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INTRODUCTION 

Glycosaminoglycans, commonly known as mucopolysaccharides, is a coined word 
from glycosamine (amino sugar) and glycans (polysaccharides). In a disaccharide unit, 
the amino sugar is always hexosamine, either D-glucosamine or D-galactosamine, 
mostly in the N-acetylated form; the other component is mainly D-ghcuronic acid or 
L-iduronic acid, except that in keratan sulfate, D-galactose replaces an uronic acid. 
Glycosaminoglycans, except hyaluronic acid, contain sulfate groups, which are linked 
by an ester bond to hydroxyl groups. In addition, in some cases (heparin and heparan 
sulfate), acetamido groups are partly N-sulfated. Because of their carboxyl and sulfate 
groups, these biopolymers are highly negatively charged a t  physiological condition. 
The term acidic mucopolysaccharides, or mucopolysaccharides, was introduced by 
Meyer in the 1930s to describe hexosamine-containing polysaccharides of animal ori- 
gin. Glycosaminoglycans, with the possible exception of hyaluronic acid, are present 
in tissues as segments of larger macromolecules, the proteoglycans, which consist of 
carbohydrate chains (the glycosaminoglycans) covalently linked t o  protein. 

Interest in the structure-function relationship of biomacromolecules has promoted 
extensive physicochemical studies of the glycosaminoglycans. Hydrodynamic proper- 
ties, X-ray diffraction, spectroscopy, and interaction behavior have been the main av- 
enues of investigation, but the relation of the data to  biological function is still largely 
conjectural. The main thrust of this presentation will be a review of the more recent 
studies on structure and interaction properties of glycosaminoglycans. and the pro- 
posed correlations with biological function. 

Earlier studies on the distribution and structure of glycosaminoglycans are well de- 
scribed by Mathews. I Physicochemical properties with details of polyelectrolyte behav- 
ior can be found in an excellent article by Bettelheim.’ Reviews by S t ~ n e ~ . ~  of the 
con formational aspects of hexose polysaccharides in solution included the earlier chi- 
roptical studies of glycosaminoglycans. A detailed review of the physiological function 
of glycosaminoglycans has been recently p u b l i ~ h e d . ~  Earlier results on  structure and 
various properties of glycosaminoglycans were described by Muir,6 Rogers,’ SchuberL8 
L a ~ r e n t , ~  and Sharon.’O One glycosaminoglycan, heparin, has been studied exten- 
sively; its chemistry and pharmacology have been reviewed by Ehrlich and Stivalal 
and Engelberg. l 2  The techniques of isolation and characterization of glycosaminogly- 
cans were detailed by R o d h  et al.I3 

Present address: Senior Research, Korean Research Institute of Chemical Technology, Dae-Duk, 
Choong-Nam. Korea. 
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OCCURRENCE, PRIMARY STRUCTURE, AND FUNCTION 

Glycosaminoglycans occur in many vertebrate connective tissues and fluids, such as 
skin,  bone, cartilage, arterial walls, umbilical cord, vitreous humor, cornea, and syn- 
ovial fluids.' They are also found in cell membranes and in the cerebral cortex of the 
brain. In some cases, glycosaminoglycans occur within cells, primarily in mast cells 
(heparin) and in circulating cells such as granulocytes and platelets; they have also 
been detected in cell nuclei. Glycosaminoglycans have also been reported in inverte- 
brates.I5 It is generally accepted that the relative amount, molecular size, and type of 
glycosaminoglycans are tissue specific, as demonstrated by Toledo and Dietrich16 who 
reported the composition of sulfated glycosaminoglycans of various mammalian tis- 
sues. The pattern of distribution of glycosaminoglycans in a specific tissue or fluid 
changes with maturation and aging. Especially large changes were observed during 
growth and in cancer tissues." It has been suggested that disturbances in the normal 
distribution of these polysaccharides lead to  serious clinical abnormalities that are 
characteristic of various diseases such as rheumatoid arthritis and skin and ocular dis- 
eases. Abnormalities in the metabolism of mucopolysaccharides in man have been rec- 
ognized for some time, and it was found quite early that these diseases, known collec- 
tively as mucopolysaccharidoses, are of genetic origin. A detailed discussion of these 
conditions are beyond the scope of this review; interested readers are referred to  
Sharon. lo 

The common monosaccharide units of glycosaminoglycans are shown in Figure 1. 
D-galactose in keratan sulfate has the same configuration as D-galactosamine except 

that it bears a hydroxyl group instead of an amine group. The numbering of the parent 
sugar ring system and the glycosidic linkage notations are demonstrated in Figure 2. 

The classification of glycosaminoglycans is mainly based on the early work of 
Meyer's group. The composition and linkage of the repeating disaccharide units and 
the major sources of glycosaminoglycans are shown in Table 1. 

The general name of each glycosaminoglycan can be derived from its chemical com- 
position and the linkages of its disaccharide units. For example, the repeating unit of 
hyaluronic acid (Figure 3) can be called (1 + 4)-O-~-D-glucopyranosy~uronic acid-( 1 
-, 3)-2-acetoamido-2-deoxy-~-~-glucopyranose. 

The main biological role of glycosaminoglycans is thought to be structural, rather 
than chemical, providing toughness and flexibility in the connective tissues of animals. 
Because of the highly charged nature of the polymers, it is believed that the molecules 
may also play important roles in the control of electrolytes and water in extracellular 
fluids. The polyanionic nature of glycosaminoglycans may also provide electrostatic 
interaction with polycationic molecules or the positively charged region of a macro- 
molecule. Due to their high molecular weight and the flexibility of the linear molecular 
chains in solution, glycosaminoglycans occupy a much larger volume or domain than 
would a molecule of comparable size in a solid sphere of the same molecular volume. 
This effect may appear as large excluded volume of the polymers in solution and as a 
consequence, a diffusional barrier to  other macromolecules. In the following sections, 
we will describe the primary structure and specific functions of each glycosaminogly- 
can in detail. 

Hyaluronic Acid 
Since the first isolation of hyaluronic acid from the vitreous humor of cattle eyes 

by Meyer and Palmer,1n the polymer has been found to be widely distributed in various 
connective tissues, synovial fluids, skin, and vitreous, and in some ba~teria.'. ' ' . '~ In 
some tissues, hyaluronic acid is the major glycosaminoglycan present. Examples are 
the vitreous of the eye and the synovial fluid in joints, bursae, and tendon sheaths. In 
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CHzOH 

HO C h H  
OH 

D-glucuronic acid 

HO GF)H 
OH 

L -iduronic acid 

HO 4->H 
NHZ 

D -glucosamine 

CHZOH 

NH2 
D-galactosamine 

FIGURE 1. 
mine moieties are either Nsulfated or Nacetylated. 

Monosaccharide units of glycosaminoglycans. Amine groups of hexosa- 

FIGURE 2. Common numbering of parent hexose 
ring. Methylene or carboxyl carbon linked to C ,  is 
numbered 6. 
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Compound 

Hyaluronic 
acid 

Chondroitin 

Chondroitin 
4-sulfate 

Chondroitin 
6-sulfate 

Dermatan 
sulfate 

Heparin 

Heparan sul- 
fate 

Keratan sul- 
fate 

Molecular 
weight 

1-5 x 10* 

2-5 x 

104 

2-5 X 10' 

2-5 x 10' 

2-5 X 10' 

1-2 x 104 

0.2-1 x 104 

0.5-2 X 10' 

TABLE I 

Structure of Glycosaminoglycans' 

Components' 

NAc-GIu 
Glu 

NAc-Gal 

Glu 
NAc-Gal 

Glu 
NAc-Gal 

Glu 
NAc-Gal 
Idu 

Idu (major) 
Glu (minor) 
Glucosamine' 
Idu (minor) 

Glu (major) 
NAc-GIu 

D-galactose 

Location of 
sulfate groups 

2 

3.6.N 
2 

- 

- 
6 

6 

Major source 

Vitreous hu- 
mor, synovial 
fluid, umbili- 
cal cord, roos- 
ter comb 

Cornea 

Cartilage, 
bone, skin, 
aorta 

Heart valves, 
cartilage 

Skin, blood 
vessels, heart 
valves 

Lung, mast 
cells, liver, 
skin 

Cell surfaces, 
liver, lung, 
blood vessels, 
kidney 

Cornea, carti- 
lage 

' 
The information in this table is idealized to some degree. Wider variations in molecular weight, compo- 
nents. and degree of sulfation have been reported. 
WAC-Glu, Nacetyl-D-glbcosamine; NAc-Gal, Nacetyl-D-galactosamine; Glu, D-glucuronic acid; Idu, 
L-iduronic acid. 
Amine group of D-glucosamine is either Nsulfated or  Nacetylated. 

FIGURE 3.  Disaccharide repeating unit,of hyaluronic acid showing /3 ( I -  4) and 
( I  -. 3) linkages. Numbers 1-6 designate the P-D-glucuronic acid carbon atoms, 

and numbers 1'-8', the Nacetyl-P-D-glucosamine carbon atoms. Glycosidic linkages 
I - 4 and 1 - 3 are diequatorial. Pyranose rings are in chair conformation. Hy- 
droxyl. carboxyl. hydroxymethylene, and Nacetylamino groups are equatorial. 
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other intercellular matrices, hyaluronic acid shares the interfibrillar (collagen fibrils) 
space with varying amounts of other glycosaminoglycans and their proteoglycans. 
These matrices comprise the subcutaneous, perimuscular, perineural, and perivascular 
connective tissues, and the surface layer of articular cartilage. The molecular weight 
of hyaluronic acid, los to lo7 depending on  the source, is the highest among the gly- 
cosaminoglycans. Physical characteristics of hyaluronic acid from different tissues a re  
well documented by Rogers7 and Laurent.’ The polymer is noted for its large hydro- 
dynamic volume and  elastoviscous properties. Because of these physical characteris- 
tics, a concept2’.22 has been formulated regarding the possible role of hyaluronic acid 
in biological systems. However, it must be emphasized that most of the roles assigned 
to hyaluronic acid are highly speculative and  that these hypotheses a re  supported by 
very little experimental evidence. It has been postulated that the molecule acts as a n  
absorbent to mechanical stress, thereby protecting the cells from mechanical shock and 
vibration. It was also proposed that a t  the interface between solid and  liquid matrices, 
such as the surfaces of tendons, tendon sheaths, and synovial membranes, hyaluronic 
acid serves as a lubricating agent. Recently, hyaluronic acid has been c ~ n s i d e r e d ~ ~ ~ ~ ‘  
to function as a mechanoelectrical transducer. The presence of hyaluronate in the cul- 
ture medium has been shown to decrease lymphocyte s t i m u l a t i ~ n . ’ ~  It was also sug- 
gested that the molecule plays a regulatory role in the synthesis of proteoglycans in 
chondrocytes.26-28 However, Yamagata et al.19 recently reported that the chondrocytes 
cultured in the suspension system did not appear to be affected by hyaluronic acid. 

The primary structure (Figure 3) of hyaluronic acid was established by the work of 
Meyer’s and Jeanloz’s groups. The polymer is noted for  its homogeneity in primary 
structure. Although common sources for isolation of hyaluronic acid are human um- 
bilical cord and  rooster comb, no variation in primary structure - except for mol wt 
- has been reported when the molecule is prepared from other tissues. 

Chondroitin and Chondroitin Sulfates 
The primary structure of chondroitin differs from that of hyaluronic acid only in 

that its hexosamine moiety is galactosamine instead of glucosamine. It was isolated by 
Davidson and Meyer’O from bovine cornea and  was thought t o  be the precursor of 
chondroitin sulfates. Chondroitin is also easily prepared by desulfation of chondroitin 
 sulfate^.^' 

Chondroitin 4-sulfate (also referred to as chondroitin sulfate A) and  chondroitin 6- 
sulfate (chondroitin sulfate C) differ only in the position of the ester sulfate group on  
the galactosamine moiety of chondroitin. Chondroitin 4-sulfate, which bears a sulfate 
group in the C-4 position, was first isolated from cartilage more than a century ago. 
Isolation of chondroitin 6-sulfate from umbilical cord was reported by Meyer and  
Palmer;3z the position of its sulfate group was determined by several groups in the 
1950s. It was once generally believed that the glycosaminoglycans in the vitreous body 
were exclusively hyaluronic acid. However, Breen et al.33 showed the presence of gal- 
actosamine-containing proteoglycan in human vitreous. Chondroitin 4-sulfate and un- 
dersulfated heparan sulfate, but not chondroitin 6-sulfate, were isolated from the vit- 
reous body.)‘ Chondroitin sulfates are the glycosaminoglycan most widely distributed 
among animal tissues and  fluids. 

The descriptions of chondroitin 4-sulfate and 6-sulfate as homogeneous polymers 
of glucuronic acid and N-acetylgalactosamine 4-sulfate and 6-sulfate, respectively, a re  
only idealized structures; considerable departures from these representations have been 
shown. Bettelheim and PhilpottJS isolated partially sulfated chondroitin 4-sulfate from 
bovine trachea; the structure was proposed to  be stereospecifically sulfated on every 
third galactosamine moiety.36 Juvani et al..” and Liau et al.38 isolated undersulfated 
chondroitin 4-sulfate from human plasma and from rat rib, respectively. Suzuki3’ 
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showed that chondroitin sulfate from shark cartilage is oversulfated; most of the ester 
sulfate is at the C-6 position of galactosamine, but part of the sulfate residue is at the 
C-2 and C-3 positions of the glucuronic acid moiety. This moleucle was named chon- 
droitin sulfate D. A similar type of oversulfated chondroitin sulfate has been reported 
by several groups to occur in elasmobranch cartilage.' Another type of oversulfated 
chondroitin sulfate, which differs from chondroitin sulfate D in optical rotation and 
infrared spectrum, was reported by Mathews et from cartilage of squid and of 
horseshoe crab. Studies by Kawai et showed that this type of 
chondroitin sulfate contains 4.6-disulfated galactosamine residue; it was termed chon- 
droitin sulfate E by the latter group. Habuchi et showed that a D-glucose unit is 
substituted in the C-6 position of one or both galactosamines of a tetrasaccharide unit 
of chondroitin sulfate E. Another disulfated disaccharide unit, 0-sulfated in either C- 
2 or C-3 of the glucuronic acid moiety and in C-4 of the galactosamine component, 
was isolated from king crab cartilage, and named chondroitin sulfate K.44 The occur- 
rence of a copolymer of chondroitin 4-sulfate and chondroitin 6-sulfate has also been 
reported 

The ratio of the various chondroitin sulfates differs in different cartilaginous tissues 
of the same i n d i ~ i d u a l . ~ ~  Generally, large amounts of chondroitin sulfates were found 
in neonate and in tumoral tissues, both of which are in exponential phases of 
growth. 17.47.48 Dietrich and co-workers" suggested that chondroitin 4-sulfate and 6- 
sulfate are probably involved in cell differentiation and determine some of the specific 
cell properties such as recognition and/or adhesiveness. The ion binding, especially of 
calcium, properties of chondroitin sulfates drew extensive attention in connection with 
mineralization of connective tissues; this will be discussed in detail in a later section. 

and Suzuki et 

Dermatan Sulfate (Chondroitin Sulfate B) 
Dermatan sulfate, first isolated from pig skin by Meyer and Chaffee49 in 1941, dif- 

fers from chondroitin 4-sulfate in that the uronic acid moiety is L-iduronic acid, rather 
than D-ghcuronic acid. This compound was called chondroitin sulfate B or /3-heparin 
in the earlier literature. 

Like chondroitin sulfates, dermatan sulfate shows structural heterogeneity. Frans- 
son's group studied this matter extensively and showed that D-glucuronic acid (instead 
of L-iduronic acid) and Osulfated L-iduronic acid are integral parts of dermatan sul- 
fate.s0-s3 Similar results were reported by Habuchi et aLS4 and Michelacci and Die- 
t r i ~ h . ~ ~  The repeating period of dermatan sulfate containing C-2 or C-3 sulfated idu- 
ronic acid from pig skin was termed dermatan sulfate D,5' and the term chondroitin 
sulfate H was given to units containing C-4 and C-6 disulfated galactosamine moiety 
isolated from hagfish n ~ t o c h o r d . ~ ~ . ~ ~  

Heparin and Heparan Sulfate 
Heparin is a highly sulfated glycosaminoglycan composed of partially sulfated 

uronic acid (either a-D-glucuronic or fi-L-iduronic acid) and u-D-glucosamine joined 
by 1 -, 4 bonds. It shows very high anticoagulant activity; it is found in liver, muscles, 
lung, heart, kidney, spleen, skin, and blood. It is also an antilipemic agent. The struc- 
ture of the molecule and its relation to the biological actions have been extensively 
studied (for details on chemistry and biological activities, see Reference 11). The pri- 
mary structure of heparin is still not fully known. However, it is generally believed 
that the molecule does not have a homogeneous chemical structure with respect to 
uronic acid composition and degree of N-sulfation and Osulfation. (Chondroitin sul- 
fates and dermatan sulfate also show some heterogeneity of structure, but much less 
than that of heparin). 

The most distinct difference of heparin (and heparan sulfate) from other glycosa- 
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minoglycans is the presence of an N-sulfated group (sulfoamido) in the hexosamine 
moiety. The glucosamine component of heparin is nearly fully Osulfated at the C-2 
position. The Osulfate group may also be located at  the C-2 position of the uronic 
acid and the C-3 position of the hexosamine moiety. Various degrees of N-acetylation, 
depending on the source and reaching as high as 30% from whole tissues, have been 
found.57 

No clear-cut structural difference seems to exist between heparin and heparan sul- 
fate, which was previously named heparin monosulfate o r  heparitin sulfate. Generally, 
heparan sulfate is obtained from by-products of heparin preparation, and shows higher 
N-acetylation, higher glucuronic acid content, and less Osulfation than heparin, and 
virtually no anticoagulant a c t i v i t ~ . ~ ~ - ~ ~  I t  has been suggested that heparan sulfate may 
be a block copolymer with segments of multiple sequences of N-acetylgluc~samine.~~~~~ 
Cifonnelli and King6' showed that ester sulfate occurs predominantly on the iduronic 
acid moieties rather than on the N-sulfated hexosamine units, and that the sulfated 
iduronic acid residues are almost completely in single sequences. 

Heparin was chemically modified for studies of its biological function and molecular 
 onf formation.^^-^^ The following illustrates the commonly used techniques. 

Heparin (NS0; , OSO; 1 

N-desulfated heparin (-NHJ, OSO;) 

JI 
N-acyl (or aryl) heparin (-NHCOR, -0SO;) 

Hydrolysis of heparin under mild acidic condition was also widely used for N-desul- 
fation, and it has been suggested that the hydrolysis of N-sulfate is accompanied by 
some cleavage of glycosidic linkages and Osulfate groups. When chondroitin sulfate 
is hydrolyzed under 0.04MHCI at  100°C for 1.5 hr, the polymer is degraded and 45% 
of the Osulfate groups undergo cleavage.69 Under similar conditions, no degradation 
of heparin was detected, but N-desulfation did occur. Carboxyl groups of both the 
iduronic and glucuronic acid moieties of heparin, as  well as of the other glycosamino- 
glycans, are reduced by treatment with sodium b ~ r o h y d r i d e . ~ ~ . ~ ~  

Removal of the N-sulfate group from heparin resulted in loss of its anticoagulant 
a ~ t i v i t y . ~ ~ ~ ' ' - ~ ~  However, high N-sulfate content of native heparin of different origins 
does not necessarily correlate with high anticoagulant activity. Danishefsky et al.74 
studied the effects of various modifications of heparin o n  its antithrombin III-enhanc- 
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ing activity. The free carboxyl groups of heparin were found to be important, although 
not crucial, for its binding to antithrombin 111. In contrast, the Nsulfate group is 
crucial for this binding. Treatment of heparin with 4% acetic acid at 37°C for a day 
resulted in loss of almost all of the anticoagulant properties, but no substantial de- 
crease in hypolytic activities.” 

Heparan sulfate has been identified as the major glycosaminoglycan isolated from 
kidney, liver, and ileum tissues.’6 The polymer was also isolated from cell surface or 
plasma membrane fractions of various  cell^,'^-^^ and from ascites hepatoma cells and 
fluids.” 

Keratan Sulfate 
Keratan sulfate, also called keratosulfate, is a unique glycosaminoglycan in that it 

has galactose rather than uronic acid in its primary structure. It constitutes about half 
of the glycosaminoglycan content of bovine cornea.79 The keratan sulfate from cornea 
is usually referred to as keratan sulfate I to differentiate it from skeletal keratan sulfate 
11, which differs slightly in its minor constituents, sialic acid and pentose, in the linkage 
region. Keratan sulfate is present mainly in cartilage as an integral part of the proteo- 
glycan monomer molecules; both chondroitin sulfate (major) and keratan sulfate (mi- 
nor) side chains are believed to be covalently attached to a central protein core.’.’’ 
Vitello and co-workers8’ isolated a keratan sulfate-like glycosaminoglycan from the 
cerebral cortex of rat brain, and showed that it tripled in amount during the rapid 
growth phase from 1 to 3 months of age and subsequently decreased to a negligible 
quantity in the senescent rat, aged 25 months. 

The C-6 position of the glucosamine component of keratan sulfate is O-sulfated. 
However, the sulfate content of keratan sulfate varies widely, depending on the source 
or even within a single tissue.8’ 

HYDRODYNAMIC PROPERTIES 

Consideration of glycosaminoglycan structure can be conveniently divided into two 
parts. In this section, we will review the studies of the hydrodynamic properties of 
these polymers, which have furnished information regarding gross structural features 
such as molecular size and shape. A knowledge of the gross structure permits the dis- 
tinction between compact and extended structure and also between rodlike (e.g., heli- 
cal) and random-coil-like configurations of a macromolecule. The information on size 
and shape is also helpful in formulating models for the conformational changes that 
accompany denaturation or other interactions. In later sections, we will consider var- 
ious aspects of internal configuration of glycosaminoglycan molecules and their three- 
dimensional structure. 

The interpretation of hydrodynamic data in terms of size and shape requires a 
knowledge of the molecular weight, M, of the polymer. Hence the principal objective 
of early investigations was to establish methods of mol wt determination. A variety of 
methods - hydrodynamic (osmotic pressure, viscosity, sedimentation-diffusion, flow 
birefringence, etc.), light scattering, and thermodynamic - provide, in principle and 
even in practice, a value of M. If the system is heterogeneous, the various methods 
give different types of molecular weight averages2 - osmotic pressure measurements, 
for example, give a number average and light scattering data give a weight average. 
Heterogeneity of molecular weights has been found among all glycosaminoglycans. 

Different approachesB3 have been taken in the development of theories of the hydro- 
dynamic behavior of particles of various shapes, such as rigid (a-helical polypeptide) 
or flexible (polystyrene) chain molecules. Glycosaminoglycans have been 
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c ~ n s i d e r e d ' ~ ' ~ ~ ~ ~ ~ ' '  as more or  less flexible molecules. Within the framework of theories 
concerning flexible chain molecules, the properties of dilute polymer solutions, such 
as average molecular dimensions, second virial coefficients. and intrinsic viscosities, 
may be expressed in terms of two basic  parameter^:^' mean-square end-to-end distance, 
<R2>., and excluded-volume parameter, z. The parameter z is proportional both to 
the effective excluded volume for a pair of chain elements at infinite dilution and also 
to the square root of the number of elements in the chain. The theta state is defined 
as a sort of ideal state, in the sense that a t  that state the volume effect apparently 
vanishes. The major problem in the theory is to  derive the interrelationship between 
the dilute solution properties and the parameters, <Rz>. and/or z, in particular for 
linear flexible chains. The problem, however, is ultimately concerned with exploration 
of the dependence of dilute solution properties on molecular weight. Although there 
is a large accumulation of hydrodynamic data on glycosaminoglycans, few investiga- 
tors have analyzed the values in terms of these theories of polymer solutions as has 
been done for proteins, polypeptides, and synthetic polymers. Hence, no attempt is 
made in this review to describe all the theories even in a cursory manner. The equations 
that are commonly used for analysis of hydrodynamic measurements will be cited here 
without derivations. I t  is hoped that this is adequate for our purpose. We also exclude 
such values as  radius of gyration and end-to-end distance of glycosaminoglycans; for 
these quantities readers are referred to  earlier  review^.',^ The overall stiffness or flexi- 
bility of glycosaminoglycans has been assessed from the relation of intrinsic viscosity 
to mol Wt.1.2.s.9.11 Among the flexible polymers, the intrinsic viscosity depends, as ex- 
pected, on structure; the more extended the polymer chain, the higher is the intrinsic 
viscosity. The intrinsic viscosity is also strikingly dependent on the medium in which 
the polymer is dissolved. These observations suggest the complexities of the hydrody- 
namic properties of macromolecules and emphasize the need for coordinating these 
measurements with other physicochemical methods. In the last few years, studies have 
been made in this direction. The present review will thus include mostly the results of 
recent investigations that have successfully correlated the hydrodynamic and optical 
properties of glycosaminoglycans in solution. 

