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SUMMARY

The various geometrical and molecular forces that can
define the conformation adopted by a polysaccharide chain are
reviewed. Specific characterised examples are used to illustrate
the various general polysaccharide conformational types.,

The use of optical rotation, circular dichroism and
nuclear magnetic resonance in the 1investigation of conformations
adopted by polysaccharides in solution and the types of junctions
that can be involved, are considered.

Various solid state conformations adopted by hyaluronate
have been studied by Xray diffraction technigues. 4 four-fold
helical structure having a fibre repeat of 3.39 nm is the more
readily obtained form. Initial computer model building studies
showed that a double helical structure was one interpretation of
the data. Subsequent calculations by colleagues have shown that a
single helical structure provides a more favourable interpretation
of the results. The conformation of hyaluronate in solution
has been examined by various physical techniques. One of these,
nuclear magnetic resonance has demonstrated the presence of a
novel ordered conformation in solution that is stable to changes in
salt concentration, temperature and pH 2.5-7.0. The order can be
disrupted by engymic cleavage or the action of mild alkali. The
relationship between such an orderedconformation and the physical
and biological properties of hyaluronate are considered.

A preliminary interpretation of Xray diffraction
patterns for two bacterial polysaccharides is given.

The uncertainty surrounding their covalent structures
is discussed and preliminary computer models corresponding to the

various possibilities have been investigated.



Part of the work described in Chapter 2 of this
thesis has been published in collaboration with Drs. I.C.H. Dea,
D.A. Rees, S. Arnott, J.M. Guss and E.A. Balazs. A reprint is

included at the end of the thesis.
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CHAPTER 1

General Introduction
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the knowledge of the conformations adopted, both Iin solution and

in the solid state, by certain polysaccharides of biological or

industrial importance.

L. Conforations of monosaccharides
Prior to any consideraziion of the overall coulcrmatlons

-~

adonted by polysaccharides it is estfen
of the shape adopted by the monomeric uaits and the disposi
orientation of their pendant atomse.

In the hexose sugars cousidersd here, the predoainant
form of the molecule is the pyranose ring. However; witcin this
general classification, several forms are possible, all existin
without undue distortion of the tetrahadral bvond anzles. The most

common are the Resves (1349) Cl and 10 chair forms although

|

several 'boat' forms do exist (Fig. 1.1).

The existence of one form or another is determined by
relative free energiss (Reeves, 1951), such that any given sugar exists
one or other of the conformations or a mizture, and not in any
intermediate form. The preferred ring conformations of most sugars
have been firmly established for some time, and arenormally one ox
other of the chair forms, for which Cl(g)ElCQg) is much more common

than 10(2);()1(:1;) .



(Q)

(b)

(c)

Fig. 1.1
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Possible pyranose ring conformations

(a) Reeves Cl chair, (b) Reeves 1C chair,

(c) Reeves Bl boat (several other boat forms exist).



The relative positions of the ring atoms have been

the same

o

fixed by numerous crystal studies asd for sugars havin
tchair' form %there tends to be little variance from the norm.

Although pyranose Yings are comnonly assumed to be rigid, bond

angles can easily be subject to small distortions as a result

of intramolecular attractions and repulsions.

A recent survey of a large number of model carbohydrate
crystal structurss by Arnott and Scott (1972) showed significant
variations in the accurately derived parameters. As a conseguence
they have derived a standard sugar residue with bond-lengths,
bond-angles, and rTing conformation-angles thait are the most
reasonable average of the survey. (Unless otherwise stated all
conformational calculations undertaken in this work employed Arnott
and Scott coordinates.)

By fixing the position of ring atoms, certain other
atoms are also fixed merely by assuming fixed bond lengths and
angles. However pendant atoms that can rotate about single
bonds have to be treated individually since the partiodlar
rotations will depend on the presence, type and influence of
neighbouring atoms or groups. In the extreme case, the pendant
group can be another sugar ring (Fig. 1.2).

The relationship between such pairs of sugarsforms the basis

of conformational analysis of polysaccharides.

B. Confommation of polysaccharides

Conformational analysis of polysaccharides and most natural and
synthetic polymeric molecules utilises methods descended from the

approach used by Cerey and Pauling to derive polypeptide conformation.



Fige 142
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0 (b)

The positions of all the atoms in (a) (except R):

are fixed by the assumption of rigid bond lengths and
angles.

R is a pendant atom or group (e.g. ancther sugar ring)
as in (b), whose relative orientation is defined by

the dihedral angles @ and ¥ .



