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ABSTRACT: The crystal structure of -chitin, a homopolymer of N-acetylglucosamine, was determined
using highly resolved X-ray fiber diffraction data obtained from uniaxially oriented specimen of diatom
spines. The labile N-acetyl groups and hydroxymethyl groups were directly located in the Fourier omit maps
constructed using the glycosyl backbone as phasing model. Using the 216 independent intensities extending to
aresolution of 1 A, we could refine the structure without any restraints on bond angles to obtain a reasonable
model with high accuracy. The carbonyl oxygen of acetamide group formed intermolecular hydrogen bond-
ing between the primary hydroxyl and amine groups forming a two-dimensional hydrogen bonding network
in a plane perpendicular to the pyranosyl plane. The hydrogen bonding pattern explains why the conforma-

tion of the acetamide groups is slightly rotated from standard conformation.

Introduction

Polysaccharides having simple molecular structure such as cel-
lulose, chitin, and amylose represent the major part of biomass
and have great potential as renewable resources. They have
different reactivity such as enzymatic digestibility or solvent
resistance, which depends on their solid state structure. For
example, cellulose IIT has been shown to be hydrolyzed much
faster than cellulose I by a celloblohydrolase p-chitin is con-
sidered to be more reactive than a-chitin;* a wide range of polar
molecules can intercalate S-chitin crystdls3 % but not those of a-
chitin. Thus, the structure and intermolecular interaction in solid
is a key to understand and modify their properties in view of their
optimal utilization. Although the explicit interaction at molecular
level is difficult to characterize experimentally for poorly crystal-
line samples, molecular details can be, in principle, experimen-
tally determined for crystals. In the case of cellulose and chitin,
certain biological organisms are known to produce highly crystal-
line samples that diffract beyond 1 A resolution. Yet, it is still a
challenge to derive structural information from diffraction data
from polycrystalline samples, since the nanometric size of each
crystal do not allow a single crystal study in a conventional way.

Many crystal structures of polymers have been refined since
the 1960’s based on limited number of fiber diffraction intensity
data combined with stereochemical constraints or restraints
which gave structures that reproduce measured diffraction in-
tensities with reasonable molecular geometry.'! Yet the uniqueness
of these structural determination is not guaranteed, since most
often only a limited number of models are screened on a trial and
error basis. A typical example demonstrating this pitfall, is the
occurrence of two distinct models of cellulose T proposed in the
1970’s based on similar refinement technique, where the molecules
were running in opposite directions between the two models.'* '

Recently we reinvestigated a series of cellulose allomorphs
using almost uniaxially oriented highly crystalline cellulose
samples with fiber diffraction techniques. The two-dimensional
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intensity data with high spatial resolution and high dynamic range
allowed us to improve the accuracy and number of mea-
sured diffraction intensities. With this improved data set, we could
directly locate labile atoms or solvent molecules in the Fourier omit
maps and thus unambiguously determine the basic structure.'> 2!

We are on the way to further improve the method to obtain
maximum structural information from fiber diffraction data,
limiting the bias introduced by model construction. This is done
by careful background evaluation, texture analysis, and improved
peak fitting procedures to obtain accurate diffraction intensities,
combined with phasing using rigid fragment of the molecule.

In this study, we reinvestigated the structural details of
p-chitin, one of the two known crystalline form of pure chitin
found so far. The -chitin allomorph has never been recrystallized
in vitro, but can only be found as a direct result of biosyn-
thesis,”>* in the same way as cellulose I is only formed by
biological machinery. In contrast to cellulose biosynthesis in
which only parallel chain cellulose I is produced in nature, most
chitinous biomass resources, namely arthropod cuticles such as
crab shells are composed of a-chitin®* which is also the crystalline
form when produced in vitro,”>*° regenerated from solution?’ or
from swollen state.”®*

Although much smaller in quantity as readily available bio-
mass, pure chitin with virtually no contaminant can be obtained
as extracellular f-chitin fibrils of certain species of diatoms,*
namely Thalassiosira weissflogii. This kind of highly crystalline
pure chitin can have important applications when purity is of
importance such as for medical applications. The unique prop-
erty of easily accommodating polar molecules reversibly in the
crystal lattice to form various crystallosolvates can also be an
advantage of this allomorph.

