, and the linear
amylose, which has exclusively a(1—4)
links. Although there is no detailed informa-
tion on the three-dimensional structure of
amylopectin, a series of models have been
proposed that suggest that the native crystal-
line amylose that is deposited in the granules
of the cereals (A form) and the tubers (B
form) consists of a double helix with inter-
twined, parallel chains (7). On the basis of x-
ray fiber diagrams and model building, this
double helix was originally proposed to be
right-handed (2). However, a recent study
that combined electron diffraction on micro-
crystals and single crystal data on methyl-a-
maltotrioside (3) indicated that it should be
left-handed (4). In addition, various left-
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handed single-stranded helices are formed
by chemical derivatives of amylose and by
complexation of amylose with ionic or mo-
lecular guest molecules into the central cavi-
ty of the helix (Table 1).

Because these previous structural studies
relied mainly on the combination of x-ray
fiber diffraction and model building and
thus are somewhat coritroversial (2-6), it is
necessary to obtain more detailed data from
single crystals of oligomers larger than the
di- (7, 8) and trisaccharides (3) that have not

been available. In only one case, the complex
of maltoheptaose with the enzyme phos-
phorylase a, was the structure of a larger
amylose fragment elucidated (9) from single
crystal data, albeit at medium resolution
(2.5 A). We report the detailed crystal struc-
ture of a longer oligomer of amylose, a
maltohexaose that is blocked at the reducing
end with a p-nitrophenyl group and cocrys-
tallized with barium triiodide. Our study
provides information on the structure of a
left-handed antiparallel double helix of amy-
lose complexed with polyiodide.

We were unable to crystallize maltooli-
gomers in a form suitable for x-ray analysis
[see also (10)], and resorted to derivatives in
which the reducing end was blocked by a
p-nitrophenyl group in the a-position. Be-
cause a-cyclodextrin polyiodide complexes
crystallize in a variety of space groups de-
pending on the cation (11), we mixed aque-
ous solutions of the commercially available
(Boehringer Mannheim) maltooligomer de-
rivatives with a séries of metal iodides and
iodine. Addition of Bal, and iodine to p-
nitrophenyl-a-maltohexaose  immediately
yielded a fine, brown powder. Brown plates
from this material suitable fot single crystal

Table 1. A sclection of parameters for helical structures formed by amylose and its derivatives (1, 9).

Helix
Structure of Pitch Number Rise Helix
amylose or derivative Tyoe* Hand- height of per diam-
ype edness ( f) residues residue eter
per turn (A) (A)
A pP Rightt 21.04 6 3.51 10.66
B Dr Rightt 20.80 6 3.47 10.68
Vi S Left 8.05 6 1.34 13.70
Vy-iodine N Left 8.17 6 1.36 13.54
KOH N Left 22.41 6 3.74 7.58
KBr S Left 16.52 4 4.13 7.21
Amvylose triacetate S Left 52.53 14 3.75 10.87
Trimethyl amylose S Left 15.64 4 3.91 9.66
Heptaamylose in complex N Left 15.8 6.6 2.3
with phosphorylase a
Idealized helix (this work) DAP Left 18.6 8.0 2.33 14.8

*Abbreviations: S, singlé; DP, double, parallel; DAP, double, antiparallcl.

(4), a left-handed double helix was proposed.

fIn a recent electron diffraction study

FTaken as the interchain spacings in (1) for amylose helices and as

van der Waals diameters for the double helix derived from p-nitrophenyl-a-maltohexaose (this work).
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x-ray diffraction studies could be obtained
when a solution near precipitation condi-
tions was sealed in a melting point capillary
and left for a few days.