The hydrodynamic properties of a dissolved macromolecule may be considered as 
resulting from rotational and translational frictions. Three experimental techniques - 
viscometry, sedimentation-diffusion, and birefringence - are commonly used to char- 
acterize the hydrodynamic properties and hence the molecular parameters of the mac- 
romolecules. 

Viscosity of a solution is usually analyzed by Huggins equation: 

where the specific viscosity is defined as qsp = (q..,.rio./q,,...,)-l. The plot of reduced 
viscosity (qJc] against concentration c yields a straight line, when concentration is 
low, and intrinsic viscosity [q] and interaction parameter k' are calculated from the 
plot. A semiempirical relationship of Mark-Houwink (Equation 2)  relates the intrinsic 
viscosity and molecular weight of the solute molecule. 

The parameter a is the shape factor of the molecule; it is 0.5 for a compact sphere, 
0.75 for a random coil, and more than 1 for an extended rigid rod. 

The polyelectrolytic nature of glycosaminoglycans results in a complex behavior of 
viscosities of the solutions as  a function of polymer concentration and of ionic strength 
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FIGURE 4. Reduced viscosity vs. concentration of heparin, exhibiting typical 
polyelectrolyte behavior in water and NaCl solutions of various molarity. meas- 
ured at 25°C. Other glycosaminoglycans show similar behavior. (From Liberti, 
P.  A. and Stivala, S. S . ,  Arch. Biochern. Biophys., 119, 510, 1967. With per- 
mission.) 

of the environment, rather than the simple behavior expected from Equation 1. Figure 
4 illustrates the viscosity behaviors of heparin at various added NaCl concentrations. 

As evident from the figure, Equation 1 is inapplicable for solutions of low ionic 
strength to obtain [q] from extrapolation to zero concentration. This difficulty may 
be removed by using the technique of isotonic dilution, in which the total ionic contri- 
bution of the polyelectrolyte and the supporting electrolyte is kept constant or by ex- 
perimenting at a higher concentration of supporting electrolyte. 

Fuoss and Straussn5 quantitatively described the viscosity behavior of a polyelectro- 
lyte in an aqueous solution, where it fails to obey the Huggins equation: 
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where A and B are constants characterizing the system and can be determined from 
the plot of ~ / q . ~  versus fi. A is shielded intrinsic viscosity (commonly shown as 
[ q ] = )  of the solute polyelectrolyte in the solvent environment. Yuan and co-workersa6 
expressed the interaction parameter as B = 5.22 fl /az (P is molecular weight/ 
length, and a is the equivalent freely jointed segment length of the molecule when the 
backbone of the polyion is represented by a Gaussian coil of N segments). However, 
it was observed that for an exceedingly dilute solution, the reduced viscosity (qP/c) of 
a polyelectrolyte decreases with further dilution, resulting sometimes in a zero or neg- 
ative value of [q]00.~' Liberti and Stivalaa7 modified Equation 3 to include a third 
parameter k": 

The parameter k" is obtained from adjustment of the trial k" value until the plot gives 
the linear curve expected from the equation. (The equations describing viscosity behav- 
ior (Equations 2.3, and 4) are limiting equations, and extreme care must be used in 
extrapolating limited experimental data measured at rather high concentration). 

Sedimentation velocity (s) of a macromolecule is generally measured in an ultracen- 
trifuge equipped with a proper optical system. Like viscosity, sedimentation velocity 
depends on concentration through solute-solute interaction, and the sedimentation 
coefficient of an infinitely dilute solution s o  is determined to characterize the macro- 
molecules. 

l/s = l/s" (1 + k,c) 

The sedimentation coefficient (so) is related to the frictional coefficient (f"), partial 
specific volume ( i )  of the solute molecule, density of solvent (e ) .  and mol wt (M) of 
the solute molecule. 

where N is Avogadro's number. 
Diffusion coefficients are usually obtained by measuring the concentration gradient 

(from refractive index gradient measurement) at different times during ultracentrifu- 
gation. Extrapolation of the diffusion constant to infinite dilute solute concentration 
gives the diffusion coefficient (do) of the solute in the solute environment, which is 
inversely proportional to P. 

do = RT/Nf" (7) 

The mol wt of  the solute macromolecule can be obtained from s. and do, using inde- 
pendently measured G and Q values. The reported values of sedimentation-diffusion, 
viscosity, and other molecular parameters of glycosaminoglycans are tabulated in Ta- 
ble 2. 

Although most investigators used the Huggins equation (Equation 1) to study vis- 
cosity of glycosaminoglycans, Stivala's group used Equation 3 or 4 for heparin to 
obtain viscosity parameters in low or zero salt solutions. Liberti and StivalaB8 obtained 
[ q ] ,  of various molecular weight fractions of heparin using Equation 4; k" was 0.25 
for all fractions. They showed the Mark-Houwink parameter as a function of  salt 
concentration; in water, and in 0.01 M, 0.1 M, and 0.5 M NaCI, the values were 1.59, 
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Material 

Hyaluronic acid 

Source 

Vitreous 
Rabbit skin 
Rabbit skin 
Umb. cord 
Umb. cord 
Umb. cord 
Rooster comb 

Cartilage 
Chondroitin 4-sulfate Whale cartilage 

Chondroitin 6-sulfate Shark cartilage 

Nasal septa' 
Dermatan sulfate Beef lung 

Keratan sulfate Cornea 
Heparin Beef lung 

Beef lung 
Various 

TABLE 2 

Hydrodynamic Parameters of Glycosaminoglycans 

Sedimentation-diffusion 

Solvent' 

0.2 M NaCl 
0.2 M PO,'-: pH 7.3 

0.2 M NaCl 
0.5 M NaCl 
0.1 NHCl 
0. I M NaCI; p H  8.0 
0.2 M NaCl 
0.2 M NaCl + 0.15 M 

PO," 
0.2 M NaCl 

- 

0.2 M NaCl 
0.2 M NaCl + 0.2 M 

0.2 M NaCl 
0.1 M NaCI' 
0.1 M NaCl 

~ 0 . 3 -  

' 

' 
Aqueous solutions with salt concentration shown. 
Recalculation by Cleland and Wang"' gave 12-40.4. 
For sample of M.W. <2.06 x 10'. a value was 1.7. 
Mixture of chondroitin 4-sulfate and 6-sulfate. 
Also measured at various solvent conditions. 

' 
* 

' Forsamp1eofM.W. 11.800. 

M.W. x 

10-4 

7.7- I70 
31-150 

1-7.2 
11.1-56 
11.1-56 
1 I .  1-56 

11.7 
2.65 

1.7-4.8 

1.85-4.37 

1.22-4.21 
1-1.55 

0.87-1.91 
0.45- I .56 
0.76-1.18 

I .2- I .5 

s-zo,- x 10" 

(set) 

2.46-7.15' 
- 
- 

17-39.6 
- 
- 

6.6 
2.15 
- 

1.73-2.59 

1.39-2.43 
- 

I .  16- 1.72 

2.13' 
2.10-2.38 

- 

- 
V d " , . . . ~  lo' 

(cm'/sec) (mf/g) 

0.34-1.74 - 
- - 

4.1-6.9 0.47-0.55 
- - 

7.45' 0.36-0.44 
6.29-8.5 I 0.49-0.65 

Viwocitv 

111 
(dl/g) 

2.5-24.5 
I .99-9.65 
- 
- 

- 
2.9- 15.9 

0.69 
0.37-0.91 

30 

0.44- 1.40 

0.30-0.82 
- 

0.28-0.55 
0.094-0.228 

0.12-0. I9 
- 

K, x 10.' 

3.6 
5.7 
0.03 
2.28 
3.18 
2.79 
- 
- 

3.2 

0.065 

0.050 
3.1 

- 
0. I54 
0.158 
- 

a Ref. 

0.78 119 
0.76 102 
1.20 102 
0.82 101 
0.78 101 
0.76 101 
- I20 
- 100 

0.74 121.12 

1 . 1 4 '  100.10 

1.14 117 
0.74 121.12 

5 

5 

5 
- I22 

1.00 88 
1.00 123 
- I24 

N W 
01 

s. 

S' 
f 
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1.13, 1.00, and 0.90, respectively. The effect of the dielectric constant of the solvent 
on the viscosity of heparin was reported by Yuan and S t i ~ a l a . ~ ~  In the range of dielec- 
tric constant 54.7 to 93.2, the [qlm values obtained from Equation 3 were shown to 
increase linearly with the dielectric constant, while parameter B remained constant. 
However, desulfation of heparin resulted in decrease in both [qlm and B. From these 
results, they suggested that heparin molecules behave as a Gaussian coil when charges 
are effectively swamped. 

Earlier physicochemical studies of hyaluronate in low concentration in dilute solu- 
tion have characterized9 the molecule as a random coil with some stiffness. The de- 
scription requires considerable modification in view of the new insights gained from 
recent hydrodynamic studies and from the application of the technologies of physical 
biochemistry. 

Variation of pH of glycosaminoglycan solutions resulted in changes in viscosity, as 
expected from changes in the charge density of the polyelectrolyte. Measurements of 
relative viscosityg0 and intrinsic viscosity9' of hyaluronate as a function of pH showed 
sharp decrease in those values with decreasing pH near pH 3.5 to 2.5, which is in 
accordance with the pKof the carboxyl group. Mathews and reported a rapid 
drop in viscosity of hyaluronic acid, when the pH of the solution was increased from 
neutral to 12.5. They explained the result as a suggestion of a reversible conformational 
change of the hyaluronate molecule resulting from ionization of hydroxyl groups (pK 
about 12) - perhaps the C-4 hydroxyl groups of the glucosamine residue - and thus 
destabilization of ordered conformation present in lower pH. 

Barrett and H a r ~ i n g t o n ~ ~  and Barrett9' reported a tenfold increase in [q] of hyalu- 
ronate when the pH of the solution was increased from 7.0 to  7.5, and explained the 
result as cooperative structural transition. They obtained the viscosity results from 
measurement at low shear-limit (<0.01 sec-l) using a Cartesian diver viscometer at 25°C 
for solutions of 0.25%, 0.125%. and 0.0625% hyaluronate (at pH 7.5, they measured 
down to 0.00195%) in phosphate buffer of ionic strength 0.1. (This author's group 
could not observe any significant difference in the viscosity of hyaluronate in the pH 
range 6 to 8 from measurements on dilute solutions with an Ostwald-type viscometer.) 
They also showed, in parallel to viscosity, a sharp change in flow-induced birefringence 
and extinction angle measured over a velocity gradient range of 5 to  100 sec-l. How- 
ever, no significant variation in sedimentation coefficient and partial molar volume of 
hyaluronate molecule was reported. 

Stivala and Liberti95 examined the [q] of heparin in the pH range of 2 to 7, and 
reported that [ q ]  increases between pH 2.0 and 3.3, beyond which further increase in 
pH produces no appreciable rise in [q]. This finding was explained as chain expansion 
as a result of electrostatic repulsion of the dissociated sulfate groups (there are twice 
as many sulfate groups as carboxyl in heparin). Lages and StivalaP6 reported intrinsic 
viscosity and sedimentation coefficient of heparin as a function of Cu2+ and Ca2+ ion 
concentration, and suggested that binding of the cations by heparin was achieved with- 
out a major alteration in the conformation of a flexible, randomly coiled chain. 

Viscosity measurements of chrondroitin 4-sulfate with various added electrolytes in- 
cluding HCI were reported by mat hew^^^ and by Eyring and Yang.9B mat hew^^^ showed 
that the viscosity of the polymer was dependent on the counterion charge and concen- 
tration, but not directly on the ionic strength (p )  if the salts were of different types. 
He explained the independence of p in terms of high negative potential of the poly- 
anion, the properties of which are little influenced by negative ions. Cleland99 reported 
that [q] of hyaluronate varied linearly with M-1'2 in similar fashion as carboxymethyl 
cellulose (CMC) of similar [q] value. He also showed that the second virial coefficients 
of the polymers were identical at given ionic strength. Tanakaloo measured intrinsic 
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viscosity of sodium and calcium salts of various glycosaminoglycans and showed linear 
relationships between [q] and the inverse of the square root of the salt concentration. 
which is proportional to ionic strength. 

From studies on fractionated hyaluronate, Cleland and Wang'" showed that [q] of 
the fraction of molecular weight below lo5 falls below the values calculated from pa- 
rameters k, and (I obtained from higher molecular weight fractions (see Table l), pos- 
sibly due to nongaussian behavior of short chains becoming approximately more nearly 
a wormlike chain. A similar conclusion was drawn by Shimada and Matsumura,102 
who showed two different lines in plots of [q] versus log M for hyaluronate of different 
molecular weight ranges, 1 to  7.2 x lo4 and 0.31 to 1.5 x lo6. They also reported that 
reduced viscosity ( ~ J c )  was independent of c when M < 2.1 x lo', whereas higher 
molecular weight fractions showed lower reduced viscosity values witkdilution. 

Cleland"' showed that the double logarithmic plots of the [q].M, (M, is weight 
average) against degree of polymerization (n) in the range of R, of 10' to  2 x 10' 
permitted a straight-line fit, log [q].M, = 2.07 + 2.0~1og[2nIw, for all available data 
of glycosaminoglycans, including hyaluronic acid, heparin, and chondroitin sulfate as 
well as sodium carboxymethyl cellulose. Such general behaviors of different polymers 
were attributed to a similarity in the short-chain hydrodynamic behavior of the poly- 
mers, despite the variation in chain structure and linear charge density. In addition, 
the results indicated a value of 1.0 for the Mark-Houwink parameter a for the short 
chains. 

Measurements of small-angle X-ray of hyaluronate of high molecular weight were 
consistently 4 to 6 nm in 0.05 N HNO,, and 4 mm in 0.2 M NaC1."' Tanaka1OS gave 
5.0 and 4.8 nm, respectively, for chondroitin 4-sulfate and 6-sulfate from analysis of 
sedimentation data based on a wormlike model. 

The viscosity of heparin under low shear stress was reported by Chung and Eller- 
tonlo6 in water and in the presence of various salts, and at  different pHs. With increas- 
ing shear rate, [q] decreased; the greatest effect was in water, and the effect decreased 
with increasing salt concentration. MacGregor and B o w n e ~ s ~ ~ '  studied viscosity and 
sedimentation behaviors of sodium and calcium salts of chondroitin 4-sulfate and corn: 
pared the data with corresponding salts of proteoglycans. 

Hallett and Gray'" utilized a quasielastic light scattering technique to  determine the 
hydrodynamic properties of hyaluronate solutions by measuring the translational dif- 
fusion exhibited by polystyrene spheres in the solutions. In the absence of added salt, 
reduced microscopic viscosity showed maxima near a concentration of 1 .O mg/ml, 
which was related to the expansion of the hyaluronate molecule with dilution. 

BalazsIo9 showed that hyaluronic acid solutions above a concentration of 3 mg/ml 
with added salt exhibit elastic properties at the pH range 2.0 to 2.7 (especially at 2.5), 
forming a viscoelastic paste. Such viscoelastic putty formation was reported to be de- 
pendent on hyaluronate molecular weight and concentration, and on temperature. 
Later, Gibbs et a1."' measured the dynamic viscoelastic properties of the solutions 
over the frequency range 0.02 to 1.62 at various conditions. The solutions were shown 
to exhibit a sharp transition from viscous to  elastic behavior as the strain frequency 
increased. This effect was attributed to a stiffening of the hyaluronate molecule. Op- 
tical studies by Chakrabarti and Balazs'" related this viscoelastic property to  the for- 
mation of crosslinks which might represent ordered array in the polymer chain. 

The effects of ethanol on the optical and viscosity properties of hyaluronate at vary- 
ing ethanol concentration, hyaluronate concentration, pH, and temperature were re- 
ported by Park and Chakrabarti.112-'14 Viscosity behaviors are shown in Figure 5 .  

The results showed reversible conformational transition of the polymer. Even 
though [ql was lower in mixed solvent at pH 2.5 than in water, the reduced viscosity 
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FIGURE 5. Reduced viscosity vs. concentration of hyaluronic acid in various solvent en- 
vironments a t  25°C. 10% ethanol solution at pH 6.5 (X); 1% HCONH' solution at p H  6.5 
(*); aqueous solution at pH 6.5 (a); 10% ethanol solution at  pH 2.6 (0); 10% ethanol and 
I %  HCONH, solution at pH 2.6 (A); 1% HCONH, solution at pH 2.6 (*); aqueous solution 
at pH 2.6 (0). Differences in intrinsic viscosities [q,p/c]c.J with pH and solvent condition 
were attributed to different conformations of hyaluronic acid, and this viewpoint was sup- 
ported by circular dichroism studies (see section on  O R D  and CD). (From Park, J. W. and 
Chakrabarti. B., Biopolymers, 17, 1323, 1978. With permission.) 

in mixed solvent at  low pH increased sharply with hyaluronate concentration, resulting 
in a gellike state. This was explained by increased intermolecular interaction giving 
large values of the Huggins constant. Similar viscosity behavior near p H  7 was reported 
in the presence of Cu" for h y a l ~ r o n a t e " ~  and for heparin.lo6 

The sedimentation and diffusion values also depend on mol wt and ionic strength. 
Varga et a1.Ii6 found that both diffusion and sedimentation coefficients of hyaluronate 
were sensitive to changes in the ionic strength of the solvent, with the dependence most 
marked as ,U - 0; when ,U is lowered, sedimentation gradually decreased, while diffu- 
sion increased. A relationship between the sedimentation constant and mol wt for 
chondroitin sulfate, sozo,v  = 2.3 x lo-' M0.44, was obtained by Wasteson."' Cleland 
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and WanglOl used Wasteson’s data to obtain a relationship for sedimentation and the 
diffusion constant: log (sozo,,) = 14.681 - 0.413 log Mid, and log do = -3.28 - 0.508 
log Mid, in 0.2 MNaCI, where M,d is the mol wt based on sedimentation and diffusion 
data. Tanaka105 plotted sozo,v in 0.2 MNaCl against M”z for chondroitin 4-sulfate and 
6-sulfate and obtained straight lines, the intercepts of which were not zero, but defi- 
nitely positive. From this result, he assumed that the secondary structure of chondro- 
itin sulfates is a semiflexible coil. Shimada and Matsumura’O’ showed that l/s did not 
change linearly with respect to concentration of hyaluronate of mol wt 1.3 x lo6 and 
1.5 x lo6. 

Coles and Jennings”’ studied electric-field-induced orientational birefringence of 
solutions of heparin, hyaluronate, and other biopolymers. They all obeyed Kerr’s law; 
relaxation times of 0.3 msec for hyaluronic acid of 4.4 mg/ml, and 0.05 msec for 
heparin of 44 mg/ml, were determined. 

X-RAY DIFFRACTION STUDIES 

X-ray crystallography remains fundamental to all studies of the conformation of 
polymer chains. It is beyond the scope of this review to discuss the basic theory of X- 
ray diffraction in detail; the reader is referred to the texts on this subject. The three- 
dimensional lattice can be described in terms of the basic repeating unit, the unit cell, 
and equally spaced sets of planes in the lattice can be defined in terms of their Miller 
indices, hkl, where h, k, and 1 are defined as the intersections of the particular set of 
planes with a ,  b, and c axes, respectively, of a single unit cell. A typical X-ray diffrac- 
togram of an oriented fiber consists of a number of spots, each of which is a result of 
inflection from different sets of hkl planes. The positions of these spots define the size 
and shape of the unit cell. The perpendicular distance, known as d-spacing, between 
the planes that gives rise to a particular reflection is calculated from Bragg’s equation: 

n)l = 2d sin0 

where A is the wavelength of the radiation, d is the perpendicular distance, and 0 is 
the angle between the planes and the beam. Due to interferences between the waves 
scattered by successive planes, reflection occurs only when a wave scattered by one 
plane of a set is an integral number, n, of wavelengths behind the wave scattered by 
the next plane of the same set. 

The major problem associated with deriving a polysaccharide structure is that the 
number of parameters needed to describe a segment of the chain are far greater than 
the number of diffraction spots. Thus, it is necessary to start with a model that is 
reasonable on steric grounds and then, by comparison between observed and calculated 
diffraction data, to modify the original postulate to bring it to  the best possible agree- 
ment. 

The significant contributions in the mathematical analysis of polysaccharide confor- 
mations are those of Jones,lZ6 who presented the virtual bond method, and Ramachan- 
d ~ a n , ’ ~ ~  who introduced the 0, tp method. Jones’s1z6 method requires a knowledge of  
helix symmetry and pitch. The sugar unit of the polysaccharide is rotated around the 
virtual bond that joins the linkage atoms. The steric feasibility is calculated by com- 
puting the interatomic distances between the residues. Rama~handran ’ s ’~~  method al- 
lows examination of the rotation of contiguous sugar residues around the glycosidic 
bonds. The method scans the entire possible conformational space available to a pol- 
ymer; it has been extensively used for the conformational analysis of 
polysaccharides. 1 z 8 - 1 3 7  

Considerable progress was made when Arnott and ScottI3* introduced the method 
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of linked atom, least square analysis. The method allows the generation of a certain 
degree of flexibility in the ring geometry of a chain. The  atomic coordinates are cal- 
culated from the input data such as the average bond lengths, bond angles, torsion 
angles, and their standard deviation, as derived from the crystal structure results of 
small molecules. The  geometric parameters are varied, within the limits of their stand- 
ard deviations, to take into account the constraints, such as the ring closure, the repeat 
distance along the chain, and  hydrogen bond criteria. Simultaneously, another new 
method139 became available for studying the packing of the chains in the crystal lattice. 
In this method of calculating the molecular position in a lattice of known dimensions, 
the repulsive energy is approximated by a sum of quadratic nonbonded interatomic 
potential functions and the lattice energy sum is minimized by full-matrix least squares. 
The calculated packing models are sufficiently accurate to serve as a starting point for 
structure factor least squares refinement based on diffraction data.  The  successful ap- 
plication of these two procedures improved the precision in the conformational analy- 
sis of polysaccharides. 1 4 0 - 1 4 2  

Bettelheim'43 (1959) demonstrated that it was possible to obtain ordered fibers of 
glycosaminoglycans for  X-ray diffraction measurements. In 1972, Atkins and Shee- 
han"' published X-ray diffractograms of hyaluronate fiber, which indicated that the 
molecule could be described as a linear helix. Since then, X-ray diffractograms have 
been r e ~ o r d e d ' ~ ~ - ~ ~ ~  for oriented fibers of each glycosaminoglycan within a surprisingly 
short time. Glycosaminoglycans can be dry-spun into fibers or cast into films which 
can be oriented further, and sometimes also crystallized, by application of constant 
tension, at  appropriate temperature and relative humidity. These ordered specimens 
permit X-ray .diffraction studies, which lead in favorable cases (see next section on 
hyaluronic acid) to models depicting all the interatomic interactions within and be- 
tween the molecules. 

Except for hyaluronic a ~ i d ' ~ ~ - ' ~ '  and chondroitin 4-sulfate, 168 detailed X-ray studies 
of glycosaminoglycans are still lacking. Nevertheless, the fact that emerges from these 
studies is that all these molecules show some sort of helical configurations. The helix 
symmetries and average axial periodicities (h) per disaccharide unit of glycosamino- 
glycans are given in Table 3.  (In the following sections each polysaccharide will be 
discussed in detail.) 