The structure of S-chitin has been studied by combination of
X-ray fiber diffraction and polarized infrared spectroscopic data,
leading to the currently acce rpted structural model by Gardner
and Blackwell (GB model).? The unit cell of chitin anhydrous
form is monoclinic with, @ = 4.85A, b = 9.26 A, ¢ (fiber repeat) =
10.38 A, and y = 97.5°, with the space group P2;. This unit cell
contains only one chain and thus the chains of 5-chitin are packed
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in parallel arrangement, composed of only one anhydroglucose
as asymmetric unit. Gardner and Blackwell refined three struc-
tural models with fixed bond length and bond angles against 61
reflection data and compared the final agreement using Hamil-
tonian test to discriminate among the plausible models. Their
final model was obtained by imposing certain intermolecular hydro-
gen bonds, deduced from polarized infrared spectra, by applying
a restraint on oxygen—oxygen distance. When this restraint was
lifted, the model converged to a structure where the hydroxy-
methyl oxygen was not forming hydrogen bonding. It showed
slightly better agreement with X-ray data, but the difference was
not significant enough to decide between the two models based on
X-ray data only. The only structural model of f-chitin in the
Cambridge Structural Database (CSD), coded LILVUX pub-
lished by Dweltz et al.,** was rejected on the basis of crystal-
lographic agreement factor over the GB model.

The GB model (the published coordinate apparently contains
typographical error, and does not reproduce their figure with
C2—N bond distance and C2—N—C7 bond angle beyond the
acceptable range) does not have contradiction with any experi-
mental data available today, including infrared-spectroscopy,
solid state NMR spectroscopy,”* and can explain the unique
property to incorporate polar molecules. However, as the struc-
ture determination is based on model building and selection
among limited number of models, there is no guarantee that the
GB structural model is the only acceptable one. The structural
model was built to explain different experimental data and thus
there is no redundancy in data. Yui et al.** carried out an
exhaustive search to refine the structure from many possible
starting conformation, and give credit to the gross structure of
GB model but do not provide reliable coordinates. We thus
reinvestigated the crystal structure of anhydrous f-chitin using
high resolution data to determine the structure with minimum a
priori suppositions.

Experimental Section

p-Chitin Sample. A centric diatom, 7. weissflogii strain
CCMP1051, was cultured in f/2 medium under artificial illumi-
nation and CO, enriched aeration for 1 month. The culture
suspension was lightly homogenized by a waring blender to
dislodge the chitin spines from diatom cells, followed by cen-
trifugation at 2000g to sediment the cells, while leaving chitin
spines in the supernatant, which was further centrifuged at
19000g to collect cell-free chitin spines as pellet. The recovered
chitin was successively treated with 5% KOH (25 °C, overnight),
methanol (65 °C, 2 h), 0.3% NaClO2 (pH 4.9,70°C, 6 h), 0.1 N
HCI (boiling, 1 h), and finally 1% HF (25 °C, overnight), with
centrifugal rinsing with water after each step. Purified chitin was
freeze-dried and kept in a desiccator until use.

Preparation of Oriented Fibers. Approximately 5 mg of dry
chitin was dispersed in 7 mL of water and mixed with 3 mL of
1% fibrinogen solution in 3% sodium chloride. This mixture
was supplemented by several drops of concentrated thrombin
aqueous solution, immediately spread in a glass Petri dish to
form approximately a 3 mm thick layer, and allowed to stand at
room temperature. When the layer formed a soft gel, it was cut
into a 50 mm x 10 mm strip and slowly stretched by hands to
about 3 times with continuous removal of water by contacting
with a filter paper. This string like specimen was softened by
immersing in 1% KOH and further stretched to 1.5—2 times.
The string was cut into 20 mm long pieces, and a proper number
of pieces were bundled and inserted into a glass capillary of 1
mm inner diameter. Fibrinogen in the specimen was removed by
alternately injecting 5% KOH solution and water into the
capillary several times. The specimen was finally dried in a
vacuum at 120 °C.

Data Collection. Synchrotron X-ray fiber diffraction data was
collected at the BL40B2 beamline at SPring-8 (Hyogo, Japan).
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Figure 1. (A) Fiber diffraction diagram of anhydrous f-chitin and (B)
its close up of central zone. The fiber axis is approximately vertical. The
arrows indicate spots that cannot be explained by anhydrous f-chitin
unit cell with P2; symmetry.Arrow a corresponds to equatorial reflec-
tion of hydrated form, and arrows b and ¢ correspond to 00 1 and 0 0 3,
respectively.