The space group of these crystals is ortho-
rhombic, P2¢22,. The unit cell constants
are a = 33.732(13), b= 29.212(10), ¢ =
14.442(4) A. (Numbers in parentheses are
standard deviations in the last decimal digit

or digits.) We used a four circle diffractom-
cter (nickel-filtered Cu K, radiation) to
collect about 10,000 x-ray intensity data,
which were corrected for absorption (12).
The heavy-atom positions were derived by
Patterson methods; all other nonhydrogen
atoms were located from ditference Fourier
maps. Least-squares refinement (13) con-
verged at a conventional R-factor of 0.11

Fig. 1. Stercoview [produced with the ORTED program (31)] along the crystallographic c-axis of the
g P prog 8 b grag

unit cell of (p-nitrophenyl-a-maltohexaose), « Ba(Is

)2+ 22H,0; a-axis vertical, b-axis horizontal. The

phenyl ring G of 1 and the glucose H of 2 are indicated. Solid lines are the covalent bonds in the
triiodides, whereas the open lines are intertriiodide contacts. Atoms with increasing radius represent

carbon, nitrogen, oxygen, iodine, and barium.
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Fig. 2. Schematic illustration of hydrogen-bonding and barium-ion coordination interactions in the
double helical complex, including water molecules (A) and interatomic bond angles and distances in the

polytriiodide chain (B). The standard deviations are

0.02 A in O = O distances and 0.007 A and 0.2° in

triiodide distances and angles, respectively. The average distance along the polyiodide chain, 3.29 A, is
significantly longer than the 3.11 A in blue starch iodine (17) and in the (a-cyclodextrin), - Cdls
complex (11). Glucoses A to F are in 1 and glucoses H to M are in 2; W indicates water molecules.

There is one direct intermolecular contact between
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the O-6 hydroxvls of I and M of 2.86 A,

with the heavy atoms treated anisotropically
and the others isotropically. The crystal
asymmetric unit contains two p-nitrophenyl-
a-maltohexaose and two triiodide units, one
barium ion, and 22 water molecules
[(Ca42HgsO33N), * Ba(lz); - 22H,01].

The dominant motif of this crystal struc-
ture is a polytriiodide zigzag chain with
(I37); as the repeating unit embedded in the
central cavity of a left-handed, antiparallel
double helix that is formed by two sym-
metry-independent  p-nitrophenyl-a-malto-
hexaose molecules. The twofold screw axis
operation parallel to a creates a continuous
although wavy array of these double helices,
which are interlocked with their terminal
p-nitrophenyl groups (Fig. 1).

In the p-nitrophenyl-a-maltohexaose dou-
ble helix the two enclosed triiodide units
have dimensions similar to those in other
triiodide crystal structures (14, 15). They are
scparated by 4.08 A and form an angle of
140.8° (Figs. 2 and 3). The distance be-
tween triiodides in adjacent asymmetric
units is comparable but the angle is reduced
to 121° and follows the bend between the
short double helices (Fig. 1).

The angles formed by the triiodide units
lic between the approximate right angle
observed in polyiodides that are crystallized
with inorganic or small organic cations (14,
15) or that are complexed with B-cyclodex-
trin (16) as the matrix and the linear polyio-
dide that occurs when triiodide is embedded
n the narrow channels formed by a-cyclo-
dextrin (11) or by the V-amylose helix (17)
in “blue starch iodine.” In these latter com-
plexes the distance between the triiodide
units is about 1 A shorter than the van der
Waals separation (18) of 4.3 A, which sug-
gests that the deep blue or black color is due
to charge transfer (17, 19). The brown color
of the p-nitrophenyl-a-maltohexaose polyio-
dide crystals indicates that these interactions
are unlikely to occur in the zigzag polyio-
dide arrangement with an intertriiodide sep-
aration of ~4 A, and that this complex is a
poor model for blue starch iodine.

In cach of the ribbonlike maltohexaose
molecules 1 and 2 (Figs. 2 and 3), the O-2,
O-3 hydroxyls are on one edge of the ribbon
and are so close that intramolecular, inter-
glucose O-2 ++ O-3" hydrogen bonds cither
can form or could form if the glucose units
were rotated slightly about the glucosidic
links. Based on O = O distances, all the
possible interglucose O-2 = O-3' hydrogen
bonds occur in 1, which forms a more
regular helical segment than 2 and in which
cose O-2+ O-3" contacts are only found
between the glucoses I and J, J and K, and L
and M. The other edges of the p-nitro-
phenyl-a-maltohexaose ribbons are lined by
the O-6 hydroxyls, all of which arc oriented
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ganche,ganche as is usually observed in cy-
clodextrins (20).

The more regular appearance of 1 is also
manifested in the torsion angles ® and ¥
(Table 2), which describe the relative rota-
tion of the glucose units about the glucosid-
ic C-1-0-4'-C-4' links. These angles are
near the average values of &' = 160(4)°,
¥’ = 170(5)° in 1 but are more spread for
2, especially in those sections where the
O-2 -+ O-3' separation is wider than expect-
ed for hydrogen bonding.

In a double helix, each repeat unit in one
strand has a partner unit in the other strand.
In the p-nitrophenyl-a-maltohexaose double
helix, glucoses A to D in 1 have partner
glucoses H to K in 2. The other glucoses are
out of frame and are in hydrogen-bonding
contact with water molecules and coordinat-
ed to barium ions (Figs. 2 and 3).

Of the cight juxtaposed glucoses, only the
four central units are close enough so that
four intermolecular hydrogen bonds O-
2 «+ O-3 can form. Between the O-6 hydrox-
yls there is one direct short intermolecular
0-6 -+ O-6 hydrogen-bonding contact of
2.86 A between glucoses E and M. A second
interaction between the O-6 groups of glu-
coses F and L would be possible if L were
slightly rotated.

This hydrogen bonding between O-2,
O-3 hydroxyls on one side and between O-6
hydroxyls on the other contributes signifi-

Fig. 3. View of the molecular complex (p-nitro-
phenyl-a-maltohexaose), - Ba(I3), [plotted with
the program SCHAKAL (32)]. Hydrogen bonds,
interiodine covalent bonds, and the Ba—O coordi-
native bonds are drawn black. Molecules 1 and 2
are indicated by numbers in the p-nitrophenyl
groups. Parts of the molecular complex closer to
the viewer are stippled. The triiodide contact
bond is drawn shaded. Carbon, barium, nitrogen,
oxygen, and iodine atoms are indicated by in-
creasing radii; barium ions are filled black. Water
molecules are omitted for the sake of clarity.
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cantly, if not primarily, to helix stabilization.
It occurs systematically in an idealized dou-
ble helix whose structural parameters (Table
1 and Fig. 4) were derived mathematically
(21, 22) with the atomic coordinates of the
O-4 atoms of the central part of 1. This
double helix is novel because the A- and B-
amylose double helices have parallel strands
and do not exhibit a central cavity, and
because the helices formed by V-amylose
and by amylose derivatives are only single
stranded (1-0).

However, the parameters derived for the
idealized antiparalle] left-handed amylose
double helix are comparable to parameters
obtained for the left-handed amylose single
helix (9) of maltoheptaose complexed with
the enzyme phosphorylase a. This helix is
somewhat slimmer and has 6.6 residues per
turn with a pitch of 15.8 A. It was used as a
basis for modeling a double helix with 6
glucoses per 18 A pitch and with glucosidic
torsion angles of &' = —15° and ¥’ =
—26°. Compared with our idealized double
helix, the number of glucoses per turn is
different, and the values of the ®’ and ¥’
angles are reversed (see Table 2).

The crystal structure is stabilized by sever-
al interactions. First, 1 and 2 are held to-
gether by hydrogen bonds. Second, the
terminal p-nitrophenyl moieties of adjacent
units interlock and stack at a phenyl-to-
phenyl distance of 3.2 A, which leads to the
“Infinite-chain” arrangement shown in Fig.
1. Third, the triiodide units interact to form
an infinite polyiodide. Fourth, each barium

ion coordinates to two water molecules and
to four chelating glucoses (A, F, I, and M)
of four different maltohexaose molecules.
Finally, the 22 water molecules are mainly in
hydrogen-bonding contact with the termi-
nal glucoses A, E, and F and H, L, and M.

Maltohexaose is the linear analog of the
cyclically closed cyclodextrins that were
studied by x-ray and neutron diffraction
(20). Comparison of average geometrical
data in Table 2 suggests that cyclization
opens the C-4-0-4'-C-1' angle from
115(3)° in maltohexaose to 119.0(7)° in
a-cyclodextrin. The average O-4 «+ O-4' vir-
tual bond distance of the glucose unit de-
creases from 4.52(9) A in maltohexaose to
4.23(6) A in a-cyclodextrin. However, the
intramolecular, interglucose O-2 ++ O-3’ hy-
drogen-bonding distance is larger in a-cy-
clodextrin, 3.00(8) A, than in the maltohex-
aose molecule, 2.89(20) A.

These data indicate that the glucose geome-
try is mechanically strained in a-cyclodextrin.
The virtual bond angles O-4-0-4'-0O-4" av-
erage 120(2)° in a-cyclodextrin compared
with the average of 138(5)° in the linear
analog. The wvirtual torsion angles
0-4-0-4'-0-4"-0-4", which are 0° in the
cyclodextrins because of ring-closure con-
straints, range from —5.1° to —128.7° in
linear maltohexaose, with the central units in
the double-helical arrangement confined in
the range from —20.0° to —29.3°. The steric
strain diminishes in the series a- > - > y-
cyclodextrin, and the data in Table 2 for -
cyclodextrin agree with those for maltohex-

Table 2. Comparison of average structural parameters for amylose fragments in p-nitrophenyl-a-
maltohexaose and in the cyclically closed analogs a-, B-, and y-cyclodextrin. Standard deviations in

parentheses refer to last decimal digit.

i Cyclodextrin
Paramcc £ rophert, e
o B -y
Number of glucoses 6 7 8
Intramolecular distances (A)+
0-4 - O-4' 4.52 (9) 4.23 (6) 4.36 (11) 4.48 (5)
0-2 - 0-3' 2.89 (20) 3.00 (8) 2.86 (6) 2.81 (7)
Angles (degrees)
C-1-0-4'-C-4' 115 (3) 119.0 (7) 117.7 (9) 112.6§
O-4 = O-4' =~ O-4" 138 (5) 120 (2) 128 (3) 135 (2)
Torsion angles (degrees)Il
¢’ O-4 -+ C-1-O-4'-C-4’ 160 (4) 166 (5) 169 (5) 167 (4)
¥’ C-1'-0-4'-C-4" - O-4" 170 (5) -169 (11) =171 (8) —~170 (4)
¢ H-1-C-1-O0-4'-C-4' —-19 (6)
¥ C-1-0-4'-C-4'-H-4' =12 (7)
O-4 = O-4' « O-4" = O-4" 0 0 0
1 -5.1; —21.8;
-29.3; —40.3
2 -128.7; —24.6;
—20.0; =75.7

*Averaged data for 1 and 2 except for last entries; these entries have SD =

29).

polymorphs: Vi, 4.25 A, 2.75 A, —14°, —6° V,, 4.21

0.01°. fData from (27—

$Values from computer-built models for O-4 ++ O-4'; O-2 + O-3'; &, | values are for the following amylose
A, 278 A, —18°, -3° KBr, 4.57 A, 4.51 A; —60°; —41°

KOH, 4.57 A, 2.93 A, —3°, —33°. Native A and B amylose double helix: 4.48 A 335 A, -28°, —5° [data from

(30)]. ] at
Y refer to two different definitions use

§No standard deviations are dgivcn because the data are based on incomplete refinement.

lid’, ¢’ and ¢,

in the literature, The given average values are only for those glucosidic links

where O-2 =+ O-3' hydrogen bonds are formed, that is, values for glucose pairs H, I and K, L are omitted from

averaging,
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Fig. 4. Drawing of the
idealized amylose anti-
parallel double helix de-
rived on the basis of glu-
cose residues C and D in
1 (32). Helix parameters
are given in Table 1; the
pitch height is indicated
by the asterisks. Van der
Waals diameters for the
central cavity and for
the outer-helix bound-
aries are 4.9 A (C-6-H
atoms) and 15.9 A (O-2
and O-3 atoms), re-
spectively, and are com-
parable to dimensions
known for a-cyclodex-
trin (11). The O-2
O-3 and O-6 - O-6 hy-
drogen bonds are indi-
cated in black; the atom-
ic code is as in Fig. 3.

aose if we neglect the virtual torsion angles.

The solution properties of cyclic and lin-
ear oligosaccharides differ dramatically.
Whereas the o-, B-, and +y-cyclodextrins
display limited solubility in water, with B-
cyclodextrin being the least soluble (1.85 g
in 100-ml solution) (20), the linear analogs
are virtually indefinitely soluble. Evapora-
tion of aqueous solutions of linear oligosac-
charides yields glasses, whereas cyclodex-
trins crystallize.

