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INTRODUCTION

Chitin is an important polysaccharide of the animal kingdom, making up a
major part of the skeletal and connective tissues of invertebrates belonging to
several phyla, such as arthropods, molluscs, annelids, and brachiopods (see
Rudall, 1955). Two crystallographic modifications, referred to as the o and
the § forms, have been reported (Lotmar and Picken, 1950). The former is the
common arthropod chitin, whereas the 8 modification has only been reported
from a few sources. Among chitin-containing invertebrate tissues, the insect
cuticles are by far the best studied, and it seems clear that in this case chitin
and proteins together form a layered complex at the molecular level (Fraenkel
and Rudall, 1947).

Chemically, chitin is a polymer of N-acetyl-pD-glucosamine, the structural
formula of which can be written as a multiple of two acetyl glucosamine
residues (chitobiose) linked together by 1-4-8-glucosidic bonds.
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It is thus closely related to cellulose, the only difference being that in chitin
the aminoacetyl side groups replace the hydroxyl groups attached to the sec-
ond carbon atoms of cellulose.

* This work was supported in part by Grant G-2007 from the National Science Founda-
tion, under the supervision of Dr. Richard S. Bear.
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670 STRUCTURE OF CHITIN

During an x-ray diffraction survey of chitin-containing invertebrate tissues
it was found that the crystallographic data obtained were in disagreement with
the commonly accepted structure of chitin proposed by Meyer and Pankow in
1935. A structure determination was therefore undertaken, since a detailed
analysis should not only give a better basis for further ultrastructural work on
invertebrate connective tissues but also have some importance for the under-
standing of the crystal structure of cellulose. It is of interest to note that
previous crystal structure determinations on carbohydrates have been con-
cerned with the simple sugars, glucose and sucrose, and the only polysaccharide
analyzed in detail has been cellulose (Andress, 1929; Meyer and Misch, 1937).

Material and Methods

The best oriented and most detailed fiber patterns were obtained from the apodemes of
the lobster (Homarus americanus), the chitin of which was purified by treatment in 10 per cent
HCl for 3 hours in order to remove the calcium carbonate, and by boiling in 5 per cent KOH
for 48 hours in order to get rid of the proteins making up about 60 per cent of the dry weight.
After thorough washing the samples were dried under light tension in the fiber direction. The
nitrogen content of the resulting material, as determined by micro-Kjeldahl methods, was
6.67 per cent or slightly less than the theoretical value (6.89 per cent). The water content of
samples dried at room humidity was found to vary between 7 and 12 per cent, but no appre-
ciable enlargement of the x-ray spacings was associated with this uptake of water. Therefore, in
what follows the structure is developed as an anhydrous one. The density of vacuum-dried sam-
ples as determined by the flotation method was found to be 1.425 g-cm.™3, in good agreement
with earlier values (1.415, Meyer and Pankow, 1935; 1.40 to 1.42, Lotmar and Picken, 1950).

The fiber patterns were usually recorded in a cylindrical camera of 11.4 cm. diameter, with
Ni-filtered Cu radiation. By varying the orientation of the fiber axis, reflections up to 37°.
could be observed. For accurate determination of the unit cell dimensions, suitable calibration
substances (NaCl or Si) were deposited on the specimens.

The estimation of the intensities was made mainly by direct comparison of fiber patterns
recorded at various exposure times (1 to 156 hours) under otherwise constant conditions.
Allowance was made for the differences in reflection areas caused by arcing. After the usual
corrections for polarization and Lorentz factors, the integrated relative intensities of the
reflections selected for the Fourier syntheses of the (100) projection, were found to be in good
agreement with corresponding corrected intensities obtained from powder patterns by micro-
densitometer recordings.

The structure determination was supported by use of optical diffraction, for which masks of
the three main projections of each trial model were prepared by photographic procedures. The
atomic scattering factors for C, N, and O were given the same weight and the intensities of
the optical transforms obtained therefrom were visually compared with the observed x-ray
intensities. A -detailed description of the optical diffraction methods will be given elsewhere
(Wycoff et al., 1957.)

The polarized infrared absorption in the region 650 cm.™ to 4,000 cm.™* was made on well
oriented sheets of purified material, 20 to 30 u thick. This part of the investigation was carried
out by Dr. E. R. Blout, whose cooperation was greatly appreciated.
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RESULTS

Determination of an Approximate Structure from Stereochemical Concepts and
x-Ray Data

The Unit Cell Dimensions and Space Group.—The unit cell was found to be
orthorhombic and the length of the axes (accuracy +0.03 A) are tabulated
below along with earlier published values.