The oriented fibers thus prepared were mounted on a goni-
ometer head and synchrotron radiated X-rays (A = 0.7293 A)
were irradiated orthogonally to the fiber axis. The diffraction
patterns were recorded on flat imaging plates (R-AXIS IV++,
Rigaku) with a sample to detector distance of 150 mm for 60 s.
The data was read out as a matrix of 3000 by 3000 pixels with
100 um resolution. For callibration purpose, Si powder pattern
was also recorded at the same condition in a capillary of 1 mm
diameter for 10 s.

Figure 1 shows the raw fiber diffraction data after polariza-
tion correction and flat-plate Lorentz correction with intensity
in logarithmic scale to account for large dynamic range. In the
equator, there was a small peak shoulder at lower angle of 0 1 0
and noticeable intensity in the meridian 0 0 1, 0 0 3, which is
prohibited for P2, symmetry. However, the absolute intensity of
these peaks in linear scale were very small (~1% of 0 0 2
intensity) and these spots showed a streaking perpendicular to
the fiber axis, absent on other reflections. This streaking is an
indication that these peaks arise from thin domains parallel to
the chain direction. The domains can be defects due to imperfect
drying or rehydration of the sample or the lateral surfaces of
the crystals. Note that the side groups exposed on the surface
alters every two residues. If these groups take conformations
different from those in the bulk crystal or correlated vapor ad-
sorption takes place on the surface, significant electron density
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fluctuation can arise corresponding to this odd order. For a
chitin crystal with a thickness of 30 nm, about 10% of the chains
are on the surface, which is probably sufficient to explain the faint
intensities observed on the odd order meridian. On the basis of
these considerations, the prohibited streak was neglected in the
further analysis.

Unit Cell Determination. Peak positions of the 25 strong
diffraction of the fiber pattern were measured using R-AXIS
display software (Rigaku). After indexing the d-spacings ac-
cording to one chain monoclinic unit cell, the unit cell param-
eters were determined by a least-squares refinement method.
Unit cell parameters thus determmed were almost the same as
those reported by Blackwell They were a = 4.820(3) A b=
9.247(4) A c= 10. 390(7) A, and y = 97.2 1(7)°, with unit cell
volume of 459.3 A°.

Data Processing. The beam center coordinate, detector tilt,
and detector distance was determined from Si powder pattern using
Fit2D software (http://www.esrf.eu/computing/scientific/ FIT2D).

Polarization Correction. The synchrotron X-ray source has
linear polarization whose polarization factor, P, depends on the
azimuthal angle p, taken with respect to the polarization axis and
the scattering angle 6 with respect to the incident beam as follows™

1+ C(;s2 20 P 2p25in2 20 1)

P =

The linear polarization coefficient, 4, was 0.83 under our
experimental condition. When the pixel intensity was corrected
for this polarization correction, the oval-shaped background
scattering became circularly symmetric.

Background Subtraction. The diffraction pattern was con-
verted with the above polarization correction to polar coordi-
nate intensity matrix of 360 by 2000 elements, corresponding
to azimuthal angle every 1° and radial distance with pixel unit
(100 um) interval, respectively. The intensity value and its stan-
dard deviation at each polar coordinate was evaluated from all
detected intensities corresponding to the same bins. This polar co-
ordinate data format has the advantage that the two-dimensional
peak intenisty profiles can be expressed as a product of two orthog-
onal function as.

1(r,0) = 1(r)I(0) 2)

r and 6 being the radial distance and azimuthal angles, respec-
tively. Only one-dimensional profiles need to be stored as
opposed to the standard fiber diffraction representation where
a two-dimensional profile has to be calculated for each peak.

The background was evaluated for each radial trace using
bicubic spline function with grid points every 50 pixels. A
Bayesian approach was used to evaluate the background in
order to avoid systematic overestimation of weak peak inten-
sities as has been the case in our previous studies.'®!” A bicubic
spline was used to express the background intensity distribution.
The first guess was given by Sonnevelt algorithm, and linear
least-squares fit cycles with weighting scheme to scale down the
intensity from diffraction peaks were applied to maximize the
likelihood function.

