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ABSTR4CT 

Polarized infrared spectra have been recorded for oriented, crystalline specimens 
of hyaluronates, chondroitin 4-sulfate and 6-sulfate, dermatan sulfate, and a cartilage 
proteoglycan, having different known chain conformations as determined by X-ray 
diffraction. The dichroism data for the vibrational modes of the amide and carboxyl 
groups have been interpreted with respect to the particular molecular structures. 

INTRODUCTION 

The glycosaminoglycans are widely distributed throughout mammafian 
connective tissue where it is thought they perform a structural role in conjunction 

with such proteins as collagen and elastin, as well as regulate the cellular micro- 

environment. These functions are likely to be intimately related to the chain con- 
formations and side-appendage geometries adopted by the gycosaminoglycans in the 
various tissues. X-Ray difKraction investigations since 1971 have shown that these 
polysaccharides may adopt a variety of chain conformations and molecular shapes 
depending on such variables as type of counter-ion present, pH, ionic, strength, and 
degree of hydrationI_ For example, in the case of hyaluronate, two-fold, three-fold, 
and four-fold single-stranded, helical conformations have been reported’-‘. One of 
the two different fourfold helical conformations was initially thought to consist of 
double-stranded helices4, but single-stranded helices are now preferred5. The 
chondroitin sulfates and derlmatan sulfate, cleaved off the protein core to which they 
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are naturally covalently linked, exhibit various eight-fold, three-fold, and two-fold 

single-stranded, helical conformations 6-11. More recently, the chondroitin 4-sulfate 
component of intact cartilage proteoglycan aggregate has been crystallized to give 
good quality X-ray fiber diffraction-patterns’ ‘. 

We have applied polarized infrared (i-r.) spectroscopy to oriented films of the 
glycosaminoglycans prepared in various crystahine forms. Measurements of dichroic 
ratios can be expected to indicate the orientation of the pendant acetamido, carboxyl, 
and, possibly, hydroxyl groups, as, for example, in chitin’3-14. It has previously 
been shown that frequency and intensity differences in the vibrational spectra (in this 
case the Raman spectra) of V- and B-amylose can be used to identify the two 
polymorphic forms, and may be interpreted in terms of the differences in chain 
conformation’ ‘. 

The i-r. spectra of the plycosaminoglycans have been characterized by Orr’ 6 
and Mathews”, and i-r. spectroscopy remains one of the best techniques for distin- 
guishing between the different isomers of chondroitin sulfate. Quinn and Bettleheim” 
reported polarized i-r. spectra for sodium hyaluronate samples, but their inter- 
pretation differed in some respects from the present results. 

EXPERIMENTAL 

In general, it has been found that samples used for X-ray studies are too thick 
to give useful information on a grating or prism spectrometer. Conversely, samples 
produced for i-r. studies require prohibitively long exposure-times in X-ray diffraction 
experiments. Thus, although Melvin and Taylorlg were able to obtain i.r. dichroism 
data from very thin samples of hyaluronic acid, it was difficult to reIate their results 
to specific chain conformations. This important step has been achieved by using the 
combination of a powerful, rotating-anode X-ray generator, and a Fourier-transform 
i.r. spectrophotometer with multiple scanning and signal-averaging capabilities. 

Oriented film samples of the glycosaminoglycans were prepared as described by 
Atkins et aL2’. The X-ray diffraction patterns of these specimens were recorded so 
that the subsequent i.r. spectra could be correlated with the appropriate molecular 
conformation. Specimens were prepared for both the extended and contracted, four- 
fold helical conformations of hyaluronate (axially projected disaccharide repeats of 
0.90 and 0.84 nm, respectively). In addition, a three-fold helical conformation of 
chondroitin 4-sulfate’ and eight-fold conformations for chondroum Gsulfate”* 11*21 
and dermatan sulfate”‘*’ ’ were used. A specimen of pig laryngeal proteoglycan- 
hyaluronate aggregate (gift of T. Hardingham and H. Muir, Kennedy Institute of 
Rheumatology, London) was also examined; this specimen exhibited a two-fold 
conformation 12. The X-ray fiber patterns of the samples investigated are illustrated 
in Fig. 1. 