Several reviews on the conformations of proteins and other
polymers aré available — notable amongst them is the receat
work of Flory (1969).

To correlate molecular geometxry with, say,
biological function, it will usually be adequate to be able
to define relative atomic positions with a precision of about
0.0l nm. This accuracy is necessary to identify the more intimate
non-bonded and hydrogen bonded contacts within and between
molecules. For fibrous polymer systems this precision is not

generally attainable by analysis of Xray diffraction intensities

(]

alone (James, 1965). This is mainly a consequence of th
relatively low resolving power ( > 0.02 nm) of Xray data, even
from very crystalline fibrous samples.Of course single cryssal
analysis can and does give the required vrecision that is used
as the basis for the conformational analysis of a polymer.
In its simplest form conformational analysis requires
a2 statement of the steﬁbchemical constraints that can be safely
assumed, such as:—
(i) the geometry of the sugar ring and vendant atoms.
(i1) the tendency towards aydrogen bonding resulting from
a specified geometry.
(1) ‘the planarity or otherwise of the amide group in the
acetamido sugars.
(iv) particular values for van der Waals radii.
The remaining rarameters, - the angles ¢ and V’(Fig. 1.2), defining
the glycosidic bridge conformations and the side chain orientations
are considered as explicit variables, and are used to systematically

derive the best or average conformation. This is usually done



by computer methods similar to those described in later Chapters,
although the use of physical models can play an lmportant part in
the derivation as will be shown in Chapier 4.

Using expressions available fer generating conformations

oQ

of generalised polymers (Miyazawa, 19613 liizushima and Shimanouchi,
1961; Némethy and Scheraga, 1965; Sugeta and liyazawa, 1967),
polysaccharide chains may be\generated for sugar residues of
any sequence and of any length (Rees and Skerrett, 1970), including
chains of alternating sugar residues (4Anderson et al. 1969). If
the linkage conformation is regular (i.e. a repeating di-, tri-,
tetra—saoéharide etc.), then the polymer chain will describe zn
extended or helical structure, further, if such a structure can
be stabilised by, say, intramolecular hydrogen bonding, then a
regular conformation of this kind will be favoured. Alternatively
it may be found that the most favourable conformation is one in
which, several helices, commonly two or three, intertwine and be
similarly stabilised by inter-chain hydrogén bonding.

The most stable conformation is oné which.satisfies
all these criteria, achieved by plaoingvlike atoms or groups in
almost the same surroundings.

If the intra-molecular forces are very much stronger
than the inter-molecular forces, then in the crystalline state,
the polymer should assume a conformation close to minimum energy
on the conformational energy maps obtained for the isolated
molecule (Rao et al, 1967) o Convérsely if the inter-molecular
forces have the greater influence, the conformation of the polymer
need not occur near the energy minima but will be within the

allowed region i.e. free or almost free of van der Waals compression.



The advantage of calculations of energ; functions 1is that they

can be conveniently used to calculate the properties of the

random coil as well as to discriminate between alternative

ordered conformations (Rees 1972). Such calculations do

however have limitations for the random coil in that they only
consider interactionsbetween adjacent residues. Consequently
clashes are missed between residues that are remote in the covalent
sequence and which should disallow many of the more compact overall
conformations, by tending to expand the average shape.

It has been shown (Ramachandran et al, 1963; Rees and
Skerrett, 1968) that van der Waals repulsion has a dominant
influence on many polysaccharide conformations more so, for
example, than in polypeptides and polynucleotides. Consequently
most of the achievemeits in the conformational analysis of
polysaccharides have been possible because it is relatively easy
to rank conformations in order of increasing or decreasing van der
Waals repulsion.

It should be realised that to explore the variation in
glycosidic angles, pendant group orientation and also to provide
some degree of flexibility in the ring bond angles is the ideal.
It is also impracticable due to prohibitive computing time required
for such an exhaustive analysis. . The procedure of Arnott and
Scott (1972) does, however, seem to provide the best approach
to the 'ideal' situation. This is based on the linked-atom procedure
of Arnott and Wonacott (1966), in which bond length, bond angles
and conformational angles were explicit parameters. Thé bond lengths
were fixed, the bond angles usually were fixed but might be vaiiable
and the conformational angles had variable values based on the

analysis of the Xray diffraction pattern, in all constituting a



linked-atom description of the molecular chein. The best values
for the structural variables in agreement with measured
intensities are obtained - a procedure that has had outstanding
success when applied to fibrous oolypeptides and nucleic acids

(Arnott 1970) . Analogous procedures have been proposed and

found efficient for refining globular protein conformations

»

(Diamond 1966) .