(a) ®) (c) Author
A A A
11.58 10.44 19.42 Gonell, 1926
9.40 10.46 19.25 Meyer and Pankow, 1935
— 10.27 — Lotmar and Picken, 1950
4.76 10.28 18.85 This work

Among the reflections listed by Meyer and Pankow, the only two having an
odd % index, the faint (312) and (332) reflections, can be accounted for as (215)
and (235), respectively, relative to their cell. This finding and the indexing of
about 30 reflections not reported earlier, indicated the shorter length of the a
axis here chosen. The interplanar spacings, relative intensities, and indices of
all measured reflections are found in Table I, which also gives their sin% for
comparison with the calculated sin?¢ for all possibie reflections within the
observed range.

The space group could not be determined unequivocally from the x-ray
diffraction patterns, since the ¢ axis dimension is almost an exact even multiple
of the ¢ axis dimension. This prevented examination for systematic absences
of the (400) reflections. Extinctions of (020) and (00!), for 2 and / odd (the
presence of a faint (010) reflection will be discussed later), suggested two sets
of mutually perpendicular twofold screw axes. The space group could thus be
either P 22,2, or P 2,2,2;. Difficulties encountered in attempting to pack the
polysaccharide chains in the unit cell according to P 22,2, and the final agree-
ment between the derived model and x-ray data determined the choice of
P 212121.

The General Arrangement of the Molecular Chains.—The density calculated
on the basis of four acetyl glucosamine residues per unit cell is 1.462 g-cm. ™.
Considering the fibrous texture of the material the agreement with the ob-
served value (1.425 g-cm.™®) can be regarded as satisfactory. From chemical
investigations it is well established that the pyranose rings in chitin are con-
nected by 1-4-8-glucosidic linkages. The 3 linkage is also indicated by the in-
frared absorption, in which a peak at 892 c¢m.™ is seen. According to Barker
et al. (1954) this band is characteristic of 8-D-glucopyranose anomers. Since it
is probable that the pyranose rings in chitin should have the Sachse C1 chair
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TABLE I
In- sin% X 10¢ In- Sin? 8 X 104 In- Sin® X 104
din A| ten- hkl d in A| ten- hkl ¢ in Al ten-
sity Obs. | Calc. sity Obs. | Calc. sity Obs. | Calc.
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s.81 15 {oos 409 {418 207 2 {214 e BB, {133 o17 {919
3.35 6 104 528 530 || ° 118 1388 || 035 924
313 3 006 604 602 019 1411 13¢ 1036
295 1 105 682 680 215 1523 ||2.32 3 036 1102 1108
007 820 || 1.89 3 119 1668 1673 ||2.24 5 135 1181 1186
261 1 106 872 864 216 1707 037 1326
200 1049 01.10 1720 || 2.00 3 136 1361 1370
201 1066 217 1925 230 1555
235 15 {oss 1012 {aop0 | 1S 1 {11.10 1943 {1971 vor 2 IBU o {1572
107 1082 01.11 2080 || 038 11576
202 1116 218 2175 137 (1588
2.23 4 203 1188 1200 1.1 2342
204 1317 310 2417 || Fourth layer line:
108 1332 311 2434 | 2.57 30 040 896 900
009 1355 [[1.55 1 { 219 2461 {2460 041 917
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109 1617 043 1051
Lgo 4 { 206 oo {1651 Second layer line: 140 1162
: 00.10 1673 | 5.13 20 020 225 225 |[2.23 3 {044 1189 {1168
207 1869 || 5.00 10 021 238 242 141 1179
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00.11 2024 | 3.98 10 023 374 376 143 1313
208 2119 120 g7 || 2137 {045 311 {1318
1.61 2 10.11 228¢ 2286 | 3.46 15 024 495 {493 |[2.03 2 144 1437 1430
300 2361 021 504 046 1502
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form, found in D-glucose (Reeves, 1950; McDonald and Beevers, 1950, 1952)
and glucosamine hydrobromide (Cox and Jeffrey, 1939), the 10.28 A length of
the fiber axis requires two chitobiose units in the unit cell. Either of the space
groups given above demand that these chitobiose chains must run in opposite
directions. The a axis dimension (4.76 A) is close to that of the thickness of a
pyranose residue, which indicates that the pyranose rings should be almost
parallel to the (100) plane.

The Spatial Arrangement of the Pyranose Rings—The arrangement of the
pyranose rings forming the polysaccharide chains was derived by using the
D-glucose configuration given by McDonald and Beevers (1950, 1952) to obtain
the 10.28 A repeat in accordance with the usual stereochemical requirements.
Among several arrangements considered, the ‘“straight” chain proposed by
Meyer and Misch (1937) for the structure of native cellulose (see Fig. 1 a)
was found to be sterically impossible (see discussion). Only one arrangement of
the pyranose rings (Fig. 1 b) seems to have all the desired properties and in
addition offers the possibility of formation of an intramolecular hydrogen bond.

The Aminoacetyl Side Groups and Chain Interrelations.—From the space
available it is evident that the bulky aminoacetyl side group attached to the
second carbon atom (¢f. glucosamine hydrobromide, Cox and Jeffrey, 1939)
also should determine the interrelation between the two chains in the unit
cell. The configuration of the side group and the shift between the two chains
had therefore to be considered simultaneously. (The shift between the chains is
taken as the displacement in the b axis direction between an O, 4 in one chain
and the closest O, 4 in the other.) The interatomic distances within each side
group were taken as equal to those in NV-acetylglycine (Carpenter and Donohue,
1950). By varying the shape of the side group, space-filling models having a
shift between the two chains from 0.4 A to 3.2 A could be constructed.

Optically derived Fourier transforms provided additional criteria for model
selection. With this procedure it was found that only models having the py-
ranose rings nearly parallel to the (100) plane and almost planar aminoacetyl
side groups perpendicular to the (100) plane (and accordingly a small shift
between the chains, 0.4 to 1.1 A) gave optical diffractograms having intensity
distributions similar to the observed x-ray intensities.

Refinement of the Structure

The (100) and (001) projections were considered first, since the shift between
the chains and smaller adjustments of the side groups should not appreciably
alter the basal projection. A model having completely planar aminoacetyl side
groups and a 0.5 A shiit between the chains was found to give the most satis-
factory optical diffraction patterns. These could be further improved when the
positions of the hydroxyl groups attached to the sixth carbon atoms were con-
sidered. By stepwise, small rotations of the chains around their fiber axis the
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intensities of the optically derived Fourier transforms of the (010) projection
could be brought into agreement with the observed intensities of the equatorial
reflections on the x-ray diagrams.

The optical Fourier transforms of the three main projections of the best
model can be seen in Fig. 2, which also gives the x-ray diffraction pattern for
comparison.

A Fourier synthesis of the (100) projection, the only one in which atom over-
lap is not severe, was carried out optically according to Wycoff et al. (1957).
The phases were determined by introducing an artificial “heavy atom” at
one center of symmetry per cell, on the optical diffraction mask of the model.
Because of superpositions of reflections occurring on the x-ray diffraction
patterns, the observed amplitudes, Fops, for some reflections had to be derived
indirectly. The total intensity of an observed composite reflection was
thus divided into parts roughly corresponding to the contribution of each
single reflection, as derived from the Fourier transforms. In order to get the
magnitude of the zero-order term, F(gg9), all Fobs values were put on an
absolute scale by comparing them with F values calculated for 20 reflec-
tions. From the Fop, and their optically derived phases a mask of the
weighted reciprocal lattice was prepared, with all F values increased so
that the largest negative amplitude became zero (Fig. 3 @). The resulting
optical synthesis (‘“‘image’), showing the distribution of the electron density,
plus heavy peaks at one center of symmetry per unit cell, is seen in
Fig. 3 b, where the (100) projection of the model is superimposed for compari-
son. The low resolution of the x-ray diffraction patterns of chitin (the cut-off
occurring at spacings of about 1.8 A) restricts the resolution of the Fourier
synthesis. It was, therefore, not possible to obtain reliable indications for
further refinements of the structure. However, the good general agreement
between the model and the areas of high electron density was taken as a con-
firmation that the model was correct in its main features. A drawing of the
chitin structure thus derived is given in Fig. 4, and the atomic parameters are
given in Table II.

Infrared Absorption

The infrared data of the present studies are essentially in agreement with
those already published by Darmon and Rudall (1950). However, in correlating
their findings with x-ray data these authors ran into difficulties, since they
adopted the then current structure of chitin. These difficulties are now resolved.

With better oriented specimens the polarized infrared absorption spectra
show an appreciably higher dichroism than was observed earlier. In general,
the region between 1800 and 4000 cm.™ corresponds with the spectra given by
Darmon and Rudall. The strong doublet around 3430 cm.™ has parallel dichro-
ism and indicates weak hydrogen-bond vibrations approximately parallel to
the fiber axis. The earlier speculation that one of the maxima in this absorption
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band is due to free NH vibrations, finds no support from the structure here
derived. Strong —CO---HN hydrogen bonds perpendicular to the fiber axis
are confirmed by the perpendicular dichroism observed at 3260 and 3090 cm.™.
With the new data (see Fig. 5, which shows the spectra from 1800 to 800 cm.™)
there may be observed perpendicular dichroism of the C==0 stretching fre-
quencies at 1660 and 1625 cm.™* (amide I), and weak perpendicular dichroism
of the amide IT band (NH deformation at 1560 cm.™). These indicate that the
amide groups lie predominantly perpendicular to the fiber axis.

The main differences between the spectra reported here and those of Darmon
and Rudall lie in the three bands at 1420, 1377, and 1325 cm.™, attributable to

TABLE II
Atomic Parameters

Atom x ¥ z

4 A A
C 2.38 0.39 4.38
Ca 2.84 1.92 3.29
Cs 2.08 3.23 3.62
Ca 2.38 3.70 5.04
Cs 1.99 2.54 6.01
Cs 2.26 2.91 7.49
Cy 3.33 1.00 1.16
Cs 2.90 0.43 18.63
0O 3.06 10.02 4.08
N2 2.42 1.38 2.00
03 2.70 4.15 2.711
04 1.70 4.88 5.34
Os 2.69 1.41 5.69
Os 1.08 2.81 8.29
O7 4.56 1.08 1.47

carbon-hydrogen deformation modes. These bands all show rather strong par-
allel dichroism indicating that such groups lie essentially perpendicular to the
fiber axis. The strong parallel dichroism shown by the group of bands lying
between 1000 and 1210 cm.™! is in agreement with earlier findings and can be
attributed to C—O frequencies. However, the previously stated fact that two
of the absorption bands at around 1015 and 1060 cm.™ show perpendicular di-
chroism cannot be confirmed.

DISCUSSION

The crystal structure of chitin proposed here is quite different from the
earlier Mayer and Pankow model, although both models have in common an
orthorhombic unit cell containing chitobiose units running in opposite direc-
tions, with the planes of the pyranose rings more or less perpendicular to the
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a axis. A more detailed comparison between these two models cannot be made
since the earlier structure was deduced without considerations of the side groups
and was based on an incorrect unit cell and space group.

The new model of chitin shows, however, several striking similarities to that
of native cellulose, the commonly accepted structure of which has been given
by Meyer and Misch (1937), with minor improvements suggested by Frey-
Wyssling (1955). The repeating distance along the fiber axis is essentially the
same for chitin (10.28 A) as for cellulose I (10.306 A, Kiessig, 1950; 10.28 A,
Trillat and Legrand, 1954). Both unit cells contain four glucopyranose rings
linked in two pairs by 1-4-8-glucosidic bonds. In spite of the obvious twofold
screw axis in the fiber direction, the diffraction patterns of chitin and cellulose
I both show a faint (010) reflection. The imperfections probably causing this
forbidden reflection have been discussed for native cellulose (Meyer and van
der Wyk, 1941); in view of the absence of (030), (050), and (070) in the chitin
pattern it is felt that the faint meridional streak at (010} does not invalidate
the twofold screw.

The arrangement of the pyranose residues in the polysaccharide chains of
the Meyer and Misch cellulose model seems to be sterically unacceptable, since
the O,—Cs distance is much too short: 2.68 A, from the atomic parameters
given by Meyer and Misch, or 2.32 A, from the known glucese configuration
{see Fig. 1 a). Another feature of the Meyer and Misch arrangement, already
pointed out by Hermans ef al. (1943), is that hydrogens on C; and Cj interfere.
The configuration of the polysaccharide chains of chitin here suggested (see
Fig. 1 b) is indeed very similar to that proposed by Hermans e al. for the
structure of native cellulose, and this arrangement has recently also been sug-
gested for cellulose IT (Petitpas and Mering, 1956). The position of the glu-
copyranose residues (when considering only a single chain) is more restricted
in chitin than in cellulose because of the bulky aminoacetyl group protruding
from the second carbon atom. The O;—Cj distance (3.63 A) given in Fig. 1 &
was found to be just sufficient to make van der Waals contact between Cg and
the side group. Furthermore, this arrangement gives a reasonable O;—HOj3 hy-
drogen bond distance (2.68 A), an acceptable glucosidic bond angle (107°),
and a b axis repeating distance of 10.28 A. For these reasons it is evident that
only very small deviations from this arrangement are sterically justified.

The planarity of the aminoacetyl side groups can be attributed to resonance
in the carbonyl group and is in agreement with earlier crystallographic findings
(¢f. the crystal structure of N-acetylglycine (Carpenter and Donohue, 1950)).
The rotation in the Ca—N2 bond is limited so that the No—hydrogen has to
point approximately towards a carbonyl oxygen of an adjacent chain in the
a axis direction. The favourable N.;H—0Q; distance found (2.69 A) and indica-
tions from infrared studies furnish strong support for a hydrogen bond in this
direction.
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The hydroxyl groups attached to Cs were found to have large rotational free-
dom, but it was clear that they could not occupy the same relative positions as
in p-glucose, since Og then would come too close (2.63 A) to the Cs methyl
group in the next following residue along the b axis direction. The optical
Fourier transforms of several possible positions indicated that the OgH groups
should extend as far as possible from the chain axis. In models having the
chains slightly rotated around the b axis in a direction opposite to the one
finally suggested by the diffraction results, the OgH groups in adjacent chains
came close enough to suggest the presence of weak intermolecular hydrogen
bonds forming a continuous network between the sixth hydroxyl groups. How-
ever, the optical transforms of the (010) projections of these models did not
account properly for the equatorial x-ray reflections. The OgH—OH distance
suggested by the model accounting best for the diffraction is too large (3.3 A)
for such hydrogen bonds if no pronounced alterations are allowed in the intra-
molecular angles and bond distances originally assumed. In either case the
forces holding the chains together in the ¢ axis direction seem likely to be very
weak, and thin lamellar aggregates of chains united in the ¢ direction may be
expected to have a certain degree of stability for use, along with protein layers,
in cuticular membranes. As it is spatially impossible to insert water molecules
into the full chitin crystallites, the introduction of water into fibers probably
occurs at surfaces of free chains or lamellae.

The accuracy of the parameters given in Table II is difficult to estimate. It
was found that the sensitivity of the optical method for the derivation of the
Fourier transforms was in fact greater than necessary in this structure deter-
mination. Because of the small number of (400), (4%0), and (%0l) reflections
which were not superimposed on other ones in the x-ray diagrams, determination
of an accurate fit between the optically derived transforms and the directly
observed intensities of such reflections became rather uncertain. The accuracy
of the x coordinates is consequently less than that of the y and z ones, which
could be determined by comparison between transforms of the projections
of various models and x-ray intensities of the relatively large number of (00)),
(Ok1), and (0%0) reflections. The errors in the relative atomic positions within
each chain are probably much smaller than their absolute positions within
the unit cell. The shift between the chains could be determined with an accu-
racy better than 0.1 A, but the rotation of the chains around the b axis re-
mains uncertain by an amount of 33°,

As the model now proposed accounts properly for the x-ray diffraction pat-
terns as well as for the infrared data, and seems consistent with all known facts
about the chemical and physical properties of chitin, it is felt that it is a very
good approximation to the true crystalline structure.

T am very indebted to Professor R. S. Bear for having had the opportunity to work in
the very stimulating atmosphere of his laboratories and for his constant interest and valu-
able criticism in the course of this work.
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SUMMARY

A detailed model for the crystal structure of the fibrous polysaccharide chitin
is proposed. The structure determination has been carried out by using an op-
tical analogue instrument which proved to be an adequate and rapid tool for
the derivation of Fourier transforms, signs of amplitudes and the production
of optical Fourier syntheses. The new model of chitin accounts properly for
known chemical and physical properties, including the infrared absorption as
well as for x-ray data, but because of the limited resolution of the diffraction
patterns it can only be regarded as a good approximation. The stereochemical
configuration of the polysaccharide chains has certain implications for the
structure of cellulose.
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