Polarized and unpolarized i-r. spectra of these specimens were recorded by 
using a Digilab Fourier-transform, i-r. spectrophotometer, model FTS-14. The 
incident radiation was polarized by use of a gold wire-grid polarizer. The final spectra 
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Fig. I. X-ray fiber diffraction patterns of the glycosaminoSlycans. (a) Sodium hyaluronate; con- 
tracted, four-fobld helical conformation with projected axial rise per disaccharide (Ir) = 0.84 run. 
(b) Sodium hyaluronate; extended four-fold helical conformation with h = 0.90 nm. (c) Chondroitin 
6-sulfbte; eight-fold (S/-3) conformation with h = 0.9s nm. (d) Chondroitin 4-sulfate; three-fold 
conformation with /I = 0.95 am. (e) Dermatan sulfate: eight-fold (S/-3) conformation with h = 0.93 mn 
(f) Proteoglycan-hyaluronate complex; two-fold conformation with It = 0.97 nm. 

are the result of coaddition of 300 successive scans recorded at 2.0-cm- 1 resolution. 

The Cequencies were calibrated internally by a helium-neon reference laser, and the 

frequency scale was accurate to within +0.2 cm- ‘. 

RESULTS AND DISCUSSION 

The polarized i.r. spectra from 2000-450 cm-’ for the six glycosaminoglycan 

specimens are shown in Figs. 2-7. The assignments and dichroisms for the various 
bands are listed in Table I, where a comparison is made between the hyaluronate, 
chondroitin 6-sulfate, chondroitin 4-sulfate, dermatan sulfate, and the proteoglycan- 
hyaluronate specimens. 

Amide bands. - 1-r. bands occurring at 1660-l 650 cm- ’ and 1560-l 550 cm- ’ 
are assigned to the Amide I and Amide II vibrational modes, respectively. Both modes 
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2000 1500 1000 500 
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Fig. 2. Polarized-i-r. absorption spectrum obtained for contracted, four-fold conformation of 
sodium hyaluronate in the range 2000450 cm- l. This sample gave the X-ray diagram shown in 
Fig. l(a). (- )A,,(---_-)A,. 

2000 1500 1000 500 

WAVENUMBER [CM-‘) 

Fig. 3. Polarized-i-r. absorption spectrum obtained for the extended, four-fold conformation of 
sodium hyaluronate; the specimen contained up to 15% of chondroitin sulfate as an impurity. 
The spectrum is similar to that shown iti Fig. 2 except for the 1300-1200-cm-1 region, which eon- 
tains the vibiational inodes of the sulfate groups. This sample gave the X-ray diagram shown in 
Fig. l(b). ( -) A,, , (- - -) AL. 
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Fig. 4. Polarized-k. absorption spectrum obtained for the eight-fold conformation of chondroitin 
6-sulfate. This sample gave the X-ray diagram shown in Fig. 1 (c). (- )A,,,(----_)A10 
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Fig. 5. Polarized-i.r. absorption spectrum obtained for the three-fold conformation of chondroitin 
4-sulfate. This sample gave the X-ray diagram shown in Fig. l(d). (- )A,,,(---)A,. 
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Fig. 6. Polarized-i-r. absorption spectrum obtained for the eight-fold conformation of dennatan 
sulfate. This sample gave the X-ray diagram shown in Fig. I(e). (- )A,,,(---)A,_. 
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Fig. 7. Polarized-i.r. absorption spectrum obtained for the proteoglycan-hyaluronic acid complex. 
The major component (85%) of this specimen was chondroitin 4-sulfate, which had crystallized in 
the two-fold conformation and which gave the X-ray diagram shown in Fig. l(f). The extra protein 
component in this preparation is apparent in the increase of intensity of the amide bands. (- ) 
&,(---)A1. 
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are considered to be in-plane deformations of the amide group. The Amide I vibration 
results primarily from C=O stretching, with a minor contribution from C-N-H 
in-plane bending 22. The resulting transition moment is disposed -20” from. the C=O 
bond toward the GCHs bond (Fig. 8a)23. The Amide II vibration consists of the 
GN stretching mode coupled to C-N-H in-plane bendingZ2, with a res_ulting 
transition-moment disposed at ~75’ to the C=O bond toward C-CH, (Fig. 8b)23_ 
Normal-coordinate calculations for a- and /3-D-glucose24*25, and for cellulose I 
(ref 26), and V-amylose’ ’ have shown that vibrational modes occurring at frequencies 

Fig. 8. Schematic represmtations of the Amide I (A) and Amide II @) vibrations. The dotted arrows 
indicate the approximate dkct.ion of the transition moments. 

higher than 1400 cm-l are due primarily to single-group vibrations. However, below 
14.00 cm- ‘, there is a high degree of vibrational coupling such that none of the modes 
arise from single-group vibrations. As a result, it is reasonable to expect the vibrations 
for both the Amide I and II modes to mix very little with other vibrations of the 
carbohydrate ring-atoms, thus allowing the use of dichroism data to establish the 
orientation of the acetamido side-chain relative to the molecular axis. 