To the extent that these polysaccharides are related in covalent structure, they might 
be expected to show some similarity in their conformations, interactions, and  biologi- 
cal functions. Indeed, it is evident from Table 3 that the chemical similarities among 
the glycosaminoglycans (for instance, polysaccharides with alternating 1 + 3 and 1 -. 
4 glycosidic linkages) result in conformational similarities. For example, twofold hel- 
ices are observed for hyaluronate, the chondroitin sulfates, dermatan sulfate, and ker- 
atan sulfate; except for keratan sulfate, all can exist also as threefold helices. Although 
the linkages seem to  be dominant conformational determinants, the substituent groups 
in the sugar rings may be no less important, as indicated by keratan sulfate (no uronic 
acid moiety) and  hyaluronate (no sulfate): Keratan sulfate has a twofold helix as its 
only form whereas sodium hyaluronate has a fourfold helix with contracted axial trans- 
lation per residue (h = 0.85 nm) as its dominant form. 

Hyaluronic Acid 
Preliminary models for hyaluronate backbone conformations were set up  by means 

of a computer ~ e a r c h . ' ~ '  A preference for a left-handed helical strcture was found. 
The helical structure of hyaluronate and its acid form were first reported by Atkins 
and co-workers; 144.146they suggested a left-handed threefold helix for hyaluronate and  
a twofold structure for the free-acid form with a rise per disaccharide on the helix axis 
of 0.98 nm. Two  hexagonal forms, both with the fiber axis, c = 2.85 nm, for hyalu- 
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TABLE 3 

Helix Symmetries and Average Axial Periodicities (h, nm) per Disaccharide for the Polysaccharide Chains 
of Glycosaminoglycans' 

h valuesb of glycosaminoglycans 

Helix symmetry' HA KS Ch6-S Ch4-S DSd H P  HPS 

Twofold' 0.98' 0.945' 0.93l 0.98- 0.96" 0.80-0.87p" 0.93.'' 

Threefold' 0.95 ' '  " 
0.97' 

- - 0.95' 0.96- ''" 0.95'" - 
0.94" 0.96- 0.98' 

0.913. 
- - - - - - Fourfold 0.85'' ** 

0.93gb** 
0.82t 

- - 0.930- - Eightfold - - 0.98' 

a This is a revised form of the table given in Reference 164; HA, hyaluronic acid; KS, keratan sulfate; Ch 
64, chondroitin 6-sulfate; Ch 4 3 ,  chondroitin 4-sulfate; DS, dermatan sulfate; HP,  heparin; HPS, 
heparan sulfate. Most of the data were recorded for Na salt - for details see text. 
h values are dependent on  relative humidity and hence are not always strictly as shown. 
The number of disaccharide residues per pitch length is indicated. For details of helix symmetry, see 
Reference 164. 
The apparent similarities between dermatan sulfate and chondroitin sulfate helixes indicate that the idu- 
ronates in DS have the same C-1 chair conformation as glucuronate; however, the dissimilarity in h 
values of eightfold helices of DS and Ch 6-S d o  not rule out the possibility of I-C chair conformation. 
The large difference in values between DS and H P  in their twofold helices certainly indicate that the 
iduronate conformation in DS is different from that in H P  (for details see text). 
The twofold helixes for  hyaluronate, Ch 6-S, and Ch 4-S have been obtained only under acidic condition. 
I t  has been claimedb6' that the threefold helix of hyaluronates can be obtained only for calcium hyalu- 
ronates or for the calcium-contaminated sodium salt of hyaluronic acid. 
The longer periodicity was obtained only in the presence of 10070 Ch 6 4 .  

' 

' 

' 
I 

' Reference 144. 
' Reference 147. 

Reference 148. 
' Reference 156. 
' Reference 145. 

Reference 149. 
" Reference 153. 
' Reference 150. 

Reference 152. 
Reference I5 1 .  

' Reference 155. 
' Reference 166. 
' Reference 146. 
" Reference 161. 

Reference 162. - Reference 154. 
' Reference 168. 
' Reference 169. 
' Reference 36. 

Reference 167. 
** Reference 159. 
***Reference 164. 
t Reference 163. 
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ronate were also suggested. A year later, the double helical model for both hyaluronate 
and hyaluronic acid was p r ~ p o s e d . ' ~ ' . ' ~ *  The unit cell in this model was observed to 
be orthorhombic with the fiber axis of 3.37 nm. The proposed double helix was de- 
picted as two identical, left-handed strands which are antiparallel to each other. Each 
strand has four disaccharide residues (fourfold) per pitch length. After more careful 
consideration based upon detailed X-ray structure-factor calculations, this model was 
rejected and replaced with a contracted single-stranded model. I s 9  

Detailed X-ray diffraction studies of hyaluronate show that in a condensed phase 
the polyanion can adopt a conformation belonging to  one  of two widely differing 
classes, which were termed compressed and extended. 159-161  These two classes differ 
principally in the average axial repeat per disaccharide (h), with h = 0.85 nm being 
typical of the comppressed form and h = 0.95 nm typical of the extended form. The 
extended hyaluronates can assume a variety of conforrnation~~~~~'~'~'~~ with different 
screw symmetries involving turn angles per disaccharide, t ,  of -90". -120", or 180", 
but with the value of h remaining relatively constant. In the compressed form,IS9 t is 
close to -90". The negative sign indicates the left-handed chirality. Comparison of 
refined structures for members of each class indicates that  the different h values arise 
from alterations in the two sets of linkage conformation angles rather than from some 
dramatic alteration of sugar ring geometry. The intermolecular, rather than intramo- 
lecular, forces should, therefore, be responsible for the existence of more than one 
crystalline phase.16' 

Cuss et a1.1s9 first reported the detailed structures of two variants of the compact 
polymorph of sodium hyaluronate. One, the tetragonal form, has a = b = 0.989 nm 
and c = 3.394, in which two regular fourfold helical polysaccharide chains pass 
through each unit cell. The unit cell thus contains eight disaccharide residues, eight 
coordinated sodium ions, and  n o  water molecules (Figure 6). The chains are antipar- 
allel t o  each other, and each is a left-handed helix. A t  higher relative humidity, the 
second variant (orthorhombic), very similar to the tetragonal form, but  different in a 
dimension of the lattice, was observed (a = 1.153 nm). In this form the hyaluronate 
helix is twofold. Both structures are stabilized intramolecularly by hydrogen bonds 
between the C-4 hydroxyl group of N-acetylglucosamine and  the ring oxygen of glu- 
curonic acid across the 1+3 glycosidic linkage and by N-H ... 0 (carboxyl oxygen) hy- 
drogen bonds across the 1 -. 4 linkages, and intermolecularly by a network of hydro- 
gen bonds and ONa+ ... 0 bridges. 

Winter et a1.I6l later reported the trigonal crystalline form of sodium hyaluronate. 
In this conformation, the molecule is highly extended with a n  axial advance per disac- 
charide of 0.95 nm. The polysaccharide chain in this structure is a regular, left-handed 
threefold helix and to a certain extent similar to the previously p r o p o ~ e d ' ~ ~ . ' ~ ~  form. 

The major difference between four- and  threefold helices in the side chain orienta- 
tion involves a shift from a n  approximately gauche-trans rotational isomer for the 
former to the gauche-gauche conformation for the latter structure. Both exhibit left- 
handed chirality and the chains are packed in an  antiparallel manner and  stabilized by 
an extensive network of intramolecular and intermolecular hydrogen bonds and 
O...Na'...O bridges. However, the intramolecular hydrogen bond formations are not 
the same in both structures; N-H ... 0 hydrogen bonds of the fourfold form are absent 
in the threefold form; instead it has hydrogen bonds between the C-3 hydroxyl group 
of glucuronic acid and the ring oxygen of N-acetylglucosamine. A similar threefold 
helix was proposedi6' for the calcium salt of hyaluronate, where adjacent antiparallel 
chains are tied together through a COO- ... Ca2+.. .-OOC bridge, and the coordination 
of each Ca'+ is completed by three pairs of dyadically related water molecules (Figure 
7). As a matter of fact, calcium ion impurities, which may be responsible for the three- 
fold helix, were suspected in their earlier trigonal form'6' of sodium hyaluronate. These 
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* 

FIGURE 6A. A single hyaluronate chain 
from the tetragonal structure. The hydrogen 
bands NE-H ... O“,,., of 0.278 nm and 
OE,.,-H...O*,s, of 0.253 nm are shown. (Su- 
perscripts A and B are Nacetylglucosamine 
and glucuronic acid, respectively; OE,,, is C-4 
hydroxyl oxygen; OA,,, and O”,.., are ring ox- 
ygen and carboxyl oxygen, respectively.) Solid 
circles are nitrogen atoms. (From Cuss. J. M., 
Hukins, D. W. L.. Smith, P. J. C.. Winter, W. 
T.. Arnott, S.. Moorhouse, R., and Rees, D. 
A., J .  Mol. Biof., 95, 359, 1975. With permis- 
sion. Copyright by Academic Press Inc. (Lon- 
don) Ltd.) 

authors further emphasized that the compressed fourfold conformers of hya l~ronate”~  
cannot participate in this type of divalent cation binding. 

The compressed and extended forms also differ between themselves in other aspects. 
There are extensive interdigitations in the compressed form, where each chain interacts 
not only with its nearest antiparallel neighbors, but also with its nearest parallel neigh- 
bors - eight molecules in all. In contrast, in the extended form one molecule interacts 
with only three antiparallelneighbors, and there is only one intermolecular hydrogen 
bond per disaccharide and no interdigitation. 

More recently, a left-handed antiparallel double-helical structure has been pro- 
for hyaluronic acid in the presence of the cations K+, NH,+, Rb+, and Cs+. 

The diffraction pattern attributed to  the double helix was obtained in the presence of 
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FIGURE 6B. Details of sodium ion environment in the tetragonal structure. Solid cirqles 
are nitrogen atoms. View along (100) direction. The center chain (open bonds) is translated 
a/2 behind the corner chains. Only the contacts to the sodium ion which binds to all three 
chains in this figure are shown. (From Cuss, J. M., Hukins, D. W. L., Smith, P. J .  C., 
Winter, W. T. ,  Arnott, S., Moorhouse, R.. and Rees, D. A., J .  Mol. Biol., 95, 359, 1975. 
With permission. Copyright by Academic Press Inc. (London) Ltd.) 

a b 

FIGURE 7. Coordination of Ca” ion by 2 hyaluronate polyanions (threefold helices) and 
6 water molecules (W) forming a distorted antiprism viewed (a) parallel and (b) perpendic- 
ular to the c axis. The water molecules are extensively hydrogen bonded to the polyanions. 
(From Winter, W. T.  and Arnott, S., J .  Mol. Biol., 117, 761, 1977. With permission. 
Copyright by Academic Press Inc. (London) Ltd.) 

potassium ion, only below pH 4.0. However, dialysis of the acid salt of hyaluronic 
acid against a solution of 1.0 MNH,CI, RbCI, and CsCl yielded isomorphous diffrac- 
tion patterns and, more importantly, the phase is produced in the presence of NH,+ 
and Rb+ without going through the acid form. The features of the proposed structure 
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3.28nm 

FIGURE 8. The refined molecular conformation for the hyaluronate chain. (a) Conformation 
of a single chain. (b) Conformation of the double helix viewed along the (100) direction. (c) View 
of a double helix segment showing the proximity of the carboxyl groups (circled) to the helix axis; 
this view is along the ( I  10) direction. For the sake of clarity the Nacetyl  groups are  not shown. 
(From Sheehan, J .  K. ,  Gardner, K. H., and Adkins, E. D. T.. J .  Mol. Biol., 117, 113. 1977. 
With permission. Copyright by Academic Press Inc. (London) Ltd.) 

(Figure 8) are that each chain forms a contracted fourfold helix which intertwines with 
a neighboring chain of opposite polarity around a common axis, and the presence of 
hydrophobic and hydrophilic pockets between adjacent double helices. Although the 
model is consistent with other published hyaluronate structure refinements,'s9-'6' it 
does not show any obvious interactions between chains in the double helix that would 
help stabilize the structure. 

Keratan Sulfate 
X-ray diffraction patterns of a stretched film of keratan sulfate isolated from bovine 

cornea were explained as arising from twofold single helices with an axial rise per 
disaccharide residue of 0.945 nm, which results in an extended chain conformation 
fringed with charged sulfate side groups's6 (Figure 9). 

Computer methods were used to construct a model with the observed symmetry and 
axial rise per disaccharide residue, with standard bond lengths, bond angles, and pyr- 
anose ring conformations, and with a hydrogen bond across the 1 -, 4 linkage between 
the C-3 hydroxyl group of N-acetylglucosamine and the ring oxygen of the galactose 
residue. Stability of the isolated keratan sulfate chain of the extended conformation 
of this type was q u e ~ t i o n e d , ' ~ ~  because there seems no possible mechanism by which 
favorable intramolecular energy terms can accumulate cooperatively to offset the en- 
tropy loss associated with conformational ordering. However, the polysaccharide 
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up 

FIGURE 9. Two views of the twofold helical model for keratan sulfate. 
Both are projections perpendicular to the helix axis; they are related to each 
other by a 45" rotation about it. (From Arnott, S. ,  Guss. J .  M . ,  Hukins, 
D. W.  L. ,  Dea. I. C .  M. ,  and Rees, D. A . ,  J .  Mof .  B i d . ,  88, 175, 1974. 
With permission. Copyright by Academic Press Inc. (London) Ltd.) 

chain could exist in extended form in the intercellular matrix where cooperative stabi- 
lization might be derived from intermolecular contact. Because of the heterogeneity" 
in the sulfate group content per disaccharide residue, Arnott  et al.Is6 did not rule out  
the possibility of different conformational behavior of the molecule due to variable 
charge density. 

Chondroitin 6-Sulfate 
Earlier i nves t iga t i~n"~  on  X-ray fiber diffraction patterns from chondroitin 6-sul- 

fate (Ch 6-S) indicated a threefold helical structure in the sodium salt of the polyanion 
and twofold screw symmetry in the acid form. The same study claimed that although 
the threefold helical structure of Ch  6-S had apparent similarity with that of sodium 
hyaluronate, 144,146 these helices did not pack in a hexagonal manner as did hyaluronate. 
This observation led these workers t o  suggest that either the sulfate groups would dic- 
tate the interchain packing scheme or  the coordination environment of the two sodium 
ions in Ch  6-S per disaccharide repeat might influence the chain packing behavior. 
Sodium salts of chondroitin 6-sulfate and some further sulfated derivatives of the pol- 
ymer were later studied by Arnott et a1.Is3 They reported two ordered structures, three- 
and eightfold helices, where two chains pack parallel to one another in regular arrays. 
Both structures contain single helices (Figure 10) with almost identical projected di- 
saccharide lengths (0.96 and  0.98 nm), but very different turn angles between succes- 
sive disaccharides (120" for a threefold and 45" for an  eightfold helix). These authors 
further indicated that the azimuthal distribution of charged side groups is very differ- 
ent in the two conformations, which leads to changes in glycosidic conformational 
angles. These changes have little effect on axial periodicities per disaccharide residue. 
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...-*... -- 
T 

28.7E 

....... 

1 -.... 
T 
9.8A 

...... ".. ..- I 
...-.. I ...... 7a.2E 

FIGURE 10. Projections of models for the helical molecules (viewed both parallel and 
perpendicular to the helix axes) for (a) the single threefold helix of chondroitin 6-sulfate, 
and (b) the single eightfold helix of chondroitin 6-sulfate. Chains are shown as left- 
handed. (From Arnott, s., Guss. J .  M., Hukins, D. W. L., and Mathews, M. B., Science, 
180. 743, 1973. With permission. Copyright 1973 by the American Association for the 
Advancement of Science.) 

Chondroitin 4-Sulfate 
Bettelheim'6 obtained partially oriented films of the calcium salt of chondroitin 4- 

sulfate and observed meridional arcs at spacings 0.98 and 0.327 nm, which were as- 
signed as first and third orders of the identity period. Atkins and c o - w ~ r k e r s ~ ' ~ ~ ~ ~ ~  
reported ordered conformation of both the sodium-salt and free-acid forms of chon- 
droitin 4-sulfate from their X-ray diffraction studies of oriented films. The X-ray pat- 
tern of sodium chondroitin 4-sulfate, similar to those found for the sodium salt of Ch 
6-Sld5 and for sodium hyaluronate,14' was interpreted as a threefold helical structure 
with the repeat distance of 2.85 nm and the projected height of 0.95 nm. In acidic pH, 
conformation of Ch 4-S reportedly changes to a twofold helix.'49 The free-acid form 
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was obtained by immersion of crystalline specimens of the sodium salt in acidic ethanol 
bath. X-ray results showed a decreased layer line spacing of 1.96 nm with meridional 
reflexions on even layer lines only, and the unit cell was orthorhombic.149 

The conformation of the calcium salt of Ch 4-S was further examinedt6' by X-ray 
analysis and the results were not significantly different from those of the sodium 
~a1t . I '~  The repeat length per disaccharide was 0.913 nm and the molecular chain had 
threefold screw symmetry. The value of 0.913 nm is significantly different from 0.980 
nm, which was obtained by Bettelheim.36 The difference was attributed167 to different 
methods of specimen preparation. 

Atkins et al. l S 7  reported that aggregated chondroitin 4-sulfate-protein complex, dis- 
aggregated proteoglycan, and reconstituted disaggregated proteoglycan gave similar 
X-ray photographs which could be correlated with the Ch 4-S component. The patterns 
were interpreted as twofold helical conformations, similar to that observed previously 
for the free-acid form of the polymer. The presence of protein, keratan sulfate, and 
hyaluronic acid in the aggregate proteoglycan did not significantly alter the confor- 
mation of Ch 4-S. 

The detailed three-dimensional structural analysis of chondroitin 4-sulfate is now 
available,16' in which the crystal structure and molecular conformation of a regular 
threefold helical form of the polymer have been refined. The polyanion conformation 
is stabilized by an intramolecular hydrogen bond between O(3) of glucuronic acid and 
the ring oxygen of hexosamine across a /3 (1 + 4) linkage. Across the 1 -. 3 linkage, 
there is no hydrogen bond. Packing of Ch 4-S is stabilized by the participation, once 
as a donor and once as an acceptor, of each disaccharide in two intermolecular hydro- 
gen bonds involving O(2) of glucuronate and O(7) of hexosamine (Figure 11). This 
hydrogen bonding scheme has not been observed in either of the threefold hyaluronate 
crystal structures.'61,162 

Diffractograms have recently been obtained from sodium and calcium salts of a 
proteoglycan rich in Ch 4-S isolated from swarm rat chondrosarcoma.'69 When sodium 
is the only countercation associated with the proteoglycan, the oriented polysaccharide 
chains were found to assume a threefold helical conformation which changes into a 
twofold structure upon addition of small amounts of calcium salt. The calcium ion- 
induced helix is stabilized intramolecularly by OSO,-. . .Ca'+...-OOC coordination 
across the p (1 - 3) linkage in addition to  the reported16* hydrogen bond across /3 ( I  -. 4) for the threefold helical structure. Within the lattice, adjacent parallel chains 
interact through -COO.. .Ca'+...OOC- bridges, and each calcium coordination shell is 
completed by 5 molecules of water. 

Dermatan Sulfate 
Dermatan sulfate differs from chondroitin 4-sulfate in that it contains a-L-iduronic 

acid rather than /3-D-glucuronic acid. Heparin and heparan sulfate also contain a cer- 
tain percentage of L-iduronate in their repeating disaccharide unit. The major question 
that has arisen concerns the ring conformation associated with this uronic acid moiety. 
I t  is believed that the conformational and configurational differences of the uronic 
acid moiety may account for many of the chemical activities and biological functions 
of these macromolecules. After a preliminary report,1S1 detailed X-ray results of der- 
matan sulfate were published simultaneously by two independent groups of investiga- 

Results were very similar; diffraction patterns show that the molecule in 
oriented crystalline films occurs as two-, three-, or eightfold helices. The axial rise per 
disaccharide residue for twofold is 0.97, for threefold 0.95, and for eightfold 0.93 nm. 
Three types of X-ray diffraction patterns resulled from three different lattices: ortho- 
thombic, trigonal, and tetragonal, which contain corresponding helical molecules of 

tors. 150,153 
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FIGURE 1 1 .  Threefold helical form of chondroitin 4- 
sulfate. Projection along the short diagonal, (001) direc- 
tion, of the base plane showing interactions between a n  
adjacent pair of polyanions. Sodium ions are the largest 
circles. Water molecules are circles with crosses. (From 
Winter, W. T., Arnott. S., Issac, D. H.,  and Atkins, E. 
D. T.. J .  Mol. Biol., 125, I ,  1978. With permission. 
Copyright by Academic Press Inc. (London) Ltd.) 

twofold, threefold, and  eightfold ~ y r n m e t r i e s . ’ ~ ~  The twofold helices are similar to 
those observed for C h  6-S and hyaluronic acid. 

The L-iduronic acid is the C-5 epimer of D-glucuronic acid, so that in the normal C-  
1 chair form the carboxyl group at  C-5 is axially positioned. I t  is of interest t o  consider 
in which of these two chain forms the L-iduronic acid of dermatan sulfate exists. In 
the alternative 1-C chair form the carboxyl group is positioned equatorially and the 
glycosidic linkages become diaxial. F r a n ~ s o n ” ~  has reviewed the evidence for and  
against particular chair forms of L-iduronic acid. 

D-glucuronic acid and L-iduronic acid in the normal C-1 chair form are shown in 
Figure 12. Such a chair conformation for D-g~ucuronic acid appears quite satisfactory 
- all the side groups are equatorially positioned, but the carboxyl group of L-iduronic 
acid is axially positioned. As shown in the figure, the equatorial position of this group 
in the alternate 1-C chair conformation’ radically changes the general shape of the 
polysaccharides. 
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FIGURE 12A. Schematic representation of both uronic acid moieties in the C-1 
chair conformation. (a) D-Glucuronic acid. (b) the C, epimer L-iduronic acid. The 
glycosidic linkages are shown by the broken lines. (From Atkins, E. D. T.  and Issac, 
D. H.. 1. Mol. Biol., 80, 773, 1973. With permission. Copyright by Academic Press 
Inc. (London) Ltd.) 

FIGURE 12B. Shape and dimensions of the disaccharide repeat. (a) The uronic 
acid is in the C-1 chair conformation and the maximum theoretical extension is 0.48 
+ 0.54 = 1.02 nm. (b) The uronic acid is in the I-C chair conformation and the 
maximum theoretical extension is 0.48 + 0.44 = 0.92 nm. Note how the general 
shape of the covalent repeat changes. (From Atkins, E. D. T. and Issac, D. H., J. 
Mol. B i d . .  80, 773, 1973. With permission. Copyright by Academic Press Inc. 
(London) Ltd.) 

In view of the fact that dermatan sulfate differs significantly in its interaction prop- 
erties - and probably in its biological functions - from the other members of the 
group, including heparin which contains L-iduronic acid as the major component, the 
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conformation of the uronic acid moiety in the polymer became an interesting area of 
inve~t iga t ion ."~ '~ ' - '~~  P roton NMR studies of dermatan sulfate in solution above 70°C 
show that the L-iduronate is in the 1-C chair   on formation.'^^ The rationalization for 
the conformational specificity from X-ray diffraction results is straightforward. In the 
preliminary examination of the X-ray results, Atkins and Laurentt5' ruled out the 1-C 
conformation on the grounds that the maximum projected disaccharide repeat dis- 
tance, h, that is theoretically possible for dermatan sulfate in the 1-C chair form is 
0.92 nm (when stereochemically feasible molecular models are considered, the value 
decreases to 0.90 nm), which is less than the experimentally observed value of 0.93 
nm. On the same argument, Arnott et rejected 1-C chairs in the two- and three- 
fold helical forms since he obtained the experimental values of 0.95 and 0.96 nm for 
these conformers, respectively. However, in the eightfold model, with the value of h 
only 0.01 greater than 0.92, a fully extended dermatan sulfate helix can be built con- 
taining 1-C a = L-iduronate chairs if the standard pyranose ring shape is changed 
trivially.'53 A detailed analysis of the diffraction is obviously needed for the alternative 
conformation. 