This method for establishing polysaccharide
conformations based on fibre diffraction data tcgether with model
building 'vpackages' currently under development by Arnott et =1,
that consider the molecular chain packed in conjunction with

ard

2

others rather than in isolation, will doubtless become stan

this

h

procedure in the coming years. The inherent advantage o
type of approach is that because refinement is against measured
intensities there is a reduced probability of artefacts being
carried over from the starting assumptions. Otherwise this can
cause inaccuracies in the molecular chain that are effectively
multiplied along the length of the chaine.

Polysaccharide chain shapes

Rees (1972) has classified the known and postulzted
homopolysaccharide chain shapes. However, before defining
each shape, it is useful to remember that any regular conformation
of a polymer can be described as a helix, which is specified by the
two parameters n and h (Fig. 1.3), where

n — is the number of monomer residues per turn of helix

h ~ is the projected height of each monomer residue on

the helix axis.

These parameters are dependent upon the particular values of the

glycosidic angles f and ¥, and the fixed geometrical features




helix axis

J

h n(=3)

i residues
< | per tumn
G

Fige 103 Helix parameters n and h

The filled in circles represent equivalent atoms (e.g.
glycosidic oxygens) on successive residues of a

regular homopolysaccharide.
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of the chain (Ramanchandran, 1963). In the case of a

heterosaccharide n and h take on values corresponding to the

relevant repeating unit.

The values of n and h considerad by Rees (1972) fall

into four ranges that are characteristic of various covalent

structures (Rees and Scott, 1971) (Fig. 1.4).

(1)

(i1)

(iii)

(iv)

Type A — an extended ribbon, having h close to the
maximum allowed for the residue, with n in the range

2 D> +4 (fg, indicates a left handed helix).

The skeletal polysaccharides such as cellulose,

B ly4-xylan and B l,4-mannan are in this groun,
suggesting that extended conformatiocns are necessary
to form structurally strong matsrials.

Type B - a spring-like structure that can exist in
various states of extension that vary from close

to maximum to almost zero. The allowed B values

similarly cover a muck wider range (e.3. 2 » +10).

Reserve polysaccharides such as amylose prefer this
wider type of conformation. @ 1y3-xylan although

a wide helix of this type is given mcre rigidity by
forming multiple helices,occuﬁéng as triple helices
in the cell walls of certain marine algae (Atkins

et al. 1969).

Type C —~ crumbled ribbon, characteristic of 1,2-linked
polymers.

Type D - a loosely jointed and possibly extended
conformation characterised by polymers having the
additional degree of freedom conferred by a 1l,6-linkage. |



—

A B C D
Fig. 1.4 Schematic representation of the types of regular
conformation predicted for polysaccharides by
conformational analysis in the computer.
Type A, extended and ribbon-like, e.g. Bl,4-glucan;
Type B, flexible and helical, e.g. Bl,y3-glucans
Type Cy crumpled and contorted, e.g. 1,2 glucansj
Type D, loosely jointed and extended, all 1,6 linked
polysaccharides.
+180
+ 120
+60
sy or
-60} J
=120}
-180 1 1 1 [ 1
-180 ~120 -60 0 +60 +120 +180
A —>
Figo 1.5  Conformational maps for ¢ -1,4-, o4 -1,3— and ot-1,2-

glucans

Allowed conformations are enclosed by continuous, broken and
dotted lines respectively, showing the similarity between
three different conformation types (cf. Fig. 1.4).
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In this work we shall only e interested in Tyces A and
B and combinations thereof.

The conformation adorted by a volymer does not appear
to be determined entirely bty the interactions betvieen sugar
residues (i.e. by £ and Y) since these can e similer for
different types (Fig. 1.5), but rather by the dihedral angle across
the sugar ring(Fig. l.6a,b)+ In their survey of homopolysaccharides
Rees and Scott (1971), showed‘that wnen the ring dihedral angle was
180° (Fig. 1.6a)then the polysaccharides usually had a range of
extended Type A conformations. Alternatively wﬁen this angle
was close to zero (Fig. 1.6b) a type B conformation was favoured.