Peak Fitting. The orientation distribution of the fiber axis was
approximated by a single Gaussian function. The width of the
Gaussian function was estimated by simulating the azimuthal
intensity distribution of equatorial reflection. The azimuthal
intensity distribution of any diffraction spots can be calculated
by numerical integration of the population contributing to the
intensity at each position in reciprocal space.*® The radial width
of each peak was given depending on the peak position accord-
ing to the following formula

W = W, + we(d*, 0)/cos® 20 cos O (3)
where w, corresponds to the broadening due to the beam size, w,.
corresponds to the broadening due to the crystal size and disorder.
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Figure 2. Visual representation of diffraction diagrams transformed
into polar coordinate for intensity fitting purpose. Key: (A) observed;
(B) fitted; (C) A — B. In this polar coordinate system, the origin is at the
center of incident beam and the azimuthal angles are taken with respect
to the horizontal left of the fiber pattern in Figure 1 in a clockwise
manner. Thus, the equator in Figure 1 corresponds to azimuthal angles
of 0 and 180°, whereas the meridian corresponds to 90 and 270°. The
size of data region used for each fit cycle is represented by a red rectangle
while only intensities of the peaks found in the green rectangle are
retained.

Since the crystal size along the fiber direction is expected to be very
large, we took the following form to describe the broadening w,.
depending on the angle o between the fiber axis and the lattice
position in the reciprocal coordinate.

. k
We = Wy =+ Weq sin 0 + cd 2 (4)

where w,, is the width of the peak along the meridian and w,, is the
width along the equator, and c is the paracrystallinity parameter.
Given the peak profile of each diffraction, the diffraction data
should be a linear combination of the peak profile with positive
peak intensities. Since the peak overlapping are limited to the
neighboring area, these intensities can be determined in a block-
wise manner by least-squares fitting. The block size was chosen to
contain at least several entire peaks but small enough for reason-
able calculation time and memory allocation. In this case a block
of 360 x 150 pixels was chosen. The diffraction close to the border
of a block can be influenced by the neighboring peaks that are out
of the block. To avoid this artifact, the calculation block was
moved so that it overlaps with the preceding block. Only the peak
intensities in the inner part of each block were taken.

A LAPACK driver function DGELSD that computes mini-
mum norm solution for under-determined linear least-squares
problem was used. The fitting was iterated on the residuals, with
negative intensities set to zero.

Figure 2 shows the observed (A) and calculated (B) diffrac-
tion data in polar coordinate as well as their difference (C).

The standard error estimation of intensities obtained in this
way is problematic since the rank deficient normal matrix cannot
be inverted. Thus, the error estimation was done by calculating the
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variation of sum of squared residuals y* when each intensity was
modified by unity from the final solution, and arbitrarily given by
the following.

ol = const.+0.01/5(x%) (5)

In this fitting procedure, intensities of very close reflections in
the cylindrically averaged reciprocal space are given evenly
divided values which does not reflect the physical reality. Further-
more, a slight modification in peak position due to detector dis-
tortion or an error in unit cell parameters would easily result in
false intensity evaluation. On the other hand, intensity data for
each Miller index is needed to construct Fourier synthesis, so this
list was kept as a “crude intensity list”. This is almost equivalent to
equi-partitioning overlag)pmg peak intensities, employed in the
direct method analysis.>’ For refinement purpose, the reflections
that belong to the same layerline and that are too close to each
other were combined into one intensity data to make a “regrouped
list”. Since the broadening is mainly in the direction perpendicular
to the fiber axis, the distance from the fiber axis in the reciprocal
space, r, was compared and if the distance between the two spots,
ri1j, was smaller than 0.01 (A 1, the intensities were summed into
a composite peak intensity. The highest estimated standard error
among the contributing reflections were chosen as the standard
error of the composite data.

Refinement. Construction of Rigid Backbone. Chitinis a homo-
polymer of N-acetyl-p-glucosamine (GlcNAc) residues, with a molec-
ular formula of (CgH;3NOs). The unit cell volume of 459 A’ can
only contain two residues. With the P2; symmetry selection, the
asymmetric unit is one GlcNAc residue. Since the pyranose ring is
known to take a rigid *C; conformation, the pyranose ring
excluding the labile hydroxymethyl and acetamide groups was
used as phasing model. The backbone has some degree of free-
dom around the glycosidic linkage, but the P2; symmetry and
fiber periodicity almost uniquely determine the glycosidic torsion
angles.

To construct the starting model, the pyranose ring was energy
minimized using Tripos 5.2 force field.” The pyranose ring was
then rotated around a virtual bond linking two subsequent
glycosidic oxygen atoms keeping the P2; symmetry. The rota-
tion giving the smallest energy was chosen as the starting struc-
ture. Then the motif, involving six carbon atoms, three oxygen
atoms, and one nitrogen atom, was placed in the unit cell with
the P2, symmetry axis coinciding with the z axis. All hydrogen
atoms and labile side groups including two oxygen and two
carbon atoms were not included in the model. The chain was
placed either with the z coordinate of OS5 higher than that of C5
of the same residue or in the opposite direction, corresponding

o “up” or “down” structure, respectively. These motifs were
rotated around the chain axis with steps of 1° and the agreement
with experimental intensities was calculated.

To facilitate the evaluation of agreement between the experi-
mental value and intensity calculated from model structure, the
following indicators for exhaustive search were defined*as

EI —1— ( Iobslcal )2; EF — 11— ( Fol)chal )2

‘Iobs‘ ‘Ical| |Fol)s | |Fcal‘
which are equivalent to the square of wR? used in SHELX
refinement with a weight of unity given to all data and global
scale factor optimized. Here the I,,,and 1., or F,,and F,, are
the vectorial representation of observed and calculated intensity
or structure factor amplitude list, respectively. The calculation
was also done using both “crude” (c) and “regrouped” (r) list
resulting in four indicators, Ej., Ej,., Ef., Er- as a function of the
chain rotation.

Figure 3 shows the variation of these E values using different
resolution shells as a function of rotation angle around the z
axis. In both the “up” and “down” cases there is only one region
of global minimum independent of resolution limit or grouping
of intensities. However, with the rigid model, it was impossible
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Figure 3. E values as a funtion of rotation angle for up (blue lines) and
down (red lines) chain with a resolution extending to 2.5 A (thick lines),
2 A, and 1.5 A (thin lines). Intensity (left) or structure factor amplitude
(right) with “regrouped” (top) or “crude” (bottom) data lists were used.

to distinguish between “up” and “down” arrangement based
on the intensity agreement only. Thus, two “up” models with
rotation of 75 and 95°, and a down model with 110° rotation
were considered as starting model for further refinement using
SHELX.

First, the bond angles and bond distances were restrained to
the equilibrium values of the Tripos5.2 force field. When refined
against the “crude” intensity list up to 1.3 A resolution, both
“up” models converged to the same structure with the classic
crystallographic R-factor R; =0.38 whereas the down structure
converged to a structure with R; = 0.55.

Fourier Omit Map The Fourier omit maps (Figure, 4) were
visualized using Coor**from the phase and normalized observed
intensities and calculated intensities obtained in the above
refinement. Difference map using F, — F. as amplitude and
sigma weighted Fourier map (SIGMAA) with amplitude of
2mF, — F. with m being the figure of merit were used. Here F,
is the square root of observed intensity and F, the calculated
counterpart. With the up model, the SIGMAA map clearly showed
electron densities corresponding to the O6 and the oxygen and
carbon atoms of acetyl groups, while the difference map located
the position of O6, that of carbonyl oxygen O7 and the carbon C8
of the methyl group (Figure 4). With the down model, only the O6
close to the gg position could be recognized on the map. Thus, the
down structure was discarded and only the up model was con-
sidered in the further refinement.

The missing atoms were progressively introduced using the
crude data up to 1.3 A at the position of residual electron density
peaks in the SHELX output file, followed by refinement with
bond angle and bond distance restrained. At each addition of
atoms the Fourier difference map was calculated (Figure 4b—d).
The addition of O6 resulted in R; = 0.32 and further addition of
C7in Ry = 0.3. The last C8 and O7 are interchangeable. In the
first place the O7 was incorporated to form the most frequent Z-
conformation where the carbonyl oxygen is trans to the amide
hydrogen. Finally with all carbon and oxygen atoms incorpo-
rated, R; = 0.17 with 104 intensities F, > 40(F,) within 1.3 A
was obtained.

Structure Refinement. Further structure refinement pro-
ceeded using the “regrouped” list. With bond distance, bond angle
restrained and isotropic temperature factor restrained with SIMU
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Figure 4. Fourier omit maps of “up” model. The side group atoms were
successivly added to the initial phase model (a) in order of O6 (b), C7 (c),
and O7 and C8 (d). Blue wires are SIGMAA map, green for positive
intensity and red for negative intensity in F, — F, maps.

command, the classical agreement factor was R; = 0.11 for 73F,
> 40(F,). Then all geometric restraints were lifted and the atom
positions were refined against intensity data up to 1 A resolution.
The intensity data included 216 intensities out of which 105
intensities significantly higher than the noise level (F, > 40(F,)).
Atthisstage R; = 0.12 for 105 intensities. Incorporation of hydro-
gen using HFIX commands on carbon and nitrogen atoms resulted
in R1 = 0.109.

Then the C8 and O7 were exchanged and refined to check
for the alternative conformation which gave R; = 0.116: fixing
the parameters and exchanging C8 and O7 again resulted in
R; = 0.110. The alternative conformation (£ conformation)
can be rejected at 99.5% confidence level according to the
Hamilton’s test.*!

Finally, when the structure was refined with anisotropic tem-
perature factor for non-hydrogen atoms with DELU and SIMU
restraints, with hydrogen atoms on oxygen added with HFIX
command, R; = 0.064 was obtained. However, the bond distances

Nishiyama et al.

Figure 5. Final structural model. Key (a) ab projection; (b) view along b
axis; (c) ac projection; (d) thermal ellipsoid representation of chitobiosyl
residue. The hydrogen bonds are indicated by broken lines with blue for
OH or NH donor and yellow for CH donor. The carbon numbers are
shown in part d.

C2—C3,C3—C4, and C7—C8 were refined to a value nearly 10%
smaller than the standard value. With the current data quality,
the standard uncertainty of the atomic coordinate was about
0.05 A perpendicular to the chain direction and 0.03 A along the
chain direction. The refined bond distance can be far off from
reasonable values due to this uncertainty. Thus, we reintroduced
the restraint on the bond distance using standard values, result-
ing in R; = 0.074. When bond distances were restrained, the
atom positions were defined with a standard uncertainty of
0.03 A perpendicular to chain direction and 0.02 A along the
chain direction. This model, considered as the final model is
detailed in the CIF file in the Supporting Information. When
this CIF file generated by SHELX was checked with the
PLATON software,*> no geometric anomaly was reported.
The final structure seen from different directions and the
molecular geometry with thermal displacement ellipsoids are
shown in Figure Sa—d, respectively. The atomic coordinates and
geometrical parameters are given in the CIF file in the Support-
ing Information.

Discussion

Molecular Directionality. From Figure 3, it is clear that
using rigid backbone without side groups, it is not possible to
distinguish between up and down structure with data set of
any resolution. However, once the model is given the rota-
tional freedom around covalent bonds, the difference in
agreement with experimental intensities became significant.

In fact when up and down molecules are superimposed
without the side groups, the overall morphology overlaps to
alarge extent and the differences in atom positions are within
a fraction of an angstrom. When the models were relaxed,
only the model placed in correct direction can fill the gap to
fit the diffraction data, and the improvement in agreement
with observed intensities were much more important than for
the motif placed in the wrong direction. We could thus
construct the phasing model with minimum bias from the
starting structure.

The fact that two starting model rotated by 20° converged
to the same structure further shows the robustness of the
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Table 1. Conformational Parameters of /N-Acetyl Glucosamine-Based Structures

parameters (deg)®

T w o' é Y z 7 4 & ©
this structure” 117(2) —65(3) 58(3) —89(3) —152(2) 95(3) —136(3) 16(4) —170(2) 10(3)
LIVUX? ref? 116 105 —-133 -92 —150 —114.3 133 1. 180 0.30
GB° ref’! 111.6 —66 55 -103 —142 106 -135 0 180 0.30
Yui* 114 —56 —88 —152 112 16
chitobiose*” (R)? 116 -75 46 —80 —107 139 —98 -2 180 0.54
chitobiose*” (NR)* —66 57 100 —137 3 —174 2.87
ACEGLUAT1V ref* —60 59 140 -97 -10 170 3.09

“Standard errors between parentheses. > LIVUX coordinates correspond to N-acetyl-L-glucosamine instead of N-acetyl-p-glucosamine. ¢ After
correction of a presumed typographical error.  Reducing sugar. ¢ Nonreducing sugar.” N-acetyl-a-p-glucosamine. £ 7: glycosidic bond angle C40C1.
Torsion angles: w, O5C5C606; w’, C4C5C606; ¢, O5C101C4; v, C101C4C; y, C1IC2N2CT7; ', C3C2N2C7; &, C2N2C707; &, C2N2C7C8. Ring

puckering parameter: ©.

refinement procedure of the backbone. In this way, we
reconfirmed the present model of parallel-up structure.