Heparin and Heparan Sulfate 
X-ray diffraction studies of heparin and heparan sulfate are still in the preliminary 

model-building stage. Despite many structural investigations, the covalent chemical 
repeating unit in heparin and heparan sulfate remains in some doubt. The sulfate con- 
tent of heparin varies between 4 and 6 sulfate per tetrasaccharide unit. Since the rela- 
tive amounts of the two uronic acids, D-glucuronic and L-iduronic acid, in both com- 
pounds have not yet been ascertained, it is pertinent to ask whether a unique covalent 
repeating sequence exists for these relatively short molecules. In the preliminary study, 
it was reportedIs2 that the sodium salt of heparin crystallizes in a triclinic unit-cell with 
a measured molecular repeat of 1.59 nm. A more precise X-ray fiber-diffraction of 
the sodium salt of  macromolecular heparin prepared from rat skin was ~bta ined , '~ '  
and the molecular repeat distance was measured as 1.65 nm at 84% relative humidity. 
At 78% relative humidity, however, the pattern was indexed on an orthorhombic unit 
cell with a layer-line spacing of 1.73 nm. The noteworthy features emerging from these 
studies were: (1) both the crystalline modifications involve a tetrasaccharide crystallo- 
graphic repeat; (2) the high-molecular-weight rat skin heparin can adopt two distinct 
conformations with different periodicities, whereas pig intestinal mucosa heparin, a 
low-molecular-weight polymer, shows only 1.65 nm periodicities. Atkins et al.lSs im- 
plied that conformational changes due to depolymerization could account for the 
marked differences between the biological activity of intact and degraded rat skin hep- 
arin. 

The molecular shapes thus far obtained for heparin from model building can be 
represented by a twofold helical conformation with the axially projected disaccharide 
repeat, h, lying in the range of 0.80 to 0.87 nm. The values of h thus obtained were 
useful enough to suggest the probable conformation of L-iduronate in heparin.'65 The 
NMR favor the 1-C chair conformation for this residue. The maximum the- 
oretical extension of such a repeat based on standard atomic coordinates is 0.89 nm, 
and would be compatible with the observed values of h in the range of 0.80 to 0.87 
nm, whereas for the C-1 conformation the theoretical extension maximum is 0.99 nm. 
This was tested165 further with the values of the residual index (R) between calculated 
and observed structure factors and the corresponding chair packing results for the four 
trial models (twofold helices) involving 1-C and C-1 chairs for a-L-iduronate residue 
in heparin. The test favors the 1-C conformation. The 1-C chair form is able to form 
a stabilizing intramolecular hydrogen bond between O(3)-H of the glucosamine residue 
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and the ring oxygen of the iduronate residue. The other conformation appears to have 
no obvious molecular hydrogen-bonding possibilities. 

Diffraction patterns obtained from the sodium salt of heparan sulfate show Bragg’s 
reflection on the meridian of alternate layer lines. Their spacing is 0.93 nm; the spacing 
of the layer lines is 1.86 nm,’sl . lss indicating a regular twofold helical structure. It was 
suggested’s’ that the linkage between the N-acetylglucosamine and glucuronic acid res- 
idues is alternately a-D(1-4) and /%D(1+4). In contrast to  heparin, the majority of the 
uronic acid component in heparan sulfate is /3-D-glucuronic acid. One can consider 
three models with regular twofold helixes in which all the linkages are 1 + 4, the 
hexosamine is in the C-1 chair conformation, and the uronic acid is glucuronate and 
iduronate that are both C-1, or glucuronate and iduronate that are both 1-C, or only 
glucuronate in the C-1 conformation. The first possibility is straightforward for pro- 
duction of twofold helixes incorporating standard bond lengths, bond angles, and ring 
conformation. In this model, the ring oxygen of uronate can be hydrogen bonded to  
O(3) of hexosamine, stabilizing the conformation. With the other two models, the 
maximum values of h obtainable are 0.85 and 0.73 nm, respectively, considerably 
shorter than the observed value of 0.93 nm. A different X-ray fiber diffraction pattern 
has been obtained for the calcium salt of heparan sulfate, with the value of h dropping 
to  0.84 nm. The reduced h would favor the model with both glucuronate and iduronate 
in 1-C chair conformation.16‘ It is expected that refinement of the X-ray data will 
enable the correct model to be established. A more detailed study of the molecular 
architecture of these biopolymers will undoubtedly reveal much information pertinent 
to both the biological function and the chemical properties of this important group of 
polysaccharides. 

SPECTROSCOPIC STUDIES 

The review in this section is concentrated on those spectroscopic techniques that 
have been used successfully for determining the structure of glycosaminoglycans in 
solution. The optical rotatory dispersion (ORD) and circular dichroism (CD) proper- 
ties of these polymers have been extensively studied. For these two techniques, we will 
discuss the underlying principle and scope as well as the results. Other techniques, such 
as NMR, infrared, and Raman spectroscopy, have recently been utilized in glycosami- 
noglycan research; they will be reviewed briefly. 

ORD and CD 
Although Biot discovered the optical activity of cane sugar over 150 years ago, it is 

only within the last 20 years that investigators have succeeded in estimating, with a 
high degree of confidence, the conformation of macromolecules in solution from the 
measurement of optical rotatory dispersion and circular dichroism The usefulness of 
these two phenomena as probes of molecular conformation has been amply demon- 
strated in the analysis of protein and nucleic acid secondary structure, but is less well 
established in the study of polysaccharides. 

ORD and CD are manifestations of the same property of molecules that have asyrn- 
metric or dissymmetric groupings of atoms. Both O R D  and C D  have their origin in 
the absorption bands of these optically active compounds. They are thus closely re- 
lated; detailed theoretical formulation of this relationship is given by Moffit and Mos- 
c ~ w i t z . ~ ”  The theory permits transforming either kind of data to  the other (Kronig- 
Kramer transform). ORD is a dispersive phenomenon and is exhibited at  wavelengths 
far from - as well as near - those characteristic of the electronic transitions that are 
responsible for the optical activity. On the other hand, CD is an absorptive phenome- 
non, observable only in the frequency intervals in which absorption occurs. The typical 
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CD 

Negative 

‘i 

ORD 

‘i 

a 

Positive 

, Peak 

Trough v 
FIGURE 13. Idealized Cotton effect of an isolated optically active absorption band 
with its maximum at A?. Left, negative Cotton effect; right, positive Cotton effect. 
(From Yang. J .  T.. in A Laboratory Manual of Analytical Methods of Protein Chem- 
istry, Alexander, P. and Lundgren, H. P., Eds., Pergamon Press, New York, 1969, 
23. With permission.) 

band shapes of ORD and CD for an isolated optically active absorption band are 
illustrated in Figure 13. 

The ORD profiles are commonly called Cotton effects in honor of the French phy- 
sicist AndrC Cotton, who in 1895 observed the phenomenon in optically active absorb- 
ing solutions. The Cotton effect is termed positive if the CD maximum is positive and 
the peak is on the long-wavelength side, and negative if the CD maximum is negative 
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and the trough is on the long-wavelength side. In recent terminology, the Cotton effect 
is referred to the phenomena of both CD and its associated ORD. 

Although the electronic absorption bands and the circular dichroism bands are 
closely related, distinctions must be recognized - it is not a one-to-one relationship. 
In the absorption spectra, the intensity of absorption depends only on the electric di- 
pole transition moment whereas the intensity of circular dichroism depends on both 
electric and magnetic dipole transition moments. Thus a very weak absorption band 
may exhibit intense optical activity, and vice versa. The absorption band may be only 
weakly allowed or symmetry forbidden, but the associated CD band may be quite 
strong. Hyaluronate, for instance, exhibits an intense dichroism at 210 nm associated 
with a very weak n - n* absorption band whereas very little optical activity is associ- 
ated with a strong n - n* amide transition. 

The theory, instrumentation, and method of analysis of CD and ORD have been 
described by Yang.''9 The methods of measurements and evaluation of these optical 
parameters are reviewed in a recent article by Stone.' 

Interpretation of the optical activity of a compound requires an understanding of 
the optical properties of each of its chromophores. In glycosaminoglycans, the chrom- 
ophores are the hemiacetal, acetal, hydroxyl, carboxyl, and acetarnido groups. The 
optical characteritics in the observable range of a commercial spectropolarimeter (> 
185 nm) are due mostly to carboxyl and acetamido, but the other chromophores also 
contribute - particularly to the ORD spectrum. Since most of the CD/ORD measure- 
ments of glycosaminoglycans have been made with commercial instruments, we will 
be concerned here primarily with the acetamido and carboxyl chrornophores of these 
polymers. 

Glycosaminoglycans have the acetamido substituent in the C-2 position of the amino 
sugar moiety. Because of the asymmetric environment of the sugar, this amide is per- 
turbed and gives rise to Cotton effects analogous to those of polypeptides. In general, 
one would expect both the n -, n* and n -. n* transitions of the amide to show Cotton 
effects. Beychok and Kabat'" first proposed that the Cotton effects of N-acetylamino 
sugars in the 200 to 210 nm region might be associated with the n + 7r* amide transi- 
tion. CD measurements of amino sugars have revealed bands in the 210 nm region 
that have been assigned to the same transition.'8'.'82 Kabat et al.'8' have shown that 
the optical activity may be used empirically to differentiate various intersaccharide 
linkages and substituent positions. The anomeric configuration at C-1 has been shown 
to have a strong influence on the optical activity in the 220 nrn region. They have made 
a case for the importance of anomeric configuration in determining the CD of amido 
sugars at 210 nm. CD data of Coduti et al."' do not tend to support this proposal; 
rather they show that CD in the n -, n* region varies with anomeric configuration, 
substituent position, and linkage position. The data on model substantiate 
 stone'^'^' generalized proposal for CD of glycosaminoglycans that 1 -. 4 linked poly- 
mers have large positive CD near 190 nm, whereas 1 + 3 linked polymers have small 
or negative CD in the n + n* amide transition region. 

Also appearing as a chrornophore in glycosaminoglycans are carboxyl groups of the 
uronic acid moiety. Park and ChakrabartiI7' have shown that the C(5) epimer of the 
uronic acids (glucuronic and iduronic) in glycosaminoglycans can influence signifi- 
cantly the CD properties of the polymer. Iduronic acid is an inherently weaker acid 
than glucuronic a ~ i d , ' ~ ~ . ' ~ ~  and the optical properties of the two are not 
The galactouronosides, guluronosides, and iduronosides in which O(4) is axial all ex- 
hibit a CD band around 210 nm attributable to the n + n* carboxyl transition.In6 In 
contrast, D-glucuronic and D-mannuronic acids and their derivatives give an addi- 
tional CD band around 235 nm. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



256 CRC Critical Reviews in Biochemistry 

Listowski et al.lS7 first reported this long-wavelength band and, from solvent-de- 
pendent CD studies, assigned it to the n n* transition of unsolvated molecules and 
the normal band at 210 nm to the same transition in molecules hydrogen-bonded to 
water. This interpretation was later rejected, and the most widely accepted explanation 
of the two bands is that they arise from the n -. n* transition of different rotational 
isomers of carboxyl groups.186.188 Any rotation of the carboxyl-group chromophore 
against the dissymmetric environment of the rest of the molecule can cause large 
changes in CD magnitude, including the position and sign of the band.'86 Studies of 
the CD bands due to the TI -. n* amide or carboxyl transition of the monomeric sugars 
and of their polymer, which are located below 200 nrn, were limited experimentally; 
the range of the commercial spectropolarirneters does not extend below 185 nm and 
the measurements below 200 nm in many cases include artifacts. With the rapid devel- 
opment in instrumentation over the last few years, it is now possible to measure CD 
in the vacuum ultraviolet region.lE9 We have used this technique successfully and re- 
ported the CD of N-acetylglucosarnine and glucuronic acid in film and in solution 
(Figures 14-16), extending the measurements down to 170 nm.I9' 

The results reveal that N-acetylglucosamine exhibits a positive CD band a t  188 nm 
in addition to a negative band near 210 nm. The positive band has been assigned to 
the n -. n* arnide transition; alternative assignment to a ring transition is contraindi- 
cated by the absence of CD in that region in unsubstituted mono~accha r ides .~~~  The 
negative band near 210 nm is due to n -. n* amide transition. Since unsolvated amides 
typically have CD bands at higher wavelengths - e.g., 222 nm in u-helical polypeptides 
- we have concluded that the arnide group in N-acetylglucosamine in monomer or in 
polysaccharide is highly solvated. 

There is an optically active transition at  182 nm in glucuronic acid and glucuronate, 
the rotational strength of which is negative in solutions of both species and in films of 
the acid; in films of the anion its rotational strength is po~itive.'~' The location of the 
band is close to what is expected for a carboxyl transition although some contribution 
from a ring transition cannot be ruled out. The vacuum UV CD of glucose and other 
mono~acchar ides~~~ exhibits weak ellipticity near 180 nm, and Balcerski et aI.l9' and 
P y ~ h ' ~ ~  observed a negative 180 nm band in iota-carrageenan. The 182 nm band may 
have contributions from both a carboxyl n + n* transition and a ring transition. The 
change in sign of the CD band in the film relative to the solution was e~plained '~ '  by 
intermolecular as well as carboxyl-cation interactions. In this study, the CD features 
of glucuronate or glucuronic acid above 190 nm, previously assigned186,188 to  n -. n* 
transition, are attributed to the existence of two rotational isomers, with the negative 
charge of the anion causing blue shifts relative to the acid (Figures 15 and 16). CD 
features of the monomeric constituents of glycosaminoglycans provide a basis for the 
analysis of structure, conformation, and interaction properties of these polysacchar- 
ides. 

It was not until 1965 that the optical rotatory dispersion down to 188 nm of glycos- 
aminoglycans was reported.19' They show intrinsic Cotton effects in the regions of 
their amide and carboxyl transitions, but differences were found in the sign and spec- 
tral position of the ORD Cotton effects for heparin (positive) and for chondroitin 6- 
sulfate (negative). Subsequently, ORD of other glycosaminoglycans were 
examined. 182.195 In these pioneering studies, Stone showed that all glycosaminoglycans 
exhibit their first Cotton effect around 208 to 212 nm and that they can be divided 
into two classes based upon the sign and position of a second Cotton effect below 200 
nrn. She further pointed out that these polysaccharides show enhanced positive or en- 
hanced negative rotation in comparison to their monomeric units; the rotational 
strength of the N-acetylglucosamine-containing polymer is greater than that of the N- 
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FIGURE 14. Circular dichroism of Nacetylglucosamine, 6 mg/mf. (a) Pathlength 0.046 
mm. (b) Pathlength 0.1 mm. (From Buffington, L. A. ,  Pysh. E. S. ,  Chakrabarti. B., and 
Balazs, E. A , ,  J .  Am. Chem. SOC., 99, 1730, 1977. With permission. Copyright by the Amer- 
ican Chemical Society.) 

acetylgalactosamine-containing polymer. A degree of preferred order in the polymer 
molecule was implied from this enhanced rotation. 

Ultraviolet circular dichroism studies"' of glycosaminoglycans gave a better resolu- 
tion of the two Cotton effects; the first negative CD band centered around 210 nm is 
common to these polymers, and glycosaminoglycans that contain 4 -. 1 linked amino 
sugars show a second, positive band around 190 nm and those with 3 + 1 linked amino 
sugars show a second, negative band. Keratan sulfate, heparin, and heparan sulfate 
belong to the former group; hyaluronic acid, chondroitin sulfate, and dermatan sulfate 
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I I I I I I 
) 200 220 240 

h nm 

FIGURE IS. Circular dichroism of glucuronic acid, 14 mg/ml. (a) At pH 2.5. (b) At pH 6.9 
(glucuronate). (From Buffington, L. A., Pysh, E. S., Chakrabarti, B. ,  and Balazs, E. A . ,  J .  
Am. Chem. SOC., 99, 1730. 1977. With permission. Copyright by the American Chemical Soci- 
ety.) 

constitute the latter group. The second CD band has thus been shown to be dependent 
on the intersaccharide linkage and possibly on the conformational specificity of the 
polymer. The specific conformational variation for the group of glycosaminoglycans 
showing a positive CD band below 200 nm has been suggested3.' from model building 
with Courtald space filling atoms - a hydrogen bond between a nitrogen atom and 
Lhe C-3 (or C-2 in the case of keratan sulfate) hydroxyl group of the following uronic 
acid residue. For the other groups showing a negative CD band, the hydrogen bond is 
between the nitrogen atom and the C-2 hydroxyl group of the uronic acid moiety. X- 
ray diffraction res~l t s , '~ '  however, do  not correspond with the proposed model. 
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I -  0 - 

- I  

FIGURE 16. Circular dichroism film spectra. (a) Glucuronic acid. (b) Sodium glu- 
curonate. (From Buffington, L. A. ,  Pysh, E. S. ,  Chakrabarti, B., and Balazs, E. 
A,. 1. Am. Chem. Soc., 99, 1730, 1977. With permission. Copyright by the Ameri- 
can Chemical Society.) 

- - 
1 1 I I I 1 

StoneIB4 argued that the predominant chromophore in the CD bands of glycosami- 
noglycans is the acetamido group. The basis for such argument is that keratan sulfate, 
having no carboxyl chromophore, shows similar CD bands to that of other uronic 
acid-containing glycosaminoglycans whereas polygalactouronate displays a simple dis- 
persion curve. '* The absorption spectra of some glycosaminoglycans and Nacetylglu- 
cosamine have been reported by Stone"' (Figure 17). 

Hyaluronic acid345 displays a curve similar in shape and magnitude to that of the 
chondroitin 4-sulfate absorption spectrum. The n + n* amide and carboxyl transitions, 
located above 200 nm, are obviously weak. The stronger n -. n* amide transitions of 
uronic acid-containing glycosaminoglycans do not, however, show their absorption 
maxima, presumably due to the tail absorption of the strong carboxyl transition, lo- 
cated in the far ultraviolet region. This is evident from the fact that both keratan 
sulfate and N-acetylglucosamine display a well-resolved peak around 190 nm. In con- 
trast to the situation with polypeptides, the assignment of CD bands from the absorp- 
tion spectra is rather difficult because of the fact that both carboxyl and amide chrom- 
ophores are in the asymmetric environment of the sugar molecule. CD spectra of the 
monomeric sugars seem to be better suited for this purpose.19o 

Conformation of a polyion has been frequently investigated by observing the pH- 
dependent optical properties of such molecules. Heparin was the first molecule to be 
studied in detail.196 ORD of heparin revealed a first negative Cotton effect 
with a trough near 230 nm. The increased negativity of this Cotton effect around 230 
nm at lower pH values was attributed to a conformational change of the molecule 
(Figure 18). 

Grant and co-workers" reported a CD peak of polygalactouronate around 202 nm. and J .  N. Liang and 
E .  S. st even^"^ obtained, in addition to the positive CD, a negative band below 200 nrn of the same 
magnitude. 
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I I I I I I I I I 
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FIGURE 17. Absorption spectra (215-183 mr) for glycosaminoglycans. 
Measurements were made in the Cary Model I5 spectrophotometer under 
nitrogen purge at room temperature. Solutions were 0.5-1.2 mg/ml in dis- 
tilled water. The optical pathlength was 0.5 or 1 .O mm. Extinction coeffi- 
cients were computed on the basis of the average formula weight of Nace- 
tylglucosamine moiety. S KS and S Ch 6-S are oversulfated keratan sulfate 
and chondroitin 6-sulfate. respectively. Nac Glu is Nacetylglucosamine. 
(From Stone, A. L., Biopolymers, 10,739, 1971. With permission.) 

The formation of a histamine-heparin complex was shown to cause an analogous 
change in the ORD of heparin with no change in pH.IPS Similar results were 
in the CD studies of heparin; a twofold increase in the negative CD band at  210 nm 
occurs when the pH is lowered from neutral to 2.4. The significance of these changes 
as a reflection of conformational alteration in heparin is obscured by the fact that the 
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FIGURE 18. Changes with pH of heparin ORD in the spectral range 
220-280 mp. Curves 1-7 are those at pH 7, 6.1. 5 .5 ,  5.0, 4.4. 3.1, and 
2.7, respectively, for a given heparin solution, 1.52 mg/mf, at  a path- 
length of 0.5 crn. Inset is the difference curve between curves I and 
7. + values are uncorrected for the refractive index of the water sol- 
vent. (From Stone, A. L., Nature (London), 216, 551, 1967. With 
permission.) 

carboxyl group may make some contribution to the observed pH-dependent optical 
properties. 

Detailed circular dichroism studies of glycosaminoglycans including chemically 
transformed heparins at various pH values have indeed revealed that the carboxyl 
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I I I I I I 
230 

- 1  
190 210 

FIGURE 19. Circular dichroism of dermatan sulfate (DS) and heparin-2 (HP). (A) pH 
2.6. (B) pH 7.5. (From Park, J .  W. and Chakrabarti, B.. Biochim. Biophys. Acta, in press. 
With permission.) 

chromophore plays an important role in the dichroic behavior of these p01ymers.”~~’~’ 
We have demonstrated that variations of CD spectra of heparin above 200 nm with 
pH arise mainly from the acid-base behavior of the uronic acid moieties, and the phe- 
nomenon can be successfully utilized to determine the apparent pK. value of the poly- 
mer. 19’ 

The pH-dependent CD features of glycosaminoglycans above 200 nm can be distin- 
guished by their uronic acid moieties; with decreasing pH, iduronic acid-containing 
polymers show increased negative ellipticity near 220 nm whereas those containing 
glucuronic acid display enhanced negative dichroism near 230 nm and decreased neg- 
ative dichroism near 210 nm. For predominantly iduronic acid-containing samples, 
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\A % Ch-6-5. 230 

2 4 6 
PH 

FIGURE 20. Ellipticities at various pH's. (A) DS, dermatan sulfate. C h - 6 4 ,  chondroitin 6-sul- 
fate. (9) HPS, heparan sulfate. (From Park, J .  W. and Chakrabarti, B . ,  Biochim. Biophys. Acfa, 
544,667, 1978. With permission.) 

heparin and dermatan sulfate, the ellipticity values at  both 210 and 230 nm became 
more negative with decreasing pH (Figures 19 and 20). The difference in the acid- 
induced dichroic behavior of different uronic acid (C-5 epimers)-containing polymers 
is evident (Figure 20). Heparan sulfate, which contains both uronic acids, shows the 
combined effects of both glucuronic acid and iduronic acid. 

I f  the change in CD features at  a particular wavelength that occurs with change in 
pH is due solely to one chromophore, and no major conformational transition is as- 
sociated with the change, then the relative variation of ellipticity is expected to  follow 
an empirical equation:I9' 

where a denotes the degree of dissociatixn and can be related to ellipticity change as u 
= (0 - 8," c< pKa)/(O,,H >> pxII  - ePH << pKJ.  An empirical constant (n) depends on 
the ionic strength and the concentration of the solution. The apparent dissociation 
constant of the chromophore (pK.) can thus be determined from Equation 8. 

With this rule of thumb, it has been possible for us to examine whether the pH 
variation can cause any conformational change of the molecule - the changes in ellip- 
ticity at 230 nm for hyaluronic acid, chondroitin, and chondroitin sulfate follow Equa- 
tion 8, but the changes a t  210 nm do not. The reverse is true for heparin, N-desulfated 
heparin, and N-acetylated heparin. The fact that the 230 nm ellipticity values of the 
first group of polymers follow Equation 8 indicates that the change in CD properties 
in this wavelength region is due entirely to the acid-base properties of the carboxyl 
group. Protonation of the acetamido group and/or conformational variation"' may 
contribute to the dichroic behavior at  210 nm, and thus the ellipticity changes at this 
wavelength d o  not obey the equation. Except for dermatan sulfate, compounds of the 
second group contain both iduronic acid and glucuronic acid (Table 1). Thus the ellip- 
ticity variations with pH at both 210 and 230 nm can be used for dermatan sulfate to 
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determine the pK value. Even though heparin contains a small amount of glucuronic 
acid, the change in dichroism at 210 nm follows Equation 8 because the variation with 
pH at this wavelength for iduronic acid-containing polymer is much larger than that 
for glucuronic acid-containing polymer. Because of the presence of a considerable 
amount of both glucuronic and iduronic acids, the method is not applicable to heparan 
sulfate. 

The lower ellipticity values of dermatan sulfate, heparin, and heparan sulfate near 
210 nm compared to their monomeric  constituent^^'^^^^' and other glycosaminoglycans 
suggest that the n -. n* transition of amide groups is weakly optically active or virtually 
inactive.* Even N-acetylation of heparin does not increase the ellipticity values at  210 
nm. Park and Chakrabarti17s proposed a general rule that a disaccharide unit contain- 
ing N-acetylamino sugar linked with iduronic acid would display either a weak n -+ TI* 

amide CD band or none. This is supported by the fact that heparan sulfate shows a 
larger dichroism than does N-acetylated heparin at 210 nm, because of the former's 
relatively higher content of both glucuronic acid and Nacetylglucosamine. 

favor the 1-C conformation of iduronic acid in heparin as opposed 
to the C-1 in dermatan sulfate, but NMR studies in do not suggest such a 
difference. The conformation of the L-iduronic acid in dermatan sulfate has been sug- 
gested as C-1, based on analysis of optical rotatory dispersion curves.'76 The striking 
dissimilarities in the dichroic properties of heparin and dermatan sulfate in their acid 
and salt forms (Figure 21) and in the CD spectra of the copper complexes (Figure 22) 
have been attributed either to their difference in intersaccharide linkage or to the con- 
formation of the iduronic acid moiety. 

The spectral behavior of heparin in the TI + TI* transition region associated with 
change in pH might originate from conformational change, as has been suggested for 
hyaluronic acid. However, the CD features above 200 nm provide no e v i d e n ~ e ~ ~ , ' ~ ~  
for any major conformational transition of glycosaminoglycans with change in pH, 
but the configurational differences of the uronic acid are well reflected in 
the dichroic behavior of the polymer, and the carboxyl chromophore thus plays a ma- 
jor role in the chiroptical properties of the molecules. 

From the anomalous dispersion in the absorption band of the bound dye, Stone19' 
suggested a card-stack aggregation of dye molecules with a helical conformation for 
the heparin-dye complex. (A detailed discussion of the phenomenon is included later 
in this article.) She demonstrated further that the induced Cotton effects diminished 
with graded hydrolysis of the polymer. The phenomenon of induced rotation was in- 
vestigated by Stone and as a function of pH, in the range of ionization of 
the carboxyl group of heparin; they found that metachromacy decreased with a de- 
crease in anionic site density. Further investigations by Stonezoo on dye binding indi- 
cated that the binding of methylene blue to the anionic sites of heparin gives rise to 
an exciton-like CD doublet. The positive sign of the low-frequency band for the hepa- 
rin-methylene blue complex of the doublet has been attributed to net left-handed chir- 
ality for the neighboring dye molecules. Changes in conformation of heparin were also 
followed through ORD by Hirano and Onodera. Their study indicates that N-desul- 
fation does not change the original conformation, but complete desulfation causes the 
helical conformation of the heparin-dye complex to disappear. 

X-ray 

Park and Chakrabarti'" recently reported that dermatan sulfate near pH 7.0 exhibited neither a CD 
minimum near 210 nm nor an ORD trough above 200 nm. This finding differs from a report of a weak 
CD band at the ~avelength'~ '  and from ORD results of Davidson,"' but is in good agreement with the 
data of Suzuki et al." I t  is likely that the samples of dermatan sulfate used by Stone"' and Davidson"' 
had some glycosaminoglycan impurities. 
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FIGURE 21. Difference C D  spectra A O  (O,,, b-OpH, ,), of  chondroitin sulfate (CS), 
dermatan sulfate (DS), heparan sulfate (HPS). and heparin (HP). The behaviors of 
hyaluronic acid and Ndesulfated heparin are similar, in shape and wavelength, to 
those of chondroitin sulfate and heparin, respectively. (From Park, J .  W .  and 
Chakrabarti, B . ,  Biochim. Biophys. Acra. 544,667, 1978. With permission.) 

Chung and Ellertonlo6 suggested a conformational change of heparin when Cu(I1) 
binds to the molecule. The interpretation was based on the observation that the CD 
band of heparin at 210 nm shifts to 235 nm after binding of the metal ion. Mukherjee 
et however, attributed the phenomenon to the change in the spatial orientation 
of the carboxyl group of the polymer rather than to a major macromolecular confor- 
mational transition. The chelation of carboxyl and sulfamino to the metal ion facili- 
tates the change in the spatial orientation of these groups (or vice versa). 

The chiroptical properties of hyaluronic acid have been studied extensively by Chak- 
rabarti and c ~ - w ~ r k e r ~ . ~ ~ ~ " ~ - " ~ ~ ~ ~ ~ ~ ~ ~ ' - ~ ~ ~  Chakrabarti and Balazsl" reported that the 
molar optical rotation at 220 nm and ellipticity values at 210 nm are greatly enhanced 
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I I 
210 230 , 

1 i0 

FIGURE 22. Difference CD spectra, A0 (e~,”~. , .=”~’-e~,”~. , ) ,  of ( I )  heparin-Cu”, (11) he- 
paran sulfate-Cu”, and (111) dermatan sulfate-Cu” at pH 5.9. (From Mukherjee. D. C.. 
Park, J .  W. ,  and Chakrabarti, B.,  Arch. Biochem. Biophys., 191, 393, 1978. With permis- 
sion.) 

in comparison to the values for the monomeric units and oligosaccharides. The second 
negative CD band below 200 nm was found to change abruptly to the positive side 
when the pH of the solution is below 4, and it reaches a maximum value at pH 2 .5 .  
This positive CD band has been shown to be temperature and concentration depend- 
ent. The results were attributed to the conformational change of a single polysacchar- 
ide chain or to a chain-chain interaction. Further analysiszos of CD and ORD data of 
hyaluronic acid at low pH indicated that the high magnitude of the CD band at 188 
nm might be due to the development of internal structure rather than a conformational 
change. 

Hirano and Kondo-IkedaZo6 suggested an ordered conformation of hyaluronate 
which changes to random coil after treatment with urea. The suggestion was based on 
the observed changes in the elution pattern and optical rotation at sodium-D light. 
The data on the extrinsic Cotton effect of the hyaluronate-acridine orange complex 
support this view and also indicate the left-handed chirality of the hyaluronate helix.*O’ 
A change in the chiroptical properties of hyaluronate a t  pH near 12 has been attributed 
to order-disorder transition of the A similar suggestion was made by Ma- 
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thews and DeckerP2 from their viscosity measurements of hyaluronate at high pH. For 
hyaluronate solutions at 0.1 ionic strength and pH 7 to 7.5. Barrett and Harrington9' 
described changes in intrinsic viscosity and in the rotational diffusion constant calcu- 
lated from flow birefringence. The phenomena may reflect a change in intermolecular 
network structure rather than a molecular conformational change. 

Vacuum UV CD studyig0 has provided further detailed analysis of the phenomena. 
Several possibilities for the nonadditivity of the CD band at  210 nm of hyaluronate 
were considered: the change in the configuration of the sugar ring and/or its hydroxyl 
groups in the presence of neighboring sugar rings, contributions of polarizability and 
static field to the optical activity of the n -. n* transition of the substituent groups, or 
the alteration of the orientation of the acetamido or carboxyl group due to neighboring 
residues. The study, however, has not ruled out the possibility of an ordered structure 
that could be responsible for the nonadditivity of the C D  intensity near 210 nm. The 
large rotational strengths of the n * n* amide transition in solution and n - n* tran- 
sition in film of hyaluronate in comparison to those of chondroitin 4-sulfate have also 
been attributed to some conformational constraints in h y a l u r ~ n a t e . ~ ~ ~  

The positive CD band near 188 nm observed in hyaluronic acidlgO has been con- 
firmed by vacuum ultraviolet CD and assigned to the n + n* transition of the amide 
group. This study emphasized that CD is not a good probe for the investigation of 
conformational change of the molecule at  lower pH although the change in intensities 
of both 188 nm and 210 nm bands cannot always be in terms of protona- 
tion of the carboxyl groups. However, vacuum ultraviolet study has clearly indicated 
that the positive band at 188 nm is not due to a ring 

Of major interest is the CD spectrum of hyaluronate film (see Figure 27), which was 
prepared from the same type of hyaluronate solution and approximately in the same 
way as the film studied by X-ray d i f f r ac t i~n .~ '~  The film shows a large band near 194 
nm which we have assigned to the n + n* amide band, and n + n* bands are hidden 
in the long-wavelength tail of the band. The large rotational strength of the CD band 
has been attributed to a decreased rotational freedom of the acetamido group when it 
participates in an intramolecular hydrogen bond with the carboxyl group of the neigh- 
boring residue. Buffington et al.lPo suggested that the conformation of hyaluronate in 
film may be a fourfold helical structure similar to  that reported from X-ray diffraction 

This is supported by the fact that chondroitin 4-sulfate film, in which there 
is no possibility for a hydrogen bond between the acetamido C-4 and glucuronate ring 
oxygen, exhibits significantly lower ellipticity (about 1 X 10' deg . dm2/decimole) than 
that of hyalur~nate. '~ '  

Considerable progress has been made in the studies of conformation of hyaluronic 
acid in solution since ChakrabartiIgo first observed a dramatic change in the chiroptical 
properties of the molecule in ethanol-water solvent. Later, Park and C h a k ~ a b a r t i " ~ . ~ ~ ~  
ascribed the changes in CD, ORD, and viscosity of the molecule in organic-water sol- 
vents such as ethanol, pdioxane, and acetonitrile/water at pH Q pK, to a major con- 
formational transition of the molecule. Under these conditions hyaluronic acid exhibits 
a strong negative dichroism (below 200 nm) and a positive CD near 226 nm (Figure 
23). I t  undergoes a sharp, cooperative transition with respect to pH (Figure 24) and 
solvent. 

Neither of the monomers (N-acetylglucosamine or glucuronic acid) show any signif- 
icant change in their chiroptical properties with varying solvent and pH. It has been 
suggestedi'2.'13 that the strong negative dichroism of hyaluronic acid below 200 nm in 
mixed solvent arises mainly from the n + n* amide transition. In that case, the large 
rotational strength of the band indicates a decreased mobility of the acetamido group, 
possibly due to hydrogen bonding as observed in hyaluronate film.i90 
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FIGURE 23. Typical variations of C D  spectra upon changing ethanol and pH of hy- 
aluronic acid solutions: (a) OQo ethanol, pH 2.6; (b) 0-50% ethanol, pH 6.5; (c) 5% 
ethanol. pH 2.6; (d) 10% ethanol, p H  2.6; (e) 20% ethanol, p H  2.6; ( f )  20% ethanol, 
pH 3.3.  Insets are spectra showing changes in (A) C D  peak and (B) ORD trough. The 
scale of ORD is same as that of CD. (From Park, J .  W. and Chakrabarti, B., Biopol- 
ymers, 16,2807, 1977. With permission.) 

The positive band at  212 nm in the difference spectrum (appearing as a positive band 
at 226 nm in the CD spectrum) may result from both the 210 nm n + rr* carboxyl and 
n + n* amide transitions. The magnitude of this band should reflect the algebraic 
summation of the rotational strengths of all transitions in that region. 

Similarly, ORD  result^"^ showed a gradual blue shift of the trough at 220 nm and 
enhanced magnitude of rotation with increasing concentration of organic solvents and/ 
or decreasing pH. The shift can be explained on the basis of the resultant effect of 
two CD bands. The most frequent representation of rotatory dispersion is given by 
Drude as the summation of individual transition i in the wavelength Ai; 

Aih? 
[a] = zj- 

h' - hil 
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FIGURE 24. Relative changes of difference CD spectra of hyaluronic acid (about 0.5 mg/ 
m l )  at 212.5 nm vs. pH. Solid line is calculated fraction of ideal undissociated monobasic 
acid of pK. = 3.23. (From Park, J .  W. and Chakrabarti, B. .  Biopofymers. 17, 1323, 1978. 
With permission.) 

Beychok and KabatlBo studied the ORD of the maltose and amylose series of oligosac- 
charides using a one-term equation, Equation 9. and showed that the A. is about 150 
nm, whereas hyaluronic acid is expected to have a A, value between 180 and 210 nm 
due to its chromophore transitions. Near a particular transition, the ORD data reflect 
mainly that transition. However, far from any transition, the values of rotation are 
determined by all transitions with a magnitude roughly proportional to  Ad?. The in- 
creased rotation above 300 nm could be due to the higher contribution from the sugar 
ring. The variations of A, and A, values with solvent composition parallel those of 
f A , c D , ,  qualitatively, and are shown in Table 4. Since f A , c D ,  values are roughly propor- 
tional to the fractions of the new conformational state, which exhibits strong negative 
dichroism and optical rotation below 200 nm, the increase in f A,cD,  consistently fol- 
lows the decrease in A, and increase in A, values. The A. values, as low as 182 nm, 
account well for the absence of CD minima above 187 nm in the new conformational 
state. 

The overall changes in CD and ORD and the lower values of intrinsic viscosity of 
hyaluronic acid in mixed solvents have been attributed to conformational transition 
of the moleculae. All the observed property changes of  hyaluronic acid are reversed 
on addition of formamide, indicating that the hydrogen bondings are involved in this 
transition. 

The CD results with different solvents in our study did not show any direct relation- 
ship with their dielectric constants. The results have been explained in terms of charge 
distribution and change in the solvation properties in the domain of the polymer chain. 
The properties of aqueous hyaluronic acid solution at pH about 2.5 were explained in 
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TABLE 4 

ORD Parameters and Relative CD Changes of Hyaluronic Acid' 

Solvent ' ORD CD 

P H  

2.6 
2.6 
2.6 
2.6 
2.6 
2.6 
2.6 
3.3 
3.4 
6.7 

Ethanol (070) A. (nm) 

0.0 204 
2.5 I97 
5.0 195 
1.5 187 
10.0 186 
10.0' 210 
20.0 182 
20.0 184 
20.0 195 
20.0 210 

I .9 
2.6 
2.9 
3.7 
3.8 
0.8 
3.9 
4. I 
3.2 
1.5 

0.00 
0.16 
0.58 
0.79 
0.89 
-0.60' 

1 .00 
0.60 
0.43 
-0.10' 

* 

' 
Concentration of hyaluronic acid is -0.5 mg/ml. 
All solvents contain 0. I MNaCI. 
L,,,,, is calculated from difference CD spectra at 212.5 nm and normalized to I 
for 20% ethanol, pH 2.6. 

" Contains 1 % formamide. 
' At these conditions, molar ellipticity is more negative than that of aqueous so- 

lution, pH 2.6. 

(From Park, J .  W.  and Chakrabarti, B.. Biopo/ymers. 17, 1323. 1978. With per- 
mission.) 

terms of charge balance between negative on carboxyl and positive on acetamido 
groups.1o9 The addition of less polar solvent could disrupt this balance and promote 
protonation of carboxylate while suppressing the protonation of the amido groups. It 
is also known that the side groups of hyaluronic acid are highly ~ o l v a t e d . ' ~ ~  The water 
molecule forms a cluster around the charged sites of the polymer.2o8 At a critical point 
in the solvent concentration and in the charge distribution between the amido and 
carboxyl groups, a cooperative depletion of water molecules from the clusters favors 
the transition to a new conformation. 

To explore the nature of the transition and the thermal stability of the conformation, 
Park and Chakrabarti"' extended these studies at  various temperatures using hyalu- 
ronic acid, methyl hyaluronate, and chondroitin. Neither methyl hyaluronate nor 
chondroitin undergoes conformational transition in organic-water solvent, as is ob- 
served for hyaluronic acid. The CD change of low-molecular-weight hyaluronic acid 
is considerably smaller than that of the high-molecular-weight acid, indicating that the 
stability of the new conformation is dependent on the molecular weight of the polymer. 

The CD property of methyl hyaluronate in acidic ethanol/water suggests that the 
carboxyl group is directly involved in the conformational transition of hyaluronic acid. 
The difference in behavior of the titration curves (Figure 25) in the presence or absence 
of the con formational transition provides conclusive evidence of direct involvement of 
the protonated carboxyl group. 

The variation of pH during titrations of hyaluronate in aqueous solution and of 
glucuronic acid can be explained by the simple acid-base equilibria of the molecules. 
Cooperative conformational transition of hyaluronic acid promotes protonation of the 
carboxyl group. Since H' for the protonation is provided by the solution media, the 
pH of the solution decreases (Figure 25A) or increases (Figure 25B) with conforma- 
tional change. 
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10 
I n 

FIGURE 25. Titrations of hyaluronic acid inducing conformational transition. (A) 2 mf of 
2 mg/rnf hyaluronate with 6.10-' MHCl aqueous solution (0) and in 20% ethanol ( 0 )  Curves 
without circles are differentials of respective titration curves. (B) ( 0 )  2 m l  of 2 mg/rnf hyalu- 
ronic acid, and (0 )  2 mf of 1 mg/ml glucuronic acid in aqueous solutions are titrated with 
50% ethanol, pH 5.51. (From Park, J .  W. and Chakrabarti, B . ,  Biochim. Biophys. Acta, 
541,263. 1978. With permission.) 

The temperature dependence of the changes in ellipticity at  225 nm, optical rotation 
at  220 nm, and viscosity values of hyaluronic acid solution in 10% ethanol, pH 2.6, 
were studied; the results are shown in Figure 26. Sharp and cooperative transition is 
evident. The thermal transition is reversible, but the process is rather slow - the orig- 
inal conformation is achieved by leaving the solution at  about 4°C overnight. 

Thus, the intramolecular hydrogen bonding between carboxyl and acetamido groups 
as allowed in the fourfold helical has been proposed for the conformation 
of hyaluronic acid in an acidic ethanollwater solvent; the conformation is dependent 
on pH, solvent, molecular weight, and temperature. The direct participation of the 
protonated carboxyl group in the new conformation suggests that the hydrogen bond- 
ing is between carboxyl hydrogen and the carbonyl oxygen of the acetamido group, 
rather than between the carboxyl and the amide hydrogen suggested in hyaluronate 
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FIGURE 26. Plots of CD at 225 nm (0) .  optical rotation at 220 nm (A), and In q (x) against 
temperature of 0.4 mg/mf hyaluronic acid solution in 10% ethanol, pH 2.6. Solid circles indi- 
cate CD ellipticity at 225 nm obtained from aqueous solution, pH 2.6. Ellipticity values are 
expressed in deg.cm’/dmol; viscosity values are relative quantities. (From Park, J .  W. and 
Chakrabarti, B.,  Biochim. Biophys. Acta, 541,263, 1978. With permission.) 

film.’90 In both cases, TI -. IT* amide transitions were observed to be highly optically 
active in the CD spectra. Since the intramolecular conformational transition is accom- 
panied by a change in the orientation of the sugar ring with respect to the glycosidic 
linkage, and the energy that stabilizes the new conformation is so weak, the confor- 
mational stability can be achieved only by cooperative transition. This process is likely 
to be all or none. The gradual thermal transition observed, especially in low ethanol 
concentration or higher pH, could be due to the polydispersity of hyaluronic acid 
rather than the equilibrium between two configurations within a single molecule, which 
is sterically highly unfavorable. 

A similar fourfold structure has been proposed by Figueroa and Chakrabarti’Is for 
Cu2’-hyaluronate at pH values between 6 and 8. Upon addition of Cu2+ to hyaluronate 
solution, three different types of complexes - depending upon pH and concentration 
of the polymer - can be identified. The first (complex I), which is formed between 
pH 3 and 6, involves mainly the carboxyl groups of the polymer as ligands and is 
characterized by a strong absorption band at 238 nm.*09 The second (complex 11) forms 
between pH 6 and 8 and shows a major change in the CD properties. The changes 
include (1) a new positive CD band at  250 nm and a strong negative one in the TI + TT* 

amide transition region and (2) the disappearance of the negative band in the n + TI* 

amide CD band near 210 nm (Figure 27). In complex 11, the involvement of nitrogen 
of the deprotonated acetamido group (in addition to the carboxyl group) in chelation 
to Cu” has been suggested. A sharp increase in absorbance at  238 nm from complex 1 
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FIGURE 27. CD spectra of hyaluronic acid at pH 3.0 (A), hyaluronate film (B). hyalu- 
ronic acid in 20% ethanol at pH 3.0 (C), and Cu”-hyaluronate complex at pH 6.6 (D). 
Hyaluronate at pH 7.0 exhibits the same spectra except for slight increase in ellipticity 
near 210 nm and absence of the positive band near 190 nm. (From Chakrabarti, B.. 
Figueroa, N.. and Park, J .  W.. in Proceedings of the 4th International Symposium on 
Glycoconjogates, Vol .  1 ,  Academic Press. New York, 1979, 119. With permission.) 

to I1 has been attributed t o  conformational transition which is also manifested in the 
CD features of hyaluronate. At higher concentration of the polymer or at  higher pH,  
complex I1 aggregates to  a gel, complex 111. Chondroitin, in this case also, does not 
show a C D  change in the presence of Cu”. 

A generalized concept2l0 regarding the structure of hyaluronic acid in solution has 
been formulated. Figure 27 shows how the C D  spectra of hyaluronate film, hyaluronic 
acid in aqueous-organic solvent, and Cu2+-hyaluronate complex (pH 6.6) differ from 
those of acid and neutral forms of hyaluronate. 

In all three spectra the appearance of a strong negative band in the n - n* amide 
transition region and the apparent loss of n -, n* C D  minima are evident. It has been 
proposed that, in film and in aqueous-organic solvent, the hydrogen bonding between 
the carboxyl and acetamido groups restricts the mobility of the latter, giving rise t o  a 
strong dichroism in the n - n* amide transition region. A similar effect is observed 
when Cu2* is chelated to  acetamido and carboxyl groups intramolecularly. The four- 
fold helical model of Guss et al.,lS9 which allows such interaction, is thus proposed 
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for hyaluronate in film, in acidic mixed solvent, and in Cu*+-hyaluronate complex. In 
the fourfold helical model, there is also hydrogen bonding between the C-4 hydroxyl 
group of glucosamine residues and the ring oxygen of the glucuronic acid moiety. The 
fact that chondroitin, which differs from hyaluronic acid only in C-4 hydroxyl group 
configuration, shows no CD change either in aqueous-organic solvent or on complex 
formation with Cu'+ further supports the conclusion. As a matter of fact, excepting 
hyaluronic acid, no other glycosaminoglycans exhibit such C D  changes in organic- 
water s01vent~*~ or when complexed with cupric This unique property of the 
molecule is consistent with X-ray diffraction results164 which indicate that only hyalu- 
ronate, among all the glycosaminoglycans, can exist as a fourfold helix. 

showed that hyaluronate is highly hydrogen bonded in 
a solid state. Viscosity data"' suggest that the hydrogen bonding is not significantly 
involved in the overall geometry of highly charged molecules (pH >>pK.) in solution, 
and hence the molecule in neutral solution is probably randomly coiled. However, the 
possibility of helical conformation at  neutral pH in a concentrated solution has not 
been ruled Studies9 suggested that hyaluronate molecules occupy a large ex- 
cluded volume. This effect leads to a strong intermolecular association and probably 
to a helical conformation, indicated in the solid films.lS9 In acidic aqueous solution, 
the effect of formamide indicates that hyaluronic acid is in a compact form, thus fa- 
voring intramolecular hydrogen bonding, which probably involves hydroxyl groups 
and ring oxygen. Park and Chakrabarti113 thus proposed this conformation similar to 
a threefold helical structure; l 6 O . I 6 l  furthermore, they'l0 strongly believe that all three 
conformations, at higher concentration of the polymer, tend to aggregate through in- 
termolecular interaction. The sharp decrease in optical rotation with urea,'06 the for- 
mation of viscoelastic puttyto9 at pH 2.5, and the gel-like state of the molecule in mixed 
solvent and when complexed with Cu'' are the properties of the aggregated state of 
the polymer. 

X-ray diffraction 

NMR, Infrared, and Raman Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy has very limited applications in 

the study of polysaccharides. The reason is not clear because many of these molecules 
are either water soluble or capable of readily forming small-particle dispersions. The 
general problem appears to be high molecular weight, with relatively few nonexchange- 
able protons in the case of most polysaccharides. Structural studies on glycosamino- 
glycans are complicated by insufficiency of material, difficulty in assessing purity, and 
a general dearth of procedures that permit selective, high-yield degradation of the 
polymers. Proton magnetic resonance (PMR) spectroscopy should, with suitable reso- 
lution, be useful for estimating the relative proportions of the components of a poly- 
mer from the relative intensities of resonance signals attributable to the various 
residues present. The technique was successfully used by Perlin and c o - w ~ r k e r s ' ~ ~ ~ ~ "  
who first reported the results of PMR spectroscopy of heparin. The 100 MHz spectra 
of heparins showed"l variations among samples, but all are characterized by three 
signals attributed to the three main kinds of residues of heparin - N-sulfated glucos- 
amine, glucuronic acid, and iduronic acid. The proportions were estimated to be equi- 
molar. However, further m e a s ~ r e m e n t s ' ~ ~  at 220 MHz, coupled with spectral data for 
model compounds and with information obtained by chemical means,'" indicated that 
heparins were composed mainly of I -. 4 linked iduronic acid and N-sulfated glucosa- 
mine; glucuronic acid appeared to be a minor constituent. Furthermore, based on the 
structure of the disaccharide obtained from the enzymatic degradation of heparin, the 
a-L configuration was assigned to residues of L-iduronic acid and it was suggested that 
these uronic acids of heparin possess the I-C conformation. 
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The same reported the PMR spectra of other glycosaminoglycans. Hyalu- 
ronic acid showed a poorly resolved but distinctive spectrum. The differences between 
chondroitin 4-sulfate, dermatan sulfate, and chondroitin 6-sulfate were evident. From 
the narrow spacing of the proton H-1 signal of L-iduronic acid of dermatan sulfate, 
Perlin et a1.177 suggested, as for heparin, an a-L configuration of this residue when it 
possesses the I-C chair conformation. The general view that glycosamines are consti- 
tuted basically of alternate residues of hexosamine and uronic acid was supported. 

Perlin and C O - W O ~ ~ ~ ~ S ’ ’ ~ ~ ” ~  used ”C NMR for further investigation of heparin struc- 
ture. In a groundwork ~ t u d y , ” ~  they examined a- and fi-D-idopyranosiduronic acids 
and found that in solution the a anomer adopts a conformation represented mainly 
by the C-1 form, and the f i  anomer favors this conformation exclusively. Using 13C 
Fourier transform NMR, they then extended their analysis to heparin, as a molecular 
structure based on 12 carbon atoms involved in an alternating sequence consisting of 
1 --* 4 linked residues of a-L-idopyranosiduronic acid 2-sulfate and 2-deoxy-2-sulfam- 
ino-a-D-glucopyranosyl 6-sulfate. From the observed shifts of heparin, methyl a-D- 
idopyranosiduronic acid, and the model disaccharide, it was apparent that the confor- 
mation of L-iduronic acid residues in heparin may be represented most satisfactorily 
by the I-C(L) conformation. The conformation of L-iduronic acid in heparin and in 
dermatan sulfate has been critically discussed by Per l i~~ . ’ ’~  Although the NMR results 
favor I-C conformation of L-iduronic acid in both heparin and dermatan sulfate, Per- 
lin has not ruled out the possibility that the ring does not adopt a normal I-C confor- 
mation, but is skewed. 

The measurement of spin-spin relaxation times for the hyaluronate proton NMR 
studies2l6 of the polymer in solution suggested some stiff segments in the domain of 
the polysaccharide chain. The other parts of the chain are mobile enough to give a 
high-resolution proton spectrum. It has been proposed that the stiff segments (ordered) 
are separated by more flexible, disordered domains which become conformationally 
mobile only on treatment with hyaluronidase or alkali. To explain the nature of this 
ordered structure, some intramolecular association of the segment, possibly by chain 
folding or looping, has been postulated. Although these authors have argued against 
any similarity of this structure of stiff domains with the previously proposed ordered 
structure,111~20z~206 the NMR results at alkaline pH do  correspond with the viscosity9’ 
and chiropticalZo3 data of hyaluronate solution at high pH values. Napier and Hadler’” 
recently suggested the existence of a considerable degree of order in regions of hyalu- 
ronate at physiological concentration of Ca2+ from the measurements of NMR 
spectra. This ordered structure increases the translational diffusivity of lysine and glu- 
cose within such a matrix. Interestingly, the structure as well as the diffusivity is lost 
when the Ca” concentration is increased above 5 mM. 

Spectral characteristics of proteoglycan aggregate and chondroitin 4-sulfate (I3, 

NMR) were compared;z1* the results indicated that the contribution to the spectrum 
was predominantly from glycosaminoglycan in the proteoglycan aggregates. I t  was 
suggested that protein portions of the proteoglycan aggregate, in contrast to glycosa- 
minoglycan chains, have restricted backbone mobility and consequently a defined 
backbone structure. A recent r e p ~ r t ” ~  presents preliminary 23Na NMR studies of gly- 
cosaminoglycan solutions to obtain information on the relation between counterion 
binding and conformation of the polymers. The study was based on the measurements 
of  ”Na relaxation rates when an alkaline solution of glycosaminoglycan was titrated 
with hydrochloric acid. Although interpretation of the results seems difficult, some 
information was obtained on counterion binding, correlation times, and quadrupole 
coupling constants. 

Infrared and, more recently, Raman spectroscopy have added considerably to our 
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knowledge of the structure of proteins and nucleic acids. These techniques have been 
successfully applied to  cellulose, chitins, and other common homopolysaccharides and 
to monosaccharides."o Infrared studies of glycosaminoglycans have been reported pre- 
viousIy,zz1-'2' but assignment of the bands was less definitive because of scarcity of 
well-characterized samples. Tu et aLZ2' recently published the Raman and infrared 
spectra of hyaluronic acid and its potassium salt in the solid state. Using model com- 
pounds, such as a-methyl-D-glucoside and p-methyl-D-glucoside, they observed char- 
acteristic Raman bands at 842 cm-' and 890 cm-' for the a and p anomers, respectively. 
From a distinct band at  896 cm-' and the absence of the 840 cm-' band, they confirmed 
that hyaluronic acid contains only the p-glycosidic linkage. B a n d  et al.'ls reported 
laser Raman spectra of chondroitin 4-sulfate, chondroitin 6-sulfate, and hyaluronic 
acid both in solution and in the solid state. The band assignments were made on the 
basis of their own and earlier infrared results (Table 5 ) .  

Sulfated and nonsulfated glycosaminoglycans can be easily distinguished from the 
characteristic symmetric stretching vibration of the OS0,- group. The frequency dif- 
ference of asymmetric vibration of C-0-S linkages between chondroitin 4- and 6-sul- 
fate has been interpreted as reflecting the equatorial configuration of the OS0,- group 
in chondroitin 6-sulfate and the axial configuration in chondroitin 4-sulfate. These 
preliminary Raman studies indicate considerable promise and further investigations 
are expected to  provide a great deal of information about the structure of these mac- 
romolecules. 

INTERACTION WITH IONS AND SMALL MOLECULES 

The glycosaminoglycans, a class of typical anionic polyelectrolytes, exhibit the prop- 
erty of binding or strong interaction with small inorganic cations, with cationic molec- 
ular species, and with cationic groups or regions of macromolecules. This property 
has served as a basis for separation and characterization, as a method of elucidation 
of macromolecular conformation, and as a model"of biological function of the poly- 
mers. We will review in this section the acid-base properties (H+ binding) and the inter- 
action of glycosaminoglycans with metal ions, cationic dyes, and quaternary ammo- 
nium salts and other biogenic amines. Included also is some discussion of the hydration 
properties of these molecules. 

Acid-Base Properties (H' Binding) 
Glycosaminoglycans contain carboxyl and sulfate groups, which are ionized at phys- 

iological condition. As typical polyelectrolytes, the pH-dependent molecular and inter- 
action properties are of particular interest. Since the potential binding sites of most of 
these polymers are the carboxyl and the sulfate groups, reliable pKvalues of the groups 
are prerequisite for the interpretation of pH-dependent physiochemical properties of 
these molecules. For analysis of H' binding, most investigators utilized an empirical 
equation (Equation 8) of Katchalsky and S ~ i t n i k , ' ~ '  who extended the titration curve 
of a monobasic acid to a polymeric acid. Since the sulfate group is a strong acid of 
pK. value below 2, the major interest in acid-base behavior has been focused on the 
carboxyl groups. However, the difference of pK values between the sulfate and the 
carboxyl groups is not large enough for successful separate titration in an aqueous 
media. mat hew^^^^'^^^'^^ reported results of the potentiometric titration of various gly- 
cosaminoglycans. He calculated the degree of dissociation of the carboxyl group from 
titration results when the total sulfate and carboxyl groups were known from the 
weight of the sample. The data gave good agreement with Equation 8 above pH 3.5, 
where the sulfate group is negligibly titrated. and titration parameters (pKand n) were 
obtained. Recently, Park and C h a k r a b a ~ t i ' ~ ~ . ' ~ ~  demonstrated that pH-dependent cir- 
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TABLE 5 

Raman Frequencies of Glycosaminoglycans and Monosaccharides' 

Chondroitin 6- Chondroitin Sodium D-Glucuronic NAcetyl- NAcetyl- 
sulfate 4-sulfate hyaluronate acid galactosamine glucosamine 

1615 (s) 1640(sh) 

1560 (m) 
1459 (w.br) 
1413 (s) 
1377 (s) 

1340 (s) 
1320 (sh) 
1298 (w) 

1271 (m,br) 
1237 (w) 

1206 (w) 
1159(m) 
I I20 (w) 

1100 (w) 
1062 (vs) 
1050 (sh) 
1035 (sh) 
1004 (sh) 
995 (s) 
975 (w.sh) 

937 (s) 

1635 (s) 1620(s)(1640sh) 

I550 (m) 1565 (m) 
1456 (w,br) 1458 (w,br) 
141 I (s) 1412 (s) 
1376 (5) 1375 (5) 

1341 (s) 1331 (m) 
I3 14 (sh) 

1277 (w) 
1269 (m,br) 1268 (m) 
1232 (w) 

1210 (w) 1 206 (m) 
I157 (w) 1153 (m) 
I137 (w) 1124 (s) 

1089 (sh) 1096 (m) 
1079 (s) 
1050 (s) 1050 (m) 
1035 (sh) 
1004 (sh) 1004 (sh) 
978 (m) 
961 (sh) 970 (w) 

960 (sh) 
937 (ms) 949 (s) 

1727 (s) 

1632 (s) 

1590 (w) 
1467 (m) 

1381 (s) 

1363 (s,br) 
1331 (s) 

1273 (w) 1275 (s) 
1232 (sh) 

I205 (w) 
1155 (m) 1148 (sh) 
I 120 (vs) 

1089 (s) 

1059 (s) 1052 (sh) 
1038 (w) 1023 (sh) 

970 (s) 

941 (sh) 

1631 (s) 

155O(w) 
1462 (m) 

1383 (s) 

1327 (s) 

Assignment Ref. 

C = 0 vibration of 
COOH 

Amide I 

Amide I 1  
CHI deformation 226 
COO- symmetric 226 
CH, symmetric defor- 226 

226 

Shows mainly in IR 

mation 

Amide 111 227 

1266 (w) 
SO,- asymmetric 221,228.229 

stretch (strong in IR) 
1206 (sh) 
1156 (sh) 
1 I28 (vs) C,.,-OH, C-H, and C- 230,231 

1087 (m) C-OH SO' symmetric 230.231 

1055 (s) Partly C-OH 

O H  deformation 

stretch 

998 (w) 

964 (s) 
c-0-(S)  

Skeletal C-0-C lin- 
kage vibration 

$ 
00 
E .. - 
W 
8 
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TABLE 5 (continued) 

Chondroitin 6- 
sulfate 

903 (sh) 
884 (s) 

820 (m) 
780 (w) 

637 (w) 
578 (w) 
483 (sh) 
459 (w) 
437 (sh) 
414 (sh) 
381 (s) 
342 (w) 

Chondroitin 
4-sulfate 

891 (m) 

853 (ms) 
758 (sh) 
725 (m) 
642 (w) 
594,547 (m) 
491 (w) 

439 (sh) 
412 (m) 
375 (w) 
342 (w) 

462 (m) 

Raman Frequencies of Glycosarninoglycans and Monosaccharides' 

Sodium 
hyaluronate 

922 (w) 

899 (s) 

708 
676 (w) 
540 
490 
474 
443 
413 

342 (w) 

D-Glucuronic NAcetyl- NAcetyl- 
acid galactosamine glucosamine Assignment 

915 (w) 917 
902 

864 (m) 877 (m) 

847 (m) 825 (m) 

771 (m) 
707 (vw) 
627 (w) 
572 (m) 
537 
458 (s) 

417 (m) 
397 (w) 
344 (w) 

781 (w) 
716 
623 (m) 
595.527 (m) 547,525 (m) 
486 (w) 458 (m) 

442 (m) 

375 (w) 
409 (m) 

N .I m 

Ref. 

C,, , -H deformation 230.231 

C,, , -H deformation 230,231 

C-0-S (strong in IR) 221.229 

for f l  anomers 

for m anomer 

Mainly 
skeletal 
modes 

* 

(From Bansil, R., Yannas. I. V., and Stanley, H. E., Biochim. Biophys. Acta, 541,535, 1978. With permission.) 

(s), strong; (m), medium; (w). weak; (sh). shoulder; (br), broad; (v). very; IR. infrared. 
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1.5 

I 

J 1. 

f .5 

- 
3 m 
I 

- 

0 

P 

2 4 6 8 
PH 

FIGURE 28. Variation of ellipticity of heparin solution at 210 (x) and 230 nm (0). 
(A@-., was calculated from (0, s-O, 3) for 210 nm, and from 2 (0, ,-& 3 )  for 230 nm. 
Dotted line is the titration curve calculated by assuming that the average dimeric unit 
weight is 563. (From Park, J .  W .  and Chakrabarti, B. ,  Biochern. Biophys. Res. Corn- 
mun., 78,604,  1977. With permission.) 

cular dichroic properties could be used to determine p K  values of carboxyl groups. 
The sulfate groups had an insignificant effect in the calculation of a ,  even at  pH about 
2, so that the method could be applied even to heparin, a highly sulfated heterogeneous 
polymer; the pK of its carboxyl group was generally stated to  be between 3 and 7 by 
many investigators. Figure 28 shows the pH-dependent variations of CD at  210 and 
230 nm, and of potentiometric titration results of heparin. 

The ellipticity changes a t  210 nm form a typical titration curve and the degree of 
dissociation U S  of iduronic acid moiety are calculated from the relationship: a = (OPH 
- 8a.3)/Af3,..; data a t  230 nm reflect titration of glucuronic acid a t  pH < 5 .  The plots 
of pH against log [ ( l - o / a ]  for common glycosaminoglycans are shown in Figure 29. 

T o  obtain the intrinsic dissociation constant, p R ,  the electrostatic potential yo of 
the polyanion should be included in the pK-vs.-pH relationship. C
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6 

5 

I 
Q 

4 

3 

1 I I I I I 1 - 0.5 0 0.5 
Log I W l  - d I 

FIGURE 29. Circular dichroic titration data (heparin data is shown in Figure 28) plot- 
ted according to Equation 8 to determine pK. values for heparin (B), dermatan sulfate 
(O) ,  Ndesulfated heparin (x), chondroitin 4-sulfate (0)  and chondroitin 6-sulfate (9). 

and hyaluronic acid (A). The ellipticities employed here are  measured at 210 nm for hep- 
arin and Ndesulfated heparin, and 230 nm for the rest.,(From Park, J. W. and Chakra- 
barti, B., Biochim. Biophys. Acta, 544,667, 1978. With permission.) 

Mathews12s.18s substituted 0.207 (1 + a) and 0.207 a for q d k T  for CS and DS, re- 
spectively, and for sulfate-free polymer in 0.1 M NaCl. Gilbert and Myers”’ used 0.354 
a at 0.1 M NaCI, and 0.098 a at 1 M NaCl for chondroitin sulfate, and reported pY’s 
of the polymers as 2.06 and 2.92 in the respective NaCl concentrations. The titration 
parameters of glycosaminoglycans are summarized in Table 6. 

Both Mathewse7~125~1ss and Park and C h a k ~ a b a r t i ” ~ . ~ ~ ~  concluded that glucuronic 
acid (in hyaluronic acid and chondroitin sulfate) is inherently a stronger acid than 
iduronic acid (in dermatan sulfate and heparin), which is also evident from Table 6. 
This difference in pK values of glucuronic acid and iduronic acid was clearly demon- 
strated from data of heparan Such difference in acid strength of the carboxyl 
group of C-5 epimeric uronic acids was also observed between D-mannuronic acid (pK, 
= 3.38) and L-guluronic acid (pK. = 3.65).233 Scottz3‘ suggested two  possibilities for 
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TABLE 6 

Titration Parameters of Carboxyl Groups of Glycosaminoglycans’ 

NaCl conc 
Compound (molar) PK n PK. 

Hyaluronic acid 

Chondroitin sulfateb 

Desulfated chondroitin 

Dermatan sulfate 
sulfate 

Desulfated dermatan sulfate 
Heparin‘ 
N-desulfated heparin‘ 
N-acetylated heparin‘ 

0.0 
0. I 
0.0 
0.0 
0.01 
0. I 
0. I 
0.0 
0.0 
0.0 
0.01 
0. I 
0.1 
0.0 
0.0 
0.0 

3.36 1.40 
3.10 1.06 2.98 
4.37 1.35 
3.84 1.25 
3.97 1.21 
3.02 1.08 2.90 
3.39 1.14 3.10 
3.44 1.26 
5 . 0 0  1.37 
4.83 1.32 
4.46 1.23 
3.93 1.14 3.63 
3.40 1.17 3.30 
5.2 I .27 
4.20 1.26 
4.68 1.24 

Ref. 

I75 
I85 

97,125 
I75 

97,125 
I85 

97,125,185 
175 
I75 
125 
I25 

125,185 
185 

175,196 
175 
I75 

’ Values are averaged from various samples. 
Chondroitin sulfate A and C gave the same parameters.”’ ’‘I 

The parameters are those of the iduronic acid moiety. 

these differences: ( 1 )  hydrogen bonding between the carboxyl group and the C-2 or C- 
3 hydroxyl group in D-mannuronic acid, and (2) the difference in orientation of the 
carboxyl group (axial for less acidic, and equatorial for stronger acid). X-ray and po- 
larized infrared studies by Atkins et a1.235.236 revealed intramolecular hydrogen bonding 
between the the carboxyl group and the C-2 hydroxyl group in poly(L-guluronic 
acid), 2 3 6  but not in poly(D-mannuronic acid). 

Metal Ions 
The binding or strong interactions of metal ions with glycosaminoglycans, mainly 

due to the anionic group, has been the subject of intensive investigations as a means 
of structural study and in relation to biological functions of the polymers. The control 
of osmotic pressure in a tissue and transport of metal ions across a tissue containing 
glycosaminoglycans probably are determined mainly by the interaction properties of 
the polymer with ions.5 Chondroitin 4-sulfate in cartilage of proteoglycans has been 
shown to be the main binding site for Ca2+ deposition during calcification of the tis- 
sue.237 The proposed function of cell surface glycosaminoglycans was also related to  
Caz+ binding activities of the  polymer^."^ 

The metal binding studies employed various techniques to determine free ion con- 
centration and thus bound ion, or vice versa. Among these are radiochemical analy- 
sis,z37-z40 flame ph~ tomet ry”~  for Na+ and K+, EDTA titration”’ for Ca”, polarogra- 
phyP5 for Cu2+, and selective ion e l e ~ t r o d e ~ ~ . ~ ~ ~  for Ca2+. Complexing properties of Ca” 
with m u r e ~ i d e ’ ~ ~  and of Cu’+ with c ~ p r e t h o l ~ ~  were also utilized. mat hew^'^'.'^^ calcu- 
lated bound Co(NH,),” to glycosaminoglycans, and thus binding parameters, from 
the absorption band of the complexes in the UV range. A similar type of absorption 
spectral change in Cuz+ complexes was used to calculate binding constants of Cuz+ 
complexes by Chakrabarti and co-workers. 174209,243 The spectral property of Cu2+ com- 
plexes was utilized in the determination of Ca’+ binding constants through competitive 
reaction between Cuz* and Ca2+ with glyco~aminoglycans.~~~ 
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TABLE 7 

Metal Ion Binding Constants of Glycosarninoglycans’ 

NaCl 
conc. 

Metal ion (molar) Kcs KDs/Kcs K”.JKcs K p J K o  Ref. 

Ca” 0.15 16.3 1.5 8.3 0.94 172 
Ca” 0. I 55 2.2 6.7 - 243 
Ca” 0.1‘ 65 - - 1 .o’ I07 
CU’‘ 0.1 57 4.0 16.5 - 243 
Co( N H ,)6 0. I‘ I 500 6.0 I I  - 171,173 

CS. chondroitin sulfate; DS, dermatan sulfate; HP, heparin; PG. proteoglycan. 

Ratio for aggregated proteoglycans was 1.7. 
CS data were taken from 0. I M NaCIO,. Ratio of binding constants were calculated from 
several sets of data at same ionic strength. 

’ Measured at 6°C. 
‘ 
* 

D ~ s t o n e ’ ~ ~ ~ ~ ~ ~  investigated ion exchange reactions between glycosaminoglycans and 
various monovalent and divalent ions. With the exception of heparin, all glycosami- 
noglycans showed higher affinity for Na+ than for K’. The reverse order of affinity 
for heparin was also reported by Salminen and L~omanrnaki.’~’ However, divalent 
binding was dependent on the glycosaminoglycans. probably due to the difference in 
the structure of the polymers: Mg2+ < Ca” < Sr2+ < Ba2+ for chondroitin 4-sulfate, 
cartilage, and dermatan sulfate; Mg’+ < Sr2+ < Ba2+ < Caz+ for heparin; Mg2+ < Ca2+ 
= Sr’+ < Ba” for heparan sulfate. 

Orders of binding among glycosaminoglycans were established by mat hew^'^','^^ for 
Co(NH&”, by Buddeke and Drzenickl7’ for Ca2+, and by Park et al.243 for Cu2+ and 
Ca’+. The results are summarized in Table 7. 

Strong ionic strength dependence for metal ion binding constants were shown by 
mat hew^,'^','^^ Park et al.,243 and MacGregor and B o w n e ~ s . ~ ~ ~  Such strong ionic 
strength dependence and parallelism between binding constants of different cations 
suggest that similar electrostatic forces may be predominating factors for these cation 
bindings. The higher interaction properties of iduronic acid-containing glycosamino- 
glycans (heparin and dermatan sulfate) over glucuronic acid-containing ones (hyalu- 
ronic acid and chondroitin sulfate) were also exhibited in the associations with H+ and 
other cationic macromolecules, which could also be accounted for mainly as electro- 
static interaction. 

Interaction of Cu2+ with heparin was extensively investigated by Stivala’s group in 
relation to anticoagulant and Cu2+ binding activities of the polymer. The group re- 
ported variations of Cu2+ binding of different molecular weight fractions of heparin 
as a function of pH, and showed that both the Cuz+ binding and anticoagulant activi- 
ties of heparin, denoted as 0 by the authors, were closely related to  the molecular 
weight (M) of the polymer, obeying an empirical equation: 1/0 = a+ b/M, where a 
and b are constant.9s Such correlation between Cu2+ binding and biological activities 
of heparin was also demonstrated from the acid-catalyzed hydrolysis of the polymer; 
N-desulfation of heparin was accompanied by loss of bound Cu2+, which was followed 
by reduction in its biological activity. The CO(NH~)~’+ binding data of mat hew^'^^ also 
indicated association of anticoagulant activity with high binding affinity for 

Both sulfate and carboxyl groups of a glycosaminoglycan can be binding sites for 
cations. Lages and S t i ~ a l a ~ ~  reported that the heparin fraction of molecular weight 
13,800 bound cooperatively a maximum of 21 to 24 Cuz+ in two different classes of 

CO(NH3)s”. 
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0. € 

0.f 

h 
c) 
N - a q 0.4 - 

0.1 

FIGURE 30. Variation of [AA],,,, the difference absorption spectra between a mixture and un- 
mixed components, of 0.4 mg/mf heparin (HP) and Ndesulfated heparin (N-DSHP) with pH in 
the presence of 5 x lo-’ M Cu”. Inset shows difference absorption spectra of heparin at two pH 
values. (From Mukherjee, D. C . ,  Park, J .  W. ,  and Chakrabarti, B . .  Arch. Biochem. Biophys., 
191.393, 1978. With permission.) 

binding sites - one containing 3 to 4 binding sites, and the other containing 20 to 21 
sites which did not bind in acidic media. However, they did not rule out the possibility 
that the two binding sites are identical. The close relationship between the number of 
total carboxyl groups of the polymer and the number of binding sites, and the pH 
dependence of binding suggest that the Cu2+ binding sites are indeed ionized carboxyl 
groups. The acid-catalyzed hydrolysis of heparin and heparin-Cu2+ complex showed 
that both first-order rate constants and activation energies of the two systems are in 
good agreement with each other. Further support on binding sites of glycosaminogly- 
cans was provided by Mukherjee et al.”‘ They studied the characteristic 237 nm ab- 
sorption band of Cu2+ complexes of glycosaminoglycans as a function of pH (Figure 
30) and showed that a simple competition reaction between H’ and Cu2+ for a common 
binding site, carboxyl group, can satisfactorily explain the pH dependence of the ab- 
sorption band.96 In the wide range of Cu” to glycosaminoglycan ratio, no evidence of 
significant binding of Cu2’ to sulfate was shown. 

Analysis of pH-dependent absorption data shown in Figure 30 with the independ- 
ently measured p K  of the carboxyl group gave a binding constant of 1 x lo4 and 2 x 
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10’ M” for Cuz+ with heparin and N-desulfated heparin, respectively, in the presence 
of 5 x M Cu’+. mat hew^'^'."^ also showed a lower co(NH,),’+ binding constant 
for acetylated heparin and a higher one for sulfated heparin in comparison with that 
of heparin. Such changes in metal ion binding affinity, which are in parallel with the 
pK of the carboxyl with the chemical modification of heparin reflect the 
charge density of the macroanions: heparin has a negative charge in N-sulfate, whereas 
acetylated heparin and N-desulfated heparin have a zero and a positive charge, respec- 
tively, in the group derived from N-sulfate. 

The one-to-one stoichiometry of Cu’+ glycosaminoglycan complexes and the expla- 
nation of insignificant Cu’+ binding to the sulfate group does not rule out the possibil- 
ity of involvement of sulfate groups in the complex formation. Chakrabarti and co- 
w o r k e r ~ ” ~ . ’ ~ ~  have shown marked CD changes in heparin, desulfated heparin (pH > 
9, heparan sulfate, hyaluronic acid (pH > 6). and dermatan sulfate in the presence of 
Cu”. However, no CD changes were observed in chondroitin, chondroitin sulfate, 
desulfated heparin (pH < 5) .  and hyaluronic acid (pH < 6). The C D  changes in the 
first group of glycosaminoglycans were ascribed to asymmetry of the chelating ring 
arising from strong interaction of sulfate, free amine, or deprotonated amine with 
carboxyl-Cu’+ ion pairs (or complexes), which shows a charge-transfer band at  237 nm 
in the absorption spectra. This explanation of an extrinsic C D  band in Cu’+ complexes 
contradicted the attribution of the CD to a conformational change of heparin by 
Chung and Ellerton,’06 but supported the viewpoint of Lages and Stivalag6 who con- 
cluded, from viscosity and sedimentation studies of heparin as a function of Cu’* con- 
centration, that there were no major changes in the solution conformation of the pol- 
ymer. The higher ratios KDs/Kcs and K,,/Kcs for Cu2+ and CO(NH,)~+’, in comparison 
with Ca” results (Table 7). suggest that the involvement of the sulfate group in com- 
plex formation also affects the stability of the complexes. 

Tanakaloo studied the interaction between cations and chondroitin sulfate by meas- 
uring electric conductivity, and reported no detectable difference in the ion binding 
properties of chondroitin 4-sulfate and 6-sulfate. He suggested that the interaction of 
Ca2+ with chondroitin sulfate might not be ascribed solely to electrostatic forces. Van- 
nucchi and co-w~rkers’~’ compared relative Ca” binding capacity, not affinity, of gly- 
cosaminoglycans (HA:CS:DS:HP = 1 : 1.6:1.8:2.8) by equilibrium dialysis. Localiza- 
tion of various metal ions including ferrous and ferric, by external glycosaminoglycan 
surface coat encompassing the neurons, was reported by Garcia-Segura.”‘ 

Exclusion of phosphate ion by chondroitin sulfate and proteoglycans was demon- 
strated by MacGregor and Bowness. lo’ This phenomenon was interpreted as a Gibbs- 
Donnan or repulsion effect of charges of the polymers. NCmeth-Cs~ka~‘~ showed ac- 
cumulation of citrate and phosphate ions by collagen, and decrease of bound anions 
with addition of chondroitin sulfate. 

Some differences of the solid-state molecular conformation between the sodium and 
calcium salts of hyaluronic acid,I6’ chondroitin 4-~ulfate,’~’ and heparin and heparan 

were reported. The detailed results are presented in the section on X-ray 
diffraction studies. 

The calcium binding of proteoglycans and comparison of the data with that of chon- 
droitin sulfate were investigated by several groups after the report of Boyd and New- 
man,’37 who showed that chondroitin 4-sulfate in costal cartilage is mainly responsible 
for the cation binding of the tissue. Woodward and Davidson”’ reported that two 
sulfate groups from different chains of chondroitin 4-sulfate from proteoglycan bound 
to Ca’’so tightly that the cation could not be replaced by sodium ion, whereas isolated 
chondroitin sulfate itself had little affinity for Ca2+. This finding contradicted other 
observations by Buddeke and Drzenick,”’ by M a t h e w ~ , ’ ~ ~  and by MacGregor and 
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0 0.05 0.1 0.1 5 0.2 0.25 
I 

FIGURE 3 I .  Variations of Ca”-polymer complex formation constant (K) with nonpoly- 
mer ionic strength ( I ) .  ( 0 )  chondroitin 4-sulfate (collidine-HCI. pH 7.0). (0) Na’-proteogly- 
can (collidine-HCI, pH 7.0). ( A )  Ca”-proteoglycan (collidine HCI, pH 7.0). (0 )  aggregated 
Ca”-proteoglycan (Tris. pH 7.1). (H) Na’proteoglycan (Tris, pH 7.1). (From Can. J .  
Biochern., 49, 417, 1971. With permission of the National Research Council of Canada.) 

Bowness,Io7 who did not observe any significant difference in Ca2+ binding affinity 
between proteoglycan and isolated chondroitin sulfate. The results of MacGregor and 
B o ~ n e s s ’ ~ ’  as a function of ionic strength are shown in Figure 31. 

However, their results indicated significantly greater binding affinity for Ca2+ in an 
aggregated proteoglycan: the binding affinity decreased after disaggregation. It would 
be interesting to compare this finding to the observations that an aggregated proteogly- 
can delayed the sedimentation of freshly precipitated calcium phosphatez4’ and inhib- 
ited the growth of calcium hydroxyapatite The calculated Ca2* binding con- 
stant 107.243 for chondroitin sulfate, 50 to 70 M-l in 0.1 MNaCl,  could not explain the 
observed near-equivalence of 50% Ca2+ content of cartilage. The higher binding affin- 
ity of aggregated proteoglycan can partly explain the result. However, the theoretical 
work of Manning249 is worth noting. He predicted condensation of divalent ions onto 
the anionic polyelectrolytes even in the presence of a large excess of monovalent ions. 

Recently, Vannucchi et al.23s showed a good correlation between the Ca2+ content 
of cells and the amount of cell-coat glycosaminoglycans; growing 3T3 cells contain 
less Ca”, which is in parallel with decreased sulfated glycosaminoglycans of the cells. 
They suggested that N-sulfated glycosaminoglycans of the cell coat could exert their 
negative effect on growth via their strong sorption of Ca2+ ions. This is in good agree- 
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ment with reports of decreased dermatan sulfate and heparan sulfate content of neo- 
nate and tumoral tissues, in comparison to normal adult tissues, and with the sugges- 
tion of a possible role of sulfated glycosaminoglycans in cell recognition and 
adhesiveness. 17.48 

Silicon has been claimed to  be an integral constituent of glycosaminoglycans.2so-zs2 
SchwarPO .showed that glycosaminoglycans from various sources are bound to silicon. 
He suggested that silicon may function as a biological crosslinking agent and contrib- 
ute to the architecture and resilience of connective tissue. In vivo experiments with rats 
by C a r l i ~ l e ~ ~ ’  indicated silicon involvement in glycosaminoglycan synthesis. 

Cationic Dyes Binding 
The interaction properties of cationic dyes with glycosaminoglycans have been stud- 

ied for various reasons. The marked changes of spectral properties of dyes upon bind- 
ing to polyanionic molecules, metachromacy, has long been utilized in histological 
staining procedures to determine the location of glycosaminoglycans and other poly- 
anionic materials in cells and tissues. The Cotton effect induced by some metachro- 
matic dyes was used to  elucidate molecular conformations of glycosaminoglycans. The 
technique was first introduced for  polypeptide^.'^^^^^^ Glycosaminoglycans do  not have 
a chromophore in the wavelength region above 250 nm and thus spectral properties of 
dye-glycosaminoglycan systems in the region arise from either free or bound dyes. 
Since most dyes used in those experiments are achiral molecules, chiroptical properties 
of the system, circular dichroism and optical rotatory dispersion, can be assigned to  
those of bound dyes in the asymmetric environment of host glycosaminoglycans. Ear- 
lier results on this subject can be found in a review by Stone.3 

TinocoZss proposed a relationship between the doublet CD band of induced Cotton 
effect and the chirality of helix of the polymer molecule: a negative peak at the high 
frequency and an equal positive peak at the lower frequency for the left-handed helical 
polymer, and the converse for the right-handed helix. Stonezoo reported induced Cotton 
effects of glycosaminoglycans with methylene blue showing negative doublet C D  bands 
for heparin, heparan sulfate, and keratan sulfate, and positive ones for chondroitin 
sulfate and dermatan sulfate. In the analogy with protein, she attributed the doublet 
CD bands to the helical conformations of the polymers. 

In contrast to the methylene blue results, acridine orange (AO) complexes with hep- 
arin and with chondroitin 6-sulfate showed induced ORD of the same shape and sign. 
Stone3 interpreted this as evidence of a nonspecific binding property of acridine orange 
among the various acid polysaccharides. Ntmeth-Csoka et al.zss reported that the sign 
and magnitude of intrinsic and extrinsic Cotton effects of methylene blue complexes 
of sulfated glycosaminoglycans varied with the sulfate content of the polymers, and 
suggested that the extent of sulfation rather than the glycosidic structure might deter- 
mine the chiroptical and functional properties of the glycosaminoglycans. Chakrabarti 
and Balazszoz attributed a symmetric doublet CD band of an hyaluronate-A0 system 
of 2.5 x M A 0  concentration to an indication of left-handed chirality of the pol- 
ymer molecule, as suggested from X-ray studies. However, the system displayed a sin- 
gle CD band when the A 0  concentration was lo-‘ M, which was explained as dye-dye 
interaction. In support of the helical structure of hyaluronic acid, they reported that 
heat-denatured hyaluronic acid, when rapidly cooled, did not show an induced Cotton 
effect, but when it was slowly cooled, it did exhibit some induced Cotton effect. Effect 
of temperature on the induced ORD of dye-glycosaminoglycans was studied by Naka- 
jima and M a t s ~ m u r a . ~ ~ ’  They showed that, at room temperature and neutral pH, to- 
luidine blue and methylene blue complexes of hyaluronic acid displayed a Cotton effect 
of opposite sign to those of chondroitin sulfate complexes, despite the structural simi- 
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FIGURE 32. Induced Cotton effect of chondroitin 4-sulfate/toluidine blue at pH 5.4 showing 
inversion o f  optical rotatory dispersion with temperature: (a) 22°C. (b) 72°C. (c) 76°C. Concen- 
tration of dye is 5 x 10” M ; polymer to dye ratio is 0.8. Similar inversion was also reported for 
chondroitin 6-sulfate/toluidine blue complex. (From Nakajima. K .  and Matsumura, G . .  Biopo- 
lyrners. 12.2539, 1973. With permission.) 

larity between the two polymers. Gradual decrease in the metachromatic shift in the 
absorption spectra and in the induced ORD with increasing temperature was observed 
for both complexes. However, at higher temperature, toluidine blue complexes of both 
chondroitin 4-sulfate and chondroitin 6-sulfate exhibited inversion of sign of the Cot- 
ton effect, as shown in Figure 32. 

The Cotton effect of hyaluronic acid-toluidine blue diminished at  pH 3, at room 
temperature; that of chondroitin 6-sulfate complex reversed its sign on acidification 
to pH 3. These workers concluded that the sign of the induced Cotton effect did not 
indicate the entire conformation of glycosaminoglycans. 

Salter and C O - W O I - ~ ~ ~ S ~ ~ * ~ ~ ~ ~  recognized two types of A 0  complexes of dermatan sul- 
fate and chondroitin sulfate, based on their solubility in water, which differed in their 
absorption and circular dichroic spectra. The CD spectra of the soluble chondroitin 
sulfate-A0 and dermatan sulfate-A0 complexes were similar, but the spectra of the 
aggregated and partially soluble complexes were almost mirror images of each other 
(Figures 33, 34). 

Their report also indicated that heat treatment of glycosaminoglycans or their dye 
mixtures had no effect on the CD properties of the complexes of high P/D ratio,zS8 
but produced a sharp drop in induced C D  for complexes of smaller P/D ratio. Such 
temperature dependence was ascribed to a cooperative change in the structure of the 
complex, which might differ from the intrinsic structure of the glycosaminoglycan 
itself in dilute solution. The complex CD properties and the temperature effects on 
the properties of the aggregate complexes were attributed to a liquid-crystal-type su- 
permolecular ordering of complexes, which could be reorganized to a more stable form 
at high t empera t~ re . ’~~  

Studies on the binding of dyes to glycosaminoglycans by absorption and fluores- 
cence spectroscopy require differentiation of spectral characteristics of free and bound 
dyes. West el a L Z 6 O  employed membrane filtration technique to remove free dyes from 
a mixed solution of A 0  and dermatan sulfate, and showed that the species emitting at 
540 nm is due only to free dye whereas the 660 nm-emitting species was due to bound 
dye (Figure 35). 
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FIGURE 33. CD spectra of soluble acridine orange complexes of glycosaminoglycans. Dye concen- 
tration is I x M : polymer to  dye ratios (P/D) are 11 for dermatan sulfate (DS) and 10 for both 
chondroitin 4-sulfate (C 4 4 )  and chondroitin 6-sulfate (C 6 3 ) .  Compare this data with Figure 34 to 
see the sensitivity of induced Cotton effect on  P/D.  (From Salter, M. K., Rippon, W. B.. and Abram- 
son, E. W., Biopolymers, IS, 1213, 1976. With permission.) 

The same group of investigators subsequently determined the thermodynamic pa- 
rameters of the AO-dermatan sulfate complex.z6' Data indicated that dermatan sulfate 
bound 2.3 & 0.3 molecule of A 0  per disaccharide unit with a cooperative binding 
constant of 4.9 to 6.0 x lo5 M-I, which corresponds to free energy of 7.74 to 7.86 kcall 
mole. They also reported apparent increase in the cooperativity parameter with increas- 
ing P/D ratio. 

It seems that the elucidation of molecular conformation of the glycosaminoglycans 
based on induced Cotton effects of dyes, which are sensitive to various experimental 
factors, might be an oversimplification of the complex system. The implied helical 
structure of the polymer in dye complexes may not be the intrinsic conformation of 
an isolated glycosaminoglycan molecule, but an induced one resulting from strong 
interaction with dyes - if, indeed, the polymer does have a helical structure in the 
complex. 

Quaternary Ammonium Salts and Other Amines 
A typical polyanionic property of glycosaminoglycans also appears as formation of 

water-insoluble complexes with quaternary ammonium compounds, such as cetylpyri- 
dinium. The insoluble complexes are dissociated and dissolved by inorganic salts at  
critical concentration depending largely on the charge density of the polymers.262 These 
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FIGURE 34. CD spectra of aggregated chondroitin 4-sulfate/acridine orange (broken line) and der- 
matan sulfatelacridine orange (solid line) complexes. Dye concentration is 5 x lo-’ M ; P/D is 1. (From 
Salter, M .  K . .  Abrahamson, E. W., and Rippon, W. B., Biopolymers, I S ,  1251, 1976. With permission.) 

phenomena have been used in recovery, quantitation, and fractionation of glycosami- 
noglycans. 13.19262 

Jennings and H ~ r s t ~ ~ ~  demonstrated that the complexes could be partitioned between 
aqueous inorganic salt and butanol phases, showing a sharp transition in solubility. 
These observations were extended to various phase compositions such as the type of 
inorganic salt, the type of quaternary ammonium salt, and the specific The 
effects of inorganic salts are shown in Figure 36. 

Two series of fractionated chondroitin sulfate, which differed in mol wt and sulfate 
content, were isolated by this technique, showing that the degree of sulfation was a 
major determinant of the partition properties.26s However, the partition behavior was 
shown to be insensitive to molecular weight in excess of 12,000. From this result, the 
investigators argued against the critical electrolyte model of Scott,262 but suggested that 
solvent-solute interaction is reflected in the partition phenomenon. 

Heparin is a major constituent of the mast cell granule, and this negatively charged 
macromolecule was assumed to be the site of histamine binding within the cell. Keller266 
reported weak binding of histamine and serotonin with heparin in aqueous solutions 
at pH 5 to 5.5:  increksing pH or salt concentration dissolved the amine-heparin com- 
plexes. The binding of histamine with heparin was also demonstrated by KobayashP’ 
and Barlow.268 The changes in optical rotatory dispersion of heparin on the binding 
of histamine and serotonin were shown by Stone.’95 Uvnas et al.269 proposed that his- 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



290 CRC Critical Reviews in Biochemistry 

1.0 

CI 

c 
ln 

C 

>r 

.- 
3 
L 

e 
a 
c 

Y 

). 

C 
W 
C 

W 
0 
C 
W 
0 
ln 

c 
'j; 0.5 

c - 

: 
3 - 

LL 

Wovelength (nm) 
500 556 625 714 

I 1 T T  

20 I8 16 14 

Wave Number (cm-'x 103 

s 80 a 

-J 
c 40 .- I 6ol 

FIGURE 35. Rapidly recorded, corrected fluorescence emission spectra of acridine 
orange-dermatan sulfate solutions after a small aliquot was passed through a Nucle- 
pore filter (0.03-nm pore size). Total volume of solution, 8 mf . Original solution (-), 
filtrate (.-.); solution remaining in syringe (- -). The 540-11117 peak is present in 
all three spectra. Total A 0  concentration of the original solution, [AO]. = 1 x lo-' 
M, P/D ratio = 2, in 10" Mcitrate/phosphate buffer (pH = 7.0). t = 2 4 T .  Excita- 
tion was at 436 nm. Emission band at 660 nrn was attributed to bound dye. (From 
West, S., Hurst, R. E., and Menter, J. M., Biopolymers. 16, 685, 1977. With perrnis- 
sion.) 

.02 .04 .06 .oB 

f ''o'l 80 D .02 .04 .06 .06 .I0 
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(3 

0 .02 

C. 

.04 .06 .08 
2 
.I0 

NoCl Concentration (MI N4S0, Concentrotion (MI CaCI, Concentration (MI 

FIGURE 36. The partition of glycosarninoglycan-hexadecyl pyridinium (HPC) complexes between 
aqueous salt solutions and 1-butanol phases at 1% (w/v) HPC as a function of the salt concentration. 
( 0 )  hyaluronate, (0 )  derrnatan sulfate, (0) heparin. (From Hurst, R. E. and Sheng, J. Y., Biochim. 
Biophys. Acta, 444.75. 1976. With permission.) 
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tamine bound to the carboxyl groups of granule protein, rather than to the negative 
site of heparin which was assumed to interact with the positively charged groups of 
protein. However, from the analysis of dye binding of mast cell granules, Lag~noff’~’ 
suggested that the N-sulfate, carboxyl, and Osulfate groups were available for binding 
with small-molecular-weight cations such as dyes and histamine. 

I t  was ~ h o w n ’ ~ ’ ~ ~ ~ ’  that heparin could be fractionated by isoelectric focusing into at 
least 21 components depending on mol wt, with PI values in the pH range 3.2 to 4.2. 
Righetti and G i a n a z ~ a ’ ~ ~ . ’ ~ ~  demonstrated that the basis for such fractionation by 
isoelectric focusing is, in fact, a strong interaction between heparin and various am- 
photeric species in the ampholine mixture. 

Hydration 
Glycosaminoglycans are believed to be involved in the retention of water in connec- 

tive tissue. The terms water binding and hydration have been commonly used for the 
interaction with water, but these are ambiguous and require careful evaluation, as 
pointed out by Og~ton.’~’ 

Sorption isotherms of water on glycosaminoglycans yielded B.E.T. 11-type* multi- 
layer curves.276 The amount of water vapor absorbed a t  a given humidity was related 
to the chemical structure and the physical state of aggregation. The sorptive capacities 
of sulfated glycosaminoglycans were in the order: heparin > chondroitin 6-sulfate > 
dermatan sulfate > chondroitin 4-sulfate, at low vapor pressure, but the order of hep- 
arin and chondroitin 6-sulfate was reversed at high vapor pressure. Bettelheim and 
Ehrli~h’’~ reported the number of water molecules per disaccharide unit required to 
form a monolayer from B.E.T.-type isotherms: 1.2 for chondroitin 4-sulfate, 1.9 for 
dermatan sulfate, 2.2 for chondroitin 6-sulfate, and 2.4 for heparin. 

Bettelheim and P l e ~ s y ’ ~ ~  studied water vapor sorption to chondroitin 4-sulfate, ker- 
atan sulfate, and proteoglycans of the polysaccharides from bovine cornea, and found 
that keratan sulfate and proteoglycan containing predominantly keratan sulfate chains 
exhibited a large amount of bound water. Topographic distribution of hexosamines in 
bovine cornea was investigated and the distribution was related to hydration properties 
of prote~glycans.~~’ Higher swelling values were observed by Mathews and Decker279 
for shark cartilage than for bovine and sturgeon cartilage; these were attributed prin- 
cipally to a higher ratio of glycosaminoglycan to collagen. Sweet and co-workersZ8O 
reported higher content of water in articulatory than in the corresponding growing 
zone of immature cartilage, but less water in both zones in the areas of maximum 
contact. They reported, however, more hyaluronate and much more keratan sulfate . 

in the articulating areas of maximum contact than in the minimum contact areas. 
I t  is well known that an electrical potential develops between the ends of a column 

of hyaluronate in a U-tube displaced by gentle pres~ure . ’~~’~  Barrett” demonstrated 
the release of bound water with applied pressure, and interpreted the mechano-electri- 
cal phenomenon as an entropy-driven process. 

The interaction between glycosaminoglycans and water also affects the water activity 
and appeared as flow resistance in polysaccharide networks. Readers interested in these 
properties are referred to a recent review by Comper and L a ~ r e n t . ~  

INTERACTION WITH MACROMOLECULES 

The glycosaminoglycans are found in various tissues, usually with other macromol- 
ecules, especially proteins. It is highly likely that the biological role of glycosamino- -~ 

~. 

* Abbreviation from Brunauer, Emmett, and Teller model.”’ 
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glycans is closely related to the interaction properties with other macromolecules. After 
a review of these interactions, the phenomenon of steric exclusion of a glycosamino- 
glycan matrix is also presented. 

Synthetic Polypeptides, Noncollagenous Proteins, Lipoproteins, and Proteoglycans 
The interaction between cationic polypeptides and glycosaminoglycans has been ex- 

tensively investigated as a model for connective tissue. These interactions are mostly 
electrostatic as they are known to be sensitive to pH and ionic strength. Gelman and 
~ o - w o r k e r s ~ ~ ~ ~ ~ ~ ~  reported on CD studies of interactions between glycosaminoglycans 
and the cationic polypeptides poly-L-arginine (PLA) and poly-L-lysine (PLL). The re- 
sults were summarized in a recent article.288 Their data showed that both PLA and 
PLL adopt a-helical conformation at  neutral pH in the presence of glycosaminoglycans 
rather than the normal charged random-coil form observed in the absence of the PO- 
lysaccharides. The typical CD spectra demonstrating the conformational change of 
PLL are shown in Figure 37. 