Specific examples of characterised helical forms

(a) Cellulose

The most important and variously defined Type A
conformation is that of cellulose, the homopolysaccharide of
B 1,427g1ucose. Two different crystzlline models of cellulose
have been reported, the 'straight chain' model of leyer and Iisch
(1937) and the 'bent chain' model of Hermans (1943). The axial
repeat of cellulose is 1.03 nm and based on the stereochemical
knéwledge of the time, Meyer and Misch (1937) proposed a two-fold
screw axis along the chain in which all the glycosidic oxygens were
coplanar (Fig. 1l.7a). However it was eventually realised
(Carlstr&m 1962) that this structure implied a steric clash
betwsen the C(6) and 0(2') atoms of contiguous residues. For this
Teason the 'bent chain' conformation (Fig. 1l.7b) originally
proposed by Hermans (1943) came into favour by contemporary workers.
It also allows a favourable znd stabilising, hydrogen bond between

the 0(3) hydroxyl of ohe residue and the QQ' ring oxygen of the next,
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(a)

(b)

)

0
0f1)
Fig. 1.6 Dihedral angle across Reeves Cl sugar ring

(a) Bl,4~-glucose, [ex180°
(v) Bl,3—glucose, L= o°

(c) ol1 y2-mannose, L 2£180°



Fige 1.7 Spatial arrangements of the cellulose chain

(a) Meyer and Misch (1937), 'straight chain';

(b) Hermans (1943), ‘'bent chain'.



The presence of this type of hydrogen bond has been substantiated
by Dboth polarised iufra-red spectrz of cellulose (Liang and
Merchessault 1959) and in the crystzl structurs of the cellobiose
dimer (Brown, 19663 Chu and Jeffrey, 1968). Recsat calculations
by Sundararajan and Liarchessault (1972) further suggests that
the bent chain conformation i most favourable and recent work

suggests a plausible model in which the chains are vpacked parallel

to each other (Blackwell and Gardner, unpublished) «

(b) Amylose .
Amylose, a ok 1l,4-glucan, when complexed with iodine
and various other complexing agents, forms a low h type B 6~fold

helix loosely termed the 'V' form (Fiz. 1.8). The actual

u

diameter of the helix varies according to the amouni of watsr o
crystallisation present and the size of fhe complexing molecule
which is held in the centre of the helix (Bumb énd Zaslow, 19673
French und Zaslow, 1972; French et al. 1963). The helix is
probably left handed (Hybl et al. 1965) and has hydrogen bonds
between 9(2) and Q(6) of adjacent residues on the helix surface

but separated by five others in the primary sequence,

Another regular conformation of amylose is produced
when the complexing agent is removed from the 'V! form and the
product subjected to high humidity. This causes the structure

to adopt the more extended 'B! form since thes h value has increased



from 0.79 to 1.04 bvm. Blackwell et al.(1959) have shown that

the helix can be stabilised at this new extension Dy inserticn

of a water molecule between the Q(Q) - 9(6) hydrogen bond present

in the V' form. It has also been suggested that the 'B' amylose
chain is extended to 2.1 nm (French, 1969), the obssrved axial

repeat being due to an exactly staggered second parallel chain,
intertwined to form a double helixy this model is however difficult
to reconcile with hard sphere and energy calculations (Blackwell

et al. 19693 Rees, 1972). Using the procedure of Rees (Anderson

et al. 1969), Smith (1972) was unable to state categorically that

a double helical structure was possible. However, if it is possible
to extend the projected residue height by C.05nm without imposing too

great a strain,then a double helical structure would appear to have a

conrormation closest <o the energy minimum.
(c) 8 1,3 Xylan

The B 1,3 Xylan structure has a repeat period of 1.8 nm,
giving a projected residue height of 0.3 nm for each sugar unit; a
more extended version of the amylose type of structure. The hole that
existed in the amyloée helix is now filled by twisting three strands
together in a triple helix. The structure is suitably stabilised by
inter;chain bonding by O(2) atoms, one from each chain forming a cyclic
triad (Fige 1.9).

The original work by Atkins et _al. (1969) proposed a vreference
for a right-handed helix, although both are possible. Sathyaneragan and
Rao (1970) showed by energy calculations that both left- and righ*;
handed helices had similar energies but that the right handed is
slightly favoured by the formation of weak hydrogen bonds with

water molecules to bridge the strands (similar to '"B'amylose)., Recent



Fige. 1.8 . View down amylose 'V' form helix

Fige 1.9 Bls3—xylan triple helix and hydrogen bonding triad.




18

calculations (Smith, 1972) of the conformational potential
energy arising from interactions between and within strands again
slightly favour the right-handed conformation.

(a) Alternating Structures

Most of the naturally occurﬁng homopolysaccharides fall
into the first two 'Rees—types'. Heteropolysaccharides (i.e. having
an alternating repeat unit) have characteristics of both 'types'.

Hyaluronate, that will be diséussed in detail in
Chapter 2, can be considered as an alternating polymer of @ 1,3;
and B 1,4%linked glucose units. Computer model building studies
(Rees, 1969; Rees ei al. 1969) showed that conformation’ with
projected residue heights between 0.72 and 1.02 nm were sterically
allowed, indicating a helical conformation probably in betweszn
Type A and Type B. It was not surprising, therefore, to find that
hyaluronate shows considerable conformational variability,
exhibiting a two-fold form (Atkins et al. 1972) that is near a Type
A conformation through to a four;foli form that is more compact
and sinuous,near to a Type B conformation (Dea et al, 19733
Atkins et al. 1973).

It is possible to consider this variability in the
conformations of B 1,4/6 1,3 alternating structures in the following
way .

If the polymer is considered to have a repeating unit
linked B 1,4 to the next, in which the repeat unit is a
disaqcharide that 1is 'locked! such that the B 1,3;1inkage can
be ignored for the moment. Then, by analogy with B 1,4 linked
homopolymers (as this now is) an extended ribbon Type A
conformation would be expected., Conversely if the B 1,4;1inkage

1s considered fixed then a conformation near to a Type B helix




would be expected. Therefore, the variability becomes apparent as
the B 1,3-linkage gradually alters from its 'fixed' position
causing the repeat unit (the disaccharide) to tecome 'looser!’ taking
on more of the Type B conformation.

The closely related kappa-and iota-carrageenans (Fig.
1.10) which have been studied in some detail (Anderson et al. 1969;
Arnott et al. 1974) can be considered to have a similar covalent
backbone to hyaluronate (see Chapter 2 Fig. 2.15), and have similar
conformational characteristics. Similar  to hyaluronate the
conformation corresponding to the ZXray diffraction data shows a
considerable deviation from the type A ribbon in that the helices

~

are more sinuous and of sufficient size to accommodate a second
intertwined helix. Kappa-carrageenan is a right-handed thres-f0ld double
helix having an axial periodicity of 2.46 nm, iota-carrageenan is
similar except that the periodicity is 2.65 nm and *ha* the second
identical chain is translated axially 1.328 nm relaiive to the other.
The iota—carrageenan structure is partially stabilised, by a hydrogen
bond buried within the double helix that has bsen demonstrated by its
resistance to deuterium exchange (Williamson 1970).
The overall shape of these helices is very much like an extended
type B helix with a distinct hole down the centre of the helix (Fig.
1.11 ). 1In contrast to amylose the inside of the helix cannot
accommodate another molecule, consisting mainly of relatively apolar
groups of carbon and hydrogen atoms whose net mutual interactions are
strongly attractive and include longer range polar forces as well as
van der Waals attractions (Smith 1972). |

In summary, the predictions and correlations of
conformations, can be made by simple analogy but the method does

fail sometimes, particularly with alternating polysaccha:ides-
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Fige 1.10 Carrageenan disaccharide repeating units

(a) kappa~carrageenan, R=H.

(v) iota—carrageenan, R=SO4.

?

Fige 1411 View down iota—carrdgeenan double helix
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This is shown clearly in the carrageenan conformation where the
large deviation from the theoretical type A ribbon is confined
mainly to the torsion angles about the 3,6-anhydrogalactosyl bond
which differs by about 90O from the cellobiose value giving the

observed three-fold extended Type 3B structure.

C. Conformations of Polysaccharides in Sclution

The value of Xray diffraction in providiag the building
blocks for conformational anélysis of polysaccharides and other
biopolymers is well known. However, the conformation of a
bipolymer in the solid state is a special case which on its own
can be difficult to reconcile with the conformation in vivo. It has
been suggested (Brant and Dimpfl, 1970) that solution properties
of polysaccharides can be predicted, at least qualitatively from
their regular conformation in the solid state. Detailed calculations
for 1,4-linked homopolysaccharide systems (Whittington, 1571)
indicates that in general this can be true.

The extension of conformational studies to solution has
been successfully demonstrated by the use of various chiroptical
techniques (McKinnon, 19733 Dea et al. 1972) and nﬁclear magnetic
resonance (Bryce et al. 1974).

Chiroptical Technigues

(a) Optical Rotation

The measurement of optical rotation at a single wavelength,
often at the sodium Déline, has been extensively used in the
~ monosaccharide area and to follow conformational changes in the
secondary and tertiary structure of proteins, polypeptides angd-

more recently polysaccharides.
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Several workers have formulated empirical rules for the
optical activit& of sