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Introduction

Up to now, the structure of crystalline polymers has been
mostly determined using data that resulted from X-ray fiber
diffraction analysis.1 The random particle orientation results,
however, in cylindrically averaged intensities of X-ray fiber
diagrams and hence a loss in information depending on the size
and symmetry of the specific system. For small unit cells one
may choose to refine selected models against the fiber diffraction
data. This strategy may, however, bias the result via the
introduction of stereochemical information into the refinement
process. The growth of polymer single crystals and their study
by electron diffraction analysis is one way to achieve a proper
deconvolution of X-ray fiber diagrams. In the field of polysac-
charides, this technique has led to the revision of several X-ray
structures that had been previously determined with the use of
X-ray fiber data. Thus, amylose is a linear molecule of (1-4)-
linked R-D-glucopyranosyl units that is found in native starch
granules.2 It can be crystallized in vitro as fibrillar3 or lamellar
crystals4 that yield X-ray powder diffraction data similar to those
of the A and B allomorphs of native starch. Micrometer-sized
needle-shaped A-amylose platelet crystals prepared by recrys-
tallization of short amylose chains in dilute solution4,5 are too
small to allow single-crystal X-ray data collection. An X-ray
fiber diffraction study of A-amylose was reported by Wu and
Sarko in 1978.3 The subsequent study of micrometer-sized
A-amylose single crystals by electron diffraction5,6 revealed
some flaws in the earlier structure determination: (i) a number
of reflections were misindexed, and (ii) all the intensities of
the diagrams presented a very specific symmetry relationship
as only reflections with Miller indicesh + k + l ) 2n were
present. These observations led to a new refinement of the
structure of A-amylose, using the old intensities of Wu and
Sarko, but with revised reflection indexation. Packing consid-
erations and selected electron diffraction intensities suggested
a monoclinic space groupB2 with parallel left-handed double
helices, packed in a parallel fashion. These features differed

from those of the A-amylose structure of Wu and Sarko where
an orthorhombic space group and right-handed parallel double
helices packed into an antiparallel mode were favored.3

Progress in synchrotron radiation (SR) microdiffraction7 and
the preparation of high-quality micrometer-sized A-amylose
microcrystals by using short chains of synthetic amylose has
now made feasible the collection of X-ray data sets on such
very small crystals. The resulting sets are expected to be far
superior to the one from electron diffraction where dynamic
effects and crystal tilting impart errors to the intensity measure-
ments, which are difficult to correct. In the present Note, we
therefore report on SR microdiffraction data collection on single
crystals of A-amylose and the use of these data for the
refinement of the unit cell and the confirmation of the space
group. The structural modifications induced by radiation damage
are also presented.

Experimental Section

Materials. Fractions of amylose with a degree of polymerization
between 13 and 27 were enzymatically synthesized from sucrose
using amylosucrase8 and subsequently fractionated by high-
performance size-exclusion chromatography (HPSEC). Needle-
shaped single crystals of A amylose were prepared by recrystallizing
dilute aqueous amylose solutions in the presence of acetone vapors,
as described elsewhere.5 A scanning electron micrograph (SEM)
of typical crystals is shown in Figure 1A. Air-dried single crystals
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Figure 1. (A) SEM image of A-type amylose crystals prepared by
recrystallization of synthetic amylose. (B) SEM image of an amylose
single crystal (arrow) glued to a borosilicate glass capillary tip. The
small ripples on the glass capillary are due to the glue.
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were attached under an optical microscope by slow setting glue
(Araldite) to the tip of a tapered glass capillary using a Kleindiek
MM3A micromanipulator (Figure 1B).

Synchrotron Radiation Experiments. Experiments were per-
formed at the ESRF ID13 beamline at a wavelength ofλ ) 0.0947
nm defined by a Si-111 monochromator. The beam was focused
by parabolic Be refractive lenses9 and collimated to 10µm at the
ID13 microgoniometer.7 The air-dried crystals were flash-frozen
to 100 K using a N2 cryostream system. Diffraction patterns were
recorded by a MAR165 CCD with 2K× 2K pixels of 78.94×
78.94µm and 16 bit readout. A typical diffraction pattern is shown
in Figure 2. The diffraction patterns were processed using the XDS
program package.10 The micrometer size of the crystals allowed
neglecting absorption corrections. Individual scale factors were used
to correct for intensity decays in subsequent diffraction patterns.
The two crystals studied for the present report were rotated in steps
of 2° and 4° with respectively 1 and 2 s exposure time per step.
For data analysis reflections withI/σ(I) g 3 (integrated intensity/

standard deviation) were selected. Radiation damage limited the
number of diffraction patterns, which could be analyzed per crystal
to 55 and 25 with a total number of statistically significant
reflections of 332 and 353, respectively. The highest resolution
obtained was 0.151 nm.

Results and Discussion

The space group was tested using the XDS program package10

by calculating the merging factorRint for the statistically
significant reflection intensities:

whereIhi is theith observation of thehth symmetry-equivalent
reflection (same intensity imposed by symmetry) and〈Ih〉 the
average intensity of thehth symmetry-equivalent reflection.11

Rint and the metrics of the translation lattice favored a monoclinic
space group for A-amylose. In the monoclinic setting a value

Figure 2. Typical X-ray diffraction diagram of single crystal shown
in Figure 1B obtained in 5 s for a 5° rotation angle.

Table 1. Comparison of Intensities of Selected Reflection Pairs,
Which Should Be Symmetry-Equivalent According to Orthorhombic

(I hkl ) I-hkl) or Monoclinic ( I hkl ) I hk-l) Symmetries (σ Values in
Parentheses)a

symmetry hkl Ihkl(σ) hkl Ihkl (σ)

orthorhombic 321 2824 (68) -321 1146 (62)
orthorhombic 411 1709 (55) -411 3572 (87)
monoclinic 301 5373 (119) 30-1 4929 (109)
monoclinic 121 1012 (62) 12-1 1005 (68)

a Orthorhombic unit cell:a ) 1.7714 nm,b ) 1.146 nm,c ) 1.055
nm, R ) â ) γ ) 90°; monoclinic unit cell: Table 2A; column 1.

Table 2. Comparison of Unit Cell Dimensions and Space Groups from Different Diffraction Experiments (σ Values in Brackets)a

X-ray single crystal, this work X-ray powder5,6 X-ray fiber3 X-ray powder5,6

a (nm) 2.0874 (7) 1.172 1.190 2.125
b (nm) 1.146 (2) 1.772 1.770 1.172
c (nm) 1.055 (2) 1.069 1.052 1.069
R (deg) 90 90 90 90
â (deg) 90 90 90 90
γ (deg) 121.94 (3) 90 90 123.5
V (nm3) 2.1415 2.218 2.216 2.218
T (K) 100 293 293 100
possible space groups monoclinicB2 orthorhombic orthorhombic monoclinicB2
reflections used 57

N redundency completeness Rint (%) I/σ(I) Rexp (%)

55 (1) 1.29 (2) 14.9 (1.8) 3.7 (5.1) 13.46 (3.53) 3.6 (23.6)

a The data collection temperature is included. This work: data based on reflections withI/σ(I) > 3 up to resolution limit of 0.151 nm. The total data
collection time is<10 s in order to reduce radiation damage effects (Figure 3A,B). The overall reflection statistics derived by XDS10 is given below.N:
number of unique reflection; redundency: total/unique reflections. Values in parentheses correspond to the outer resolution shell (1.51-1.59 Å).

Figure 3. (A) Variation of relative unit cell parameters with exposure
time for the two crystals investigated (2σ error bars). Data were scaled
to unit cell parameters refined at the shortest (10 s) exposure time,
which were set arbitrarily to 1.0. (B) Variation of the parameterp ) b
+ a cosγ with exposure time for the two crystals. Thep value becomes
zero for an orthorhombic lattice with monoclinic indexation. The straight
lines in (A) and (B) correspond to a linear least-squares fit.
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of Rint ) 7.6% (expectedR value derived from intensity
statistics: Rexp ) 7.0%)10 was calculated from 263 reflections
(I/σ(I) g 3; resolution limit: 0.191 nm), 97 of which are unique.
In an orthorhombic setting a value ofRint ) 19.8% (Rexp )
21.9%) was calculated from 215 reflections (I/σ(I) g 3), 47 of
which are unique. This result is based on a large set of
symmetry-equivalent reflections and clearly indicates that the
symmetry is monoclinic. Table 1 shows for selected pairs of
strong symmetry-equivalent reflections that the intensity dif-
ferences are indeed significantly higher for orthorhombic than
for monoclinic setting. The monoclinic space groupB2 was
chosen as the equally possible space groupsBmandB2/m can
be excluded on the basis of the optical activity of the A-amylose
crystals.8 In an earlier description,6 a clear-cut difference
between orthorhombic and monoclinic symmetry could not
firmly be established. At that time, the monoclinic space group
was selected from both biochemical considerations and intensity
measurements onIhkl and Ih-kl pairs from electron diffraction
patterns recorded on tilted single crystals. It was not clear
whether the observed intensity differences were real or due to
slight misalignment of the crystals. The present work is based
on X-ray diffraction measurements that are less sensitive to
misalignment than those of electron diffraction. The monoclinic
space group for A-amylose is therefore firmly established.

A systematic change of unit cell parameters is observed with
increasing exposure and hence increasing radiation damage at
100 K (Figure 3A). While thea and b parameters and theγ
angle were increasing, thec-axis (chain axis) is decreasing. This
observation contradicts therefore the assumption of an exclu-
sively temperature-dependent shrinking of the unit cell.5 We
also note that the monoclinic unit cell got closer to a pseudo-
orthorhombic cell (γ ) 123.5°)6 with increasing exposure. This
phenomenon can be described using the parameterp ) b + a
cos γ, which becomes 0 for a pseudo-orthorhombic lattice
(Figure 3B). It would therefore be practically impossible to
distinguish a monoclinic from an orthorhombic cell on the basis
of powder diffraction data affected by dose-dependent radiation
damage. The structure of A-amylose is thought to consist of
left-handed, parallel-stranded double helices.2,6 Radiation dam-
age probably results in hydrogen abstraction and chain scission
in the glucopyranosyl units, which will modify the stabilizing
hydrogen-bonded network of the double helix and hence the
unit cell parameters. A more detailed understanding of this

process will have to await the refinement of the 3D structure
of A-amylose, which is in progress.

The unit cell parameters of A-amylose were refined using
57 very well measured strong reflections collected at the shortest
exposure time of 10 s. To reduce the influence of radiation
damage as far as possible, only reflections collected in a small
angular range (0-20°) were used. The parameters of the refined
monoclinic unit cell area ) 2.0874 nm,b ) 1.146 nm,c )
1.055 nm, andγ ) 121.94°. A comparison of the unit cell
parameters obtained in this study with previously determined
values is presented in Table 2. Reflection statistics derived by
the XDS program package are also indicated in Table 2.
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