The induced a-helical conformation of polypeptides is disrupted at  higher tempera- 
ture. There is a sharp transition temperature range, above which a spectrum of a mix- 
ture is identical to the simple sum of the ellipticities of the components. The stoichi- 
ometry and melting temperature (defined as the midpoint of the plots of ellipticity at  
222 nm against temperature) are summarized in Table 8. The six common glycosami- 
noglycans can be placed in order of increasing strength of interaction (stability of com- 
plex): hyaluronic acid < chondroitin-4-sulfate < heparan sulfate < chondroitin 6-sul- 
fate < keratan sulfate < dermatan sulfate < heparin. 

The effects of ionic strength and pH on the interaction between glycosaminoglycans 
and polypeptides were reported by Schodt et al.,287 who showed breakdown of the a- 
helix as the ionic strength of the media was increased. The order of increasing strength 
of interaction, based on the ionic strength at  which disruption occurred, is: chondroitin 
6-sulfate < hyaluronic acid < chondroitin 4-sulfate < heparin < dermatan sulfate. 
However, the a-helix of PLA complexes do not break down as the ionic strength is 
increased, indicating a stronger interaction for PLA. The pH-induced transition of 
complexes that occurs at pH 2.4 to 3.8 and near pH 11 could be related to protonation ._ 1 

of the carboxyl group of glycosaminoglycans and deprotonation of the amino group 
of polypeptides, respectively. The investigators suggested that the interaction may not 
be purely electrostatic, but that conformation of the glycosaminoglycans might influ- 
ence the interaction. This suggestion was based on the disagreement of pK.’s of the 
carboxyl group of glycosaminoglycans and transition pHs. However, the pK,, of the 
carboxyl group of glycosaminoglycans in complex may differ considerably from values 
obtained in the absence of the strongly interacting cationic polypeptides. 

Stone and E p ~ t e i n ” ~  reported CD studies on the interactions between heparin and 
L-lysine copolymers, poly-(L-lysine to  L-tyrosine, 1 to 1) and poly-(L-lysine to phenyl- 
alanine, I .4 to 1). They showed that the former copolymer shows a poly-(L-1ysine)-like 
CD spectrum, whereas themlatter displays an a-helical structure. Their data indicated 
that the change in CD spectra increased with the addition of heparin until the ratio of 
positive to negative charge is about one. They claimed that such strong interaction can 
provide a basis for the use of heparin as an analytical probe for the measurement of 
charge arid conformation potential in basic proteins isolated from biological sources. 
The induced conformational change of cationic polypeptides is not unique to glycosa- 
minoglycans. Other polyanionic macromolecules such as polygalactouronate, kappa- 
carrageenan, and polyphosphate also promote the a-helical conformation in PLL.’” 

Strong interaction of glycosaminoglycans with basic natural proteins has also been 
shown. Precipitation of serum albumin in acidic hyaluronate media, mucin clot for- 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



August 1980 293 

0 -  

-5 ,  

rn 

9 
X 

0 
- 
Y 

-10. 

-15 

B 

I I I 1 I 

200 220 240 

Wavelength (mp) 

FIGURE 37. (A) CD spectrum of a 1:l mixture of poly-L-lysine (PLL) 
and chondroitin 4-sulfate, (B) calculated spectrum predicted for a 1:l non- 
interacting mixture of PLL and chondroitin 4-sulfate, (C) C D  spectrum of 
I:1 mixture of PLL and chondroitin 6-sulfate. All a re  for solution in water 
at neutral pH. B is a typical spectrum of polypeptide in random confor- 
mation; C is that of u-helix. Ellipticities of glycosaminoglycans a re  very 
small near 220 nm compared to those of polypeptides. (From Gelman, R. 
A. and Blackwell, J., Eiopolymers. 12, 1959. 1973. With permission.) 

mation in synovial fluid on the addition of acetic acid, and removal of lysozyme by 
chondroitin sulfate from low salt solutions can be considered as examples of strong 
interaction between glycosaminoglycans and cationic pr0teins.O The fact that com- 
plexes of protein with hyaluronate are easier to solubilize than those with sulfated 
glycosaminoglycans indicates that the interaction depends primarily on the charge den- 
sity which is probably stronger with the sulfate than with the carboxyl groups. 

Precipitation formation of sulfated glycosaminoglycans with lectins, carbohydrate 
binding proteins, was r e p ~ r t e d . ’ ~ ’ ~ ’ ~ ~  Buonassisi and ColburnZ9’ showed that acidic pH 
was optimum for the precipitation, and that high concentration of salt inhibited the 
precipitation, suggesting that the nature of the interaction was electrostatic attraction. 
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TABLE 8 

Polypeptide-Glycosaminoglycan Interactions: Stoichiometries for Maximum Interaction and Melting 
Temperatures 

Glycosaminogl ycan’ 

Polypeptide’ HA KS2 C4S HS C6S KSl DS HEP 

PLA ratio’ 
conformation’ 
T,‘ 

PLL ratio 
conformation‘ 
Tmd 

PLO ratio 
conformation‘ 
T,‘ 

I:1 1.4:1 2:1 I : 1  2: 1 1.2:l 1.4:l 34.3:1 
a a a a a a a a 

35.0 46.0 54.5 65.0 76.0 >90 >90 >90 
I : ]  1.4: I 1:1 2: 1 1:I 1.2:l 1.4:l 2.3:1 
R R R R R R R R 
- - 23.0 - 47.0 - 72.0 >90 

2.3:1 

56.0 
(I 

* PLA. poly-L-arginine; PLL, poly-L-lysine; PLO, poly-L-ornithine; HA, hyaluronic acid; KS2, 
keratan sulfate-2; C4S, chondroitin 4-sulfate; HS, heparan sulfate; C6S, chondroitin 6-sulfate; 
KSI, keratan sulfate-1; DS. dermatan sulfate; HEP. heparin. 
Ratio of amino acid to disaccharide residues at maximum interaction. 
Induced conformation: a. a-helix; R, random coil. 
T,, melting temperature, in degrees Celsius, for the a-helical effect. 

’ 

‘ 

(From Blackwell, J., Schodt, K. P., and Gelman. R. A., Fed. Proc., 36,98. 1977. With permission.) 

As it appeared that more than one binding site was present in the glycosaminoglycans, 
the authors suggested that the biopolymers might be branched. The precipitation for- 
mation reaction was used to isolate various sulfate glycosaminoglycans. Morris and 
Chan”’ also investigated formation of an insoluble complex between concanavalin A 
and chondroitin sulfate, hyaluronic acid, and heparin. No precipitation was noted for 
any glycosaminoglycan in physiological salt solution (about 0.15 M NaCI) unless the 
pH was below 4.5. They characterized the interaction as a reversible nonspecific elec- 
trostatic interaction observed only at  low pH and ionic strength. 

The techniques that have been commonly used for the detection of binding between 
polysaccharide and protein are electrophoresis, sedimentation, and chromatography 
in which both components affect each other’s transport rate. The existence of a cova- 
lent linkage of glycosaminoglycan and proteins in proteoglycan indicates that the in- 
teraction between these two macromolecules may not necessarily be electrostatic. The 
subject - particularly the types of interactions - has been discussed in an excellent 
recent article by Comper and Laurent.s 

It is well documented that polyanions, especially heparin, stimulate the nuclear and 
chromatin transcription p r o c e s ~ . ’ ~ ~ ~ ~ ~ ~  This phenomenon was attributed to the interac- 
tion between polyanions and histones, which removes DNA template restrictions and 
allows RNA synthesis. Complex formation between chondroitin sulfate and histone f 
fraction on acrylamide gel was reported by Laurence and H i g g i s ~ n . ~ ~ ~  de Pomerai and 
c o - ~ ~ r k e r s ’ ~ ~  demonstrated that heparin affects RNA polymerase activity in a way 
similar to ammonium sulfate. They suggested that, because of heparin’s similar charge 
property to DNA, heparin would bind to some of the proteins it displaced from chro- 
matin. Binding of heparin to different histone fractions was shown by polyacrylamide 
gel electroph~resis;~~’ in low concentration of heparin, it binds preferentially to  histone 
fl. and f2, fractions. In parallel with this result, Berlowitz et al.298 showed that the 
arginine-rich fractions f la t  and f3  were the first histone fractions to bind to polystyrene 
sulfonate, whereas the lysine-rich fraction f ,  was the last. Destabilization of chromatin 
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by various polyanions including heparin was reported by Ansevin et al.,299 who sug- 
gested that the chief factors controlling the dissociation of histones from DNA in chro- 
matin by polyanions are the charge density of the polyanions and steric hindrance in 
the polyanions that prevents the close approach of charged areas to the nucleoprotein 
surface. Demidenko and T ~ v e t k o v a ~ ~ ~  investigated the effect of heparin on protein- 
fractions and DNA of isolated hepatocyte nuclei from Wistar rats. They reported that 
95% of histone is blocked by exposure of the nuclei to 0.05% heparin, which was 
related to release of DNA from the nuclei. 

The unique biological effects of heparin - its anticoagulant and lipid clearing action 
- have promoted studies on its interaction with proteins that are involved in biological 
processes. It has been proposed that heparin induces a conformational change in an- 
tithrombin 111 after its specific binding to h e p a ~ i n . ~ ~ ’ . ~ ~ ~  Villanueva and Danishefsky303 
demonstrated spectroscopically a conformational change of antithrombin 111, a de- 
crease in /I-structure with a compensatory increase in random coil of the molecule. 
However, it has also been reported that heparin binds tightly to t h r ~ m b i n , ~ ~ ‘ - ” ~ ~  mak- 
ing the mechanism of the action of heparin on the thrombin-antithrombin reaction 
more complicated. 

Electrostatic interaction between sulfated glycosaminoglycans and plasma lipopro- 
teins were demonstrated by the use of gel chromatography at  pH 7.4; both very low 
density lipoprotein (VLDL) and low density lipoprotein (LDL) were bound to agarose 
gels substituted with sulfated glycosaminoglycans in very low salt concentration, 
whereas no detectable binding occurred in high salt c~ncentration.~” A similar result 
was shown for Lp(a) lipoproteins, but binding in the presence of CaCL was reported 
to be stronger than that in NaCl of the same ionic Nakashima and co- 
w o r k e r ~ ~ ~ ~  isolated various species of plasma glycosaminoglycans. Their fluorescence 
studies on the mixtures of the polymers and lipoproteins suggested that sulfate-rich 
glycosaminoglycans caused a change in lipoprotein conformation associated with 
either an increased volume or increased microscopic viscosity of the hydrocarbon re- 
gion of the lipoproteins. 

Ionic interaction between heparin and lipoprotein were shown by Olivecrona et 
aI.,”O and the interaction properties were reviewed b r i e f l ~ . ~ ”  L-Iduronic acid-contain- 
ing glycosaminoglycans - heparin, heparan sulfate, and dermatan sulfate - were 
effective for the enzyme binding, whereas chondroitin sulfate showed only small bind- 
ing ~apac i ty .~”  (It is interesting to note that dermatan sulfate also exhibits higher af- 
finity for metal ions and Hi than does chondroitin sulfate.) The possibility of two 
different binding sites of heparin for antithrombin and lipoprotein lipase was demon- 
strated by Bengtsson et al.312 

Cartilage proteoglycans are known to form aggregates with each other in the tissue; 
the phenomenon has been explained as resulting from interaction between proteogly- 
can monomers with a single hyaluronate  hai in.^^^-^" Studies”’ with hyaluronate oli- 
gosaccharides of varying lengths have demonstrated that the protein in the proteogly- 
can contains a globular part that binds specifically to a decasaccharide unit in the 
hyaluronate chains. The binding is stable at high ionic strength, but unstable at high 
concentration of guanidine hydrochloride. The nature of this binding remains unclear. 
Interestingly, other polyions such as alginate, dextran sulfate, and DNA do not interact 
with proteoglycan monomers. 

Collagen 
Collagen is closely associated with glycosaminoglycans and proteoglycans in the sup- 

porting tissue of a wide range of animal species. Even though Katzman and Jean10z~’~ 
and Becquet et al.’I9 observed absence or very low concentration of acidic polysac- 
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charides in the collagenous mesoglea of two species of coelenterates and questioned 
whether there was an absolute biological requirement for acidic polysaccharides in the 
formation and stabilization of collagenous structures, many in vitro investigations 
have shown interaction between collagen and glycosaminoglycans and noted its regu- 
latory effect on collagen fibril formation. 

Jackson’zo showed that chondroitin sulfate, and possibly some other glycosamino- 
glycans, plays a part in the stabilization of tendon, suggesting 25% of the stabilizing 
linkages are between collagen and chondroitin sulfate consisting of 40% saltlike links 
and 60% hydrogen bonds. Mathewsjl’ studied the interactions of a solubilized collagen 
with various glycosaminoglycans and observed the reversible formation of complexes 
of an electrostatic nature between the components. The extent and nature of the com- 
plex formation depend on the type of polysaccharides, their molecular weight, and the 
ionic strength of the medium. A similar complex of ionic character was also shown to 
form between collagen and proteoglycans by Stevens and c o - ~ o r k e r s . ~ ~ ~ ~ ~ ’ ’  

Chromatographic study of chondroitin 4-sulfate and chondroitin 4-sulfate proteo- 
glycan on a collagen gel by Obrink and W a s t e ~ o n ~ ’ ~  indicated that the electrostatic 
interaction between the macromolecules increased with decreasing pH and ionic 
strength. Isoelectric focusing analysis of modified proteoglycans and tropocollagen by 
Podrazky et aI.jz5 demonstrated that the sulfate group of glycosaminoglycans was 
largely responsible for interaction with the guanidino groups of arginine and r-amino 
groups of lysine of the collagen. 

Lowther and N a t a r a j a ~ F  reported that unaggregated chrondoitin sulfate proteogly- 
can inhibited collagen fibril formation in vitro for several hours, whereas aggregated 
proteoglycans containing glycoprotein had no effect. Influence of glycosaminoglycans 
on collagen fibril formation was reported by Obrink327.328 and Nimeth-C~bka.’~~ Light 
scattering measurement by the former author3” at  physiological ionic conditions 
showed that hyaluronic acid and keratan sulfate did not bind significantly to lathyritic 
collagen, whereas chondroitin 4-sulfate, dermatan sulfate, heparan sulfates, heparin, 
and preoteoglycans of chondroitin sulfate and dermatan sulfate formed complexes of 
an electrostatic nature with collagen. He also reported that L-iduronic acid-containing 
polysaccharides interact more strongly than do  polysaccharides containing only D-glu- 
curonic acids. Subsequently, he reported’” the effects of glycosaminoglycans on the 
two stages of collagen fibril formation, namely, a nucleation phase and a fiber growth 
phase. The results indicated that chondroitin sulfate and dermatan sulfate accelerated 
the fiber formation by affecting the nucleation process, but chondroitin sulfate and 
heparan sulfate fraction and the proteoglycans delayed fiber formation, when added 
after the nucleation phase, by inhibiting the growth of fiber from the nuclei. Hyalu- 
ronic acid, which does not form a complex with collagen, accelerated both processes 
by steric exclusion, whereas keratan sulfate had no effect or a slightly decelerating 
effect. N&meth-C~6ka”~ studied collagen fibril formation with added glycosaminogly- 
cans and various inorganic ions including phosphate and citrate. The results were sim- 
ilar to those of Obrink,3z8 which are shown in Figure 38. 

All glycosaminoglycans were found to accelerate fibril formation when the ionic 
strength was 0.5. In the absence of glycosaminoglycans, sulfate, phosphate, and citrate 
ions delayed fibril formation, NOs- and SOJ2- had no effect, and SON-, C1-, F1-, 
and C02’- enhanced the process. N ime th -C~6ka’~~  suggested that the glycosaminogly- 
cans in connective tissue ground substance in fibrillogenesis might regulate the ion 
binding and, through this, the tendency of aggregation of the collagen molecules. Nd- 
meth-Csbka and c o - ~ o r k e r s ’ ~ ~  demonstrated that desulfated heparin enhanced fibril 
formation. 

Electron microscopic examination of gels formed in solutions containing tropocol- 
lagen and chondroitin sulfate and proteoglycan from tracheal cartilage was described 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



August 1980 297 

E 
0 
c 

s 
Y 
m 

L 

12 

2 .o 

1 .o 

0 10 20 30 40 
Time ( m i n )  

.O 

FIGURE 38. Effects of glycosaminoglycans on the gelation rate of 0.8 mg/mf collagen. ( 0 )  Collagen 
alone. (A) Collagen + 0.5 rng/ml dermatan sulfate. (0)  Collagen,.+ 0.5 mg/mf chondroitin sulfate. (A) 
Collagen + 0.1 rng/rnf chondroitin sulfate proteoglycan. (From Obrink, B., Eur. J .  Biochem., 34, 129, 
1973. With permission.) 

by L a ~ a r e v . ~ ’ ~  Bychkov et aI.”O reported a study on the structural-mechanical strength 
and swelling of gels consisting of gelatin and hyaluronate or protein-chondroitin 4- 
sulfate. High structural-mechanical strength of the gels with a minimum of swelling 
were shown in zones of charge neutrality between gelatin and the macroanions. 

Circular dichroic investigation of the melting of collagen in the presence of various 
glycosaminoglycans was reported by Gelman and B l a ~ k w e l l . ~ ~ ’ , ~ ~ ~  They demonstrated 
the interactions of chondroitin 4-sulfate, dermatan sulfate, hyaluronic acid, and kera- 
tan sulfate with collagen, which stabilized the helical structure so that the melting tem- 
perature of collagen was increased from 38’ to 46°C. Each polysaccharide to collagen 
ratio to achieve the effect differed; below the limiting ratios, biphasic melting curves 
with transitions at 38” and 46”C, which were attributed to melting of interacting and 
noninteracting collagen (Figure 39). were obtained. 

Based on disaccharide unit per 100 amino acid residues required to  achieve the melt- 
ing temperature of 46”C, the polysaccharides were ordered in terms of the extent of 
their interaction with collagen: chondroitin 6-sulfate > dermatan sulfate > hyaluronic 
acid > keratan sulfate > chondroitin 4-sulfate. This order differs from the order of 
glycosaminoglycan interaction with cationic homopolypeptides (see previous section) 
and also from the order of influence on fibril formation. 

Steric Exclusion 

A glycosaminoglycan molecule, flexible linear chains with a random-coil conforma- 
tion in solution, occupies a large volume and, therefore, resists penetration of its vol- 
ume by other molecules to a degree dependent upon their size and shape. Such phe- 
nomena of molecular exclusion have been discussed for polymers in general by 
T a n f ~ r d , ~ ~ ~  and for glycosaminoglycans by Ogston”‘ and Laurent et al.5.9 
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FIGURE 39. Plots of ellipticity at 221 nm, [el,,,, as a function of mixtures of calf skin 
collagen and hyaluronic acid at various values of number of disaccharide residues (r) per 100 
amino acid residues. (A) r = 0. (B) r = 5 ,  (C)  r = 10, (D) r = I I .  Decrease in [O],,, with 
increasing temperature indicates denaturation (melting) of collagen; the increased melting tem- 
perature of collagen in the presence of glycosaminoglycans was attributed to stabilization of 
the collagen triple helical structure. (From Gelman, R. A. and Blackwell, J., Biochim. Bio- 
phys. Acta, 342,254. 1974. With permission.) 

This excluded volume effect is most pronounced in hyaluronic acid solution because 
of its large mol wt; 0.2 mg/ml hyaluronic acid occupies the entire volume of the solu- 
tion. The volume occupied by  a hyaluronic acid molecule in comparison with other 
macromolecules is illustrated in Figure 40. 

Most sulfated glycosaminoglycans, however, exist in the tissues as components of 
very large proteoglycan molecules, and thus the proteoglycans and their aggregates can 
also produce large excluded-volume effects. The physiological significance of such ef- 
fects and the results of both in vivo and in vitro experiments have been reviewed by 
Comper and L a ~ r e n t . ~  
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FIGURE 40. Schematic demonstration of the hydrodynamic volume of a hyaluronic acid mole- 
cule in comparison with some other macromolecules. (From Laurent. T. C.. in Chemistry and 
Molecular Biology of the Intercellular Matrix, Vol. 2, Balms, E. A, .  Ed., Academic Press, Lon- 
don, 1970, 703. With permission. Copyright by Academic Press Inc. (London) Ltd.) 

The effects of exclusion have been studied by various techniques including sedimen- 
tation and o s m ~ m e t r y . ~  Studies by Laurent and ~ o - w o r k e r S ” ~ ~ ~ ~ ~  and by Preston and 
Snowden3” showed that the rate of transport of a particle decreased with increasing 
particle size and increasing concentration of hyaluronate, following an empirical rela- 
t i ~ n s h i p : ’ ~ ~  

where s denotes sedimentation velocity of a particle of diameter d in hyaluronate so- 
lution of concentration CnA. A and k are constants. Studies by Preston et al.338 showed 
that the rotational diffusion of albumin in hyaluronate solutions is essentially un- 
impeded in conditions in which the translational motion of protein is markedly re- 
tarded; this supports the theoretical model of Ogston et al.339 The linear polymers were 
less retarded in the hyaluronate network than globular particles of equal hydrodynamic 
dimensions.34o The nonspecific and reversible aggregation of red blood cells by addi- 
tion of hyaluronate and protein-chondroitin 4-sulfate complex was also attributed to 
the excluded volume effects of the macr~molecules.’~~ 

S h a ~ ~ ~ ’  and Shaw and S~hy’~’  measured osmotic pressure of bovine serum albumin 
(BSA), chondroitin sulfate, hyaluronic acid, and dextran, and their binary mixture 
solutions. The data were used to calculate number-averaged molecular weight M. 
(from first virial coefficients) and excluded volume (from second virial coefficients). 
Excluded volumes were 8.7 ml/g for BSA of M. 67,000,220 mf/g for chondroitin 
sulfate of M. 39,000, and 62.1 ml/g for hyaluronic acid of M. 5 1 ,OOO; their data bore 
a 30% uncertainty. 
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CONCLUSIONS 

It is apparent that the primary structure of glycosaminoglycans is less complicated 
than that of other classes of biopolymers, such as proteins, nucleic acids, and lipids. 
Because of the seeming simplicity and apparent dullness of the structure and lack of 
knowledge about biological function, research on the polysaccharides of living orga- 
nisms has been consigned to a secondary place, after proteins and nucleic acids. The 
past few years, because of growing interest in the macromolecular organization of 
connective tissue components and in their biological relevance, have seen renewed ef- 
forts to understand the structure of polysaccharides of animal origin. Referring to 
polysaccharides in general, Rees”‘ said: “They have become interesting molecules to 
contemplate in relation to the life of the cell. The ugly ducklings have begun to look a 
little more like swans. In this sense, polysaccharides begin to appear attractive mole- 
cules, shapely molecules.” 

For the last 20 years, the research on glycosaminoglycans has been intensive. In this 
review, we have emphasized the later work, which is primarily concerned with the 
structure and interaction of these biopolymers. Studies on hydrodynamic properties 
have provided a good deal of knowledge regarding size and shape. Although these 
investigations have revealed that glycosaminoglycans are fairly flexible polymers, very 
few studies have been directed toward examining the possiblity of a certain degree of 
order or rigidity of the molecules. Detailed analyses of X-ray crystallographic results 
for many glycosaminoglycans are still lacking, but the data are enough to indicate 
some sort of helical structure in the solid state. Spectroscopic investigations have been 
carried out not only to examine the possibility of such helical structure of these bio- 
polymers in solution, but also to gain information on the fundamental aspects such as 
origin and assignment of spectral bands, spatial disposition of the chromophores, con- 
figuration and conformation of the sugar ring, and interaction properties of the sub- 
stituent groups. Subtle conformational changes of glycosaminoglycans - which may 
be biologically important - that may follow a change in pH, solvent, or temperature 
and interaction with other molecules can be detected only by the combination of spec- 
troscopic techniques, hydrodynamic measurements, and X-ray diffraction studies. 
Success is noteworthy in the case of hyaluronic acid and is sure to come for other 
glycosaminoglycans. A major gap still exists in our knowledge of the biological func- 
tion of these macromolecules at the molecular level, and whether the molecular shape 
or ionic charge is the major determinant of the function. Comper and Laurents cor- 
rectly stated in their review article: “The polysaccharide functions seem to be related 
to their general macromolecular and polyelectrolyte characteristics and hence the phys- 
icochemical properties they can confer on the systems and structures that contain 
them.’’ The task is enormous, but with the growing interest of many investigators in 
this field, it is hoped that we will be able to share the burden. 
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