For f-chitin, attempts to experimentally determine the
molecular directionality by combining single crystal electron
diffraction with staining of the reducing ends or enzymatic
digestion of nonreducing ends have been reported.*~*° In
the last description,*® using biotinylation of the aldehyde
group of the reducing end followed by streptavidin gold
labeling and a series of tilt diffraction experiment unambigu-
ously confirmed the parallel-up structure of S-chitin. This
was also supported by an exhaustive structure search based
on diffraction intensity reported by Gardner and Blackwell
and packing energy consideration.** Our result is in agree-
ment with the basic structure of the current model supported
by both direct identification of reducing end and exhaustive
search, but is based on very little a priori knowledge, demon-
strating the advantage of using the omit refinement proce-
dure.

Molecular Conformation. Selected conformational param-
eters are summerized in Table 1. The torsion angles ¢ and
around the glycosidic linkage were close to the values refined
by Yui and differed significantly from those of the Gardner
and Blackwell model. The azimuthal sugar puckering param-
eter®® © indicating the deviation from the *C, chair con-
formation is larger than the one in the single crystal studies of
N-acetylglucosamine and chitobiose. The © value is similar
to that of cellulose I1I; and of the center chain of cellulose I1.
It is interesting to note that the structure of S-chitin and that
of cellulose I11; are quite similar having one chain monoclinic
unit cell and identical chain arrangement. In this case, the
puckering parameter is probably conditioned by the neigh-
boring pyranose rings.

We compared the conformational parameters of struc-
tures containing CSH3—C707—NH—C2HCC motifs in the
Cambridsge Structural Database (CSD)*+*° using ConQuest
software’! and N-acetylglucosamine residue in the protein
data bank (PDB) records. NDG or GNC residue in the PDB,
solved with a resolution above 1.5 A, corresponded to 51 files
and 127 residues. Figure 6 shows the histogram of torsion
angles of analogues found in the CSD and PDB. The torsion
angles O7—C7—N—C2 (&) and C8—C7—N—C2 (&) deviat-
ing from 0° or 180° indicates the nonplanarity of N-acetyl
groups. The combination (&, &) of (0, 180) corresponds to the E,
or cis, conformation and (180, 0) the Z, or trans, con-
formation.>>® The combination of torsion angles C1—C2—
N—-C7 (y) and C3—C2—N-C7 () of +120 and —120°
indicates the antiperiplanar and syn-periplanar orientations
of C2H—NH, respectively.

Among the 487 occurrence of the above motif in 403
structural records, all but one structure in the CSD had the
C—CO—NH-C segment in Z conformation with a standard
deviation of 7°. PDB structures had very similar tendency
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Figure 6. Distribution of dihedral angles observed in GlcNac residues
in the PDB as a function of resolution (a, ¢) or analogue sequence in the
CSD as a function of R factor (b, d). The resolution is coded as follows:
red,] A; orange, 1.1 A;yellow, 1.2 A; green, 1.3 A; magenta, 1.4 A; blue,
1.5 A. The R factors thresholds are as follows: red, 3%; orange, 6%;
yellow, 9%; green, 12%; cyan, 15%; blue, 18%.

except for a handful of outliers. The Z and E conformations
are difficult to distinguish from X-ray data at low resolution
because the methyl group and the oxygen have 9 and 8
electrons respectively and thus the electron density is quite
similar. With our data, the Z conformation could only be
validated by reducing the number of variables fixing all other
atom positions and exchanging positions of methyl group
and oxygen. The dominance of Z-conformation in solution
structure of N-acetylglucosamine was recently confirmed bsy
NMR spectroscopy with only 1.8% of E-conformers.>
When the PDB files of any resolution is chosen, the con-
formation distribution is more widespread.>* This is prob-
ably due to the experimental uncertainties that comes from
the limited resolution rather than a physical reality. In chito-
biose single crystal study,*’ N-acetylglucosamine has the
angles £ and & close to 180° and 0°, respectively. The
deviations from ideal Z conformation of 16 and 10° in our
structure are higher than the deviations found in the single
crystal studies of chitobiose, 3 and 6° for the nonreducing
ring, but coincide with the refinement by Yui et al.,** and
correspond to the limit of reasonable structure with respect
to similar motifs.
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Table 2. Hydrogen Bonding Geometry

H---A D---A D—H:---A acceptor
donor acceptor distance (A) distance  angle residue
N2H 07 2.02 2.71(4) 136 x+Lyz
O3H 05 1.92 2.71(Q2) 162 —x, =y, 2=,
O6H 07 2.22 3.01(3) 162 —x—=1,-y,z=",
C2H 07 2.33 2.81(4) 109 X, ),z
C4H 06 2.46 2.83(4) 102 X, ),z
C8H 06 2.54 3.35(4) 142 x,y—1,z

The torsion around C2—N2 is more flexible. In most
reported structurs H—C—N—H is antiperiplanar, with a
standard deviation of 46° for the CSD, where only 6 occur-
rences of synperiplanar conformation have been reported. In
N-acetylglucosamine residues, the standard deviation of tor-
sion angle C1—C2—N2—C7 was 20° centered at 113°. The
overall morphology of the molecule drastically changes with
torsion angle around the C2—N bond. The value of y = 91°
in our structure is smaller than the 100.5° and 138.7° observed
in the chitobiose nonreducing sugar and reducing sugar
respectively but is within the standard deviation of structures
found in analogous structure segments.

Hydrogen Bonds. The hydrogen bonding geometry in our
structure is listed in Table 2. The structure is stabilized by
intramolecular hydrogen bonding of O3H - - - OS5 rigidifying
the glycosidic linkage and two intermolecular hydrogen
bonding along the g-axis that stabilize the otherwise hydro-
phobically bound sheet structure. There is no hydrogen
bonding along b-axis as has been mentioned by numerous
authors, except for the weak polar interaction from methyl
hydrogen C8H to the pendant primary alcohol O6. Any
polar molecule would have better affinity, which explains the
ease of polar molecules to intercalate between the sheets to
expand the structure in b-axis direction.

The O6H- - -O7 hydrogen bond explains in part the small
torsion angle y of the structure as the amide oxygen is pulled
to the O6 of the neighbor chain. The refinement by Yui et al.>*
involved a distance criteria for nonbonded atoms, but not for
any polar interaction, while the diffraction data was not rich
enough to locate the side groups with high precision. The GB
model on the other hand, explicitly biased the structure for
the hydrogen bonding by constraining the O6 to O7 distance.
They obtained a value closer to our refinement, although the
X-ray data was not rich enough to determine the structure on
its own.

Advantage of High Resolution Fiber Diffraction for Crystal
Structure Determination. During the first step of refinement,
the phasing model contained 67 electrons out of 108 electron
in the asymmetric unit. This means that nearly 40% of the
structure was missing. The omit map clearly showed all
positions of these missing atoms without relying on model
building. This was facilitated by several factors in our case.
The unit cell was relatively small so that the average distance
between diffraction peaks was relatively large. The crystal
size was exceptionally large for a polymer sample so the
diffraction peaks were narrow. Thus, the overlaps of diffrac-
tion peaks were limited and peaks could be reasonably
separated without sophisticated peak shape analysis. Although
these conditions might not be fulfilled for many polymer
samples, there are several advantages in determining struc-
tures at atomic resolution using samples with fiber texture,
including small molecules that does not easily grow into
macroscopic crystals.

Several alternative methods to determine structures when
a crystal cannot be obtained at a macroscopic size are being
developed: single crystal analysis using micro- or nano-
focused X-ray> or electron’® beams and high resolution powder
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diffraction.’”® Apart form technical difficulty associated
with manipulation of tiny objects, collecting diffraction from
small sample volume inevitably encounters the problem of
beam damage. In the powder diffraction method, the three-
dimensional diffraction pattern collapses into one-dimen-
sion, leading to peak overlaps. In fiber diffraction, the dif-
fraction pattern collapses into two-dimension, and thus the
peak overlap problem lies between single crystal and powder
diffraction. Since almost the whole reciprocal space is cov-
ered in one shot, the data acquisition is the most efficient.
The instrumental peak broadening can be smaller in a powder
diffractometer, but if the peak broadening due to crystal size
is more important than instrumental broadening, diffraction
on uniaxially oriented samples (fiber diffraction) has a great
advantage over powder diffraction. As the sample prepara-
tion and the acquisition is quite simple, fiber diffraction can
be used for high throughput structure determination for small
crystals with a morphology of high aspect ratio.
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