From Figs. 2-7 it may be seen that all of the glycosaminoglyeans exhibit 
perpendicular dichroism for both the Amide I and II absorption bands. Allowing for 
differences in sample orientation, thickness, and crystalline-to-amorphous ratio, the 
results indicate that the plane of the amide group is approximately perpendicular to 
the helix axis. In the spectra of the proteoglycan (Fig. 7), both Amide I and II bands 
have increased relative intensity because of the presence of the protein core (- 10%). 

For the contracted, four-fold helix of sodium hyaluronate (Fig. 2), the Amide I 
band has moderate perpendicular dichroism. The structure proposed by Guss et al.’ 

for this form of hyaluronate was based upon an X-ray fiber diffraction-pattern 
similar to that illustrated in Fig. la. Thus, it is legitimate to compare the dichroism 
observed in the spectra shown in Fig_ 2 with that predicted by their model. On the 
assumption that the Amide I and II vib,rations have transition moments disposed 
~20” and ~79, respectively, from the C=O bond, strong perpendicular dichroism 
is predicted for both modes. The moderate dichroism observed for these bands is in 
qualitative agreement with the predictions; the discrepancy may be due to imperfect 
orientation of the specimen, although the X-ray fiber pattern for this material indicates 

a high degree of orientation. Alternatively, a particular type of hydrogen bonding for 
the amide groups could perturb the directions of the transition moment for both 
Amide I and II vibrations from the angles that we have assumed_ 
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Carboxyi bands. - For the salt forms of the glycosaminoglycans, ix. bands 
observed at - 1620 and - 1410 cm- l are respectively assigned to the antisymmetric 
and symmetric stretching-modes of the planar carboxyl group2’. Schematic re- 
presentations for both vibrational modes are illustrated in Fig. 9. As discussed 
previously, it is reasonable to expect negligible mixing of these modes with other 
group vibrations of the disaccharide ring-atoms. 

Fig. 9. Schematic representations of the antisymmetric (A) and symmetric (B) CO; stretching- 
vibrations. The dotted arrows indicate the approximate direction of the tratxition moments. 

For the symmetric carboxyl stretch (Fig. 9b), the direction of the transition 
moment is assumed to be approximately co&rear with the C-5-C-6 bond, and it 
would thus be independent of the rotational conformation of the CO, group about 
C-5-C-6. In addition, the transition moment lies in the plane of the carboxyl group, 
and the dichroic properties for this band should be sensitive to the backbone con- 
formation of the polysaccharide. For the antisymmetric stretching-vibration of the 
carboxyl group (Fig. 9a), the transition moment is perpendicular to that for the 
symmetric stretching mode andapproximately parallel to the O...O interatomic vector. 
As a result, the dichroic properties of this vibrational mode are a function of the 
rotational conformation of the CO; group. 

From Figs. 2-7 it may be seen that the band due to antisymmetric carboxyl 
stretching has perpendicular dichroism for all of the glycosamlnoglycan specimens. 
However, for the symmetric stretching-mode, chonciroitin dsulfate, dermatan sulfate, 
and the proteoglycan-hyaluronate complex exhibited perpendicular dichroism at 
- 1410 cm- ‘, whereas, for chondroitin Psulfate and both hyaluronate specimens, 
parallel dichroism was observed. The dichroism for the symmetric, carboxyl- 
stretching band may be correlated with the rise per disaccharide residue for each of 
the glycosaminoglycans. Of the specimens examined, the eight-fold helix of chondroitin 
6-sulfate and the two-fold helix of the proteoglycan-hyaluronate complex are the 
most extended structures, with an axially projected rise per disaccharide residue of 
0.98 and 0.97 run, respectively. However, for the three-fold conformation of 
chondroitin Csulfate and both four-fold conformations of hyaluronate, the rise per 
disaccharide residue is 0.95, 0.90, and 0.84 nm, respectively. These observations 
indicate a transition from perpendicular to parallel dichroism for the symmetric 
carboxyl-stretching band with helix contraction, corresponding to a decrease in the 
angular projection of the C-S-C-6 bond on the molecular axis. 