The antiparallel double helix found in this
crystal structure is probably limited to mal-
tooligomers of finite length because two
chains of opposite polarity must intertwine.
This topological problem is comparable to
that for DNA. However, in DNA the geom-
etry of the base pairs imposes antiparallel
polynucleotide strands (23), and the double
helix is stabilized by hydrophobic and dis-
persion forces between the base pairs, which
are stacked in the core of the helix. In the
amylose double helix, the polyiodide chain
can initially stabilize a structure by forming
a nucleus around which the amylose chains
can wind; in addition, intermolecular hydro-
gen bonds of the type O-2-0-3 and
0-6 + O-6 can increase the stability of the
complex. Such intermolecular hydrogen
bonding was observed in crystal structures
of a-, B-, and y-cyclodextrins (20) and ap-
pears to be the most preferred amylose-
amylose interaction.

With amylose chains of infinite length,
the antiparallel double helix is not favored
because chains must intertwine and single
helices become more probable. The interac-
tions that stabilize the single helices are
hydrophobic forces between amylose and
guest molecules, intrachain hydrogen bonds
between adjacent glucoses O-2 - O-3’, and
interturn hydrogen bonds O-2 -+ O-6 and
O-3 »+ O-6. These latter hydrogen bonds are
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only rarely seen in cyclodextrin crystal struc-
tures (20), probably because intermolecular
0O-2 ++ 0-3 and O-6 -~ O-6 interactions are
more favorable; in amylose, this energetic
disadvantage could be compensated by the
topological advantages of single helix forma-
tion.

The amylose antiparallel double helix may
be significant when only short helical seg-
ments are formed so that topological prob-
lems are largely avoided. Because of the
similarity of conformational and helical pa-
rameters in the (maltoheptaose) left-handed
single helix (9) and in the (maltohexaose)
left-handed double helix, the transformation
from one helix form to the other can occur
readily.

This may be important in glycogen gran-
ules that are formed by cascade-like,
branched structures with «(1—4) and
a(1—>6) glucosidic linkages to yield a core
macrodextrin (24). At the periphery of the
macrodextrin there are short segments of
amylose that form left-handed single helices
with about 6.6 glucoses per turn (9). These
could easily intertwine to form left-handed
antiparallel double helices, and further stabi-
lize the structure of the granules. The short
length of these helical segments would easily
explain the brown (and not blue) color of
complexes between glycogen and iodine.
The observed B-type x-ray diffraction of
glycogen (25) appears to contradict the con-
cept of antiparallel double helix formation.
However, the pattern was not obtained
from native glycogen; the glycogen required

- considerable treatment and the pattern

could not be reproduced.

Gelation of amylose and starch upon cool-
ing of aqueous solution could be associated
with initial formation of short segments of
antiparallel double helices between amylose
chains. This would result in three-dimen-
sional, loose networks with intertwined am-
ylose chains, which precipitate and are diffi-
cult to redissolve.

In the crystal structure of methyl-a-malto-
trioside (3), the oligomer occurs as a left-
handed single helix with axial rise per resi-
due of 3.5 A, which does not allow intramo-
lecular hydrogen bonding O-2 - O-3" be-
tween adjacent glucose units. This structure
can be taken as a prototype for amylose
helices devoid of intrachain hydrogen bond-
ing, as they exist probably in A- and B-type
polymorphs. The parameters of the present
antiparallel double helix of p-nitrophenyl-a-
maltohexaose complexed with polyiodide

-suggest another helix prototype in which

O-2 - 0O-3' intrachain hydrogen bonding
occurs, as observed in all the V-amyloses.
Thus far no amylose double helix with pa-
rameters comparable to those derived in the
present study has been observed (26), which

suggests that amylose double helices do not
form readily. However, in conformational
energy calculations, the double helices corre-
spond to an energy minimum (3). Thus the
structural parameters for two prototype am-
ylose helices are now available at atomic
resolution for use in model-building studies
to improve the interpretation of the fiber
diffraction data.
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