Au exception to this correlation occurs with dermatan sulfate, where the 
C-5-C-6 bond is disposed axially to the carbohydrate ring (not equatorially as, for 
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example, in chrondroitin 4-sulfate). The covalent repeats of chondroitin Ltsulfate 
and dermatan sulfate difher in the uranic acid residue of the disaccharide repeat: 
&D-&.lCOpyl?3 nuronic acid in the former corresponds to the Sepimeric a-L-ido- 
pyranuronic acid residue in the latter, where the possibility of the ’ C, conformation 
also needs to be considered. When the a-r_.-idopyranuronic acid residues of dermatan 
sulfate have the ‘C, conformation, the C-5-C-6 bond is disposed equatorially, and 
such a structure (rise per disaccharide residue 0.93 nm) is more likely to display 
parallel dicbroism for the symmetric carboxyl-stretching band. Conversely, a-r- 
idopyranuronic acid-4C, residues would have the C-5-C-6 bond attached axially to 
the pyranose ring. Inspection of molecular models indicated that, for this structure, 
the C-5-C-6 bond in the a-L-idopyranuronic acid-4C, residue would be approximately 
perpendicular to the helix axis. Therefore, the perpendicular dichroism observed for 
the carboxyl symmetric stretch favors a-L-idopyranuronic acid 4C,-chair confor- 
mation, in accordance with the X-ray diffraction data’*‘.’ ‘. 

The structure for the four-fold helix of sodium hyaluronate proposed by Guss 
et al.’ predicted strong perpendicular dichroism for the 162O-cm- 1 band and no 
dichroism for the 1410-cm- ’ band. The perpendicular dichroism observed for the 
1620-cm-1 band is in qualitative agreement with their model, but the slight parallel 
dichroism observed for the 141@cm- 1 band is less consistent_ As for the Amide I and 
II vibrational modes, the discrepancy between the observed and predicted dichroisms 
for the antisymmetric and symmetric stretching-vibrations may be due to incomplete 
orientation of the sample, or to perturbation of the direction of the transition moments 
through nonequivalent coordination of the sodium cation to the carboxyl oxygen 
atoms. 

The 1400-1200 cm- ’ region. - Based on normal-coordinate calculations for 
cellulose I (ref. 26) and V-amylose”, i.r. absorption bands in the 14OO-1200-cm- ’ 
region can be assigned primarily to coupled vibrations of the C-C-H, G-C-H, and 
C-O-H groups. In addition, for the sulfated glycosaminoglycans, the strong absorp- 
tion bands at - 1255 and - 1230 cm- ’ are assigned as sulfate-related modes, and 
can probably be attributed to antisymmetric and symmetric stretching of the sulfate 
group, respectively. An analysis for relating the orientation of the sulfate side-chain 
to the clichroism data can be established in a way similar to that used for the acetamido 
and carboxyl groups. Sowever, the particular vibrational modes for this group may 
be expected to mix with other group vibrations of the carbohydrate ring-atoms 
(such as C-C-H and C-G-H deformations), thereby restricting the use of such an 
interpretation. The i.r. absorption bands occurring at -1255 and 1230 cm-’ 
generally exhibit parallel and perpendicular clichroism, respectively. 

As hyalnronate does not contain sulfate groups, it shows more detail than the 
other glycosaminoglycans in this region of the infrared. The two spectra of hyaluronate 
shown in Fig. 2 and 3 correspond to Grade I and Grade II material purchased from 
Miles-Serevac Ltd., London. Grade II hyaluronate contains - 15 percent of 
impurities, mainly in the forpl of chondroitin sulfate, and this fact explains the 
difference between these two spectra in the 1300-12of) cm-’ region. 
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The 12004000 cm- ’ region. - The region of the i.r. from 1200 to 1000 cm- ’ is 
associated mainly with C-C-C, C-C-O, and C-O-C stretcbings of the pyranose ring 
structures. In general, there are four major absorption-bands for each spectrum, 
occurring at N 1150, 1130, 1065, and 1040 cm-‘, and which, in most cases, exhibit 
parallel dichroism. These vibrational modes can probably be related to those found 
in the extended, two-fold helix of cellulose, which likewise show strong parallel 
dicbroism2g~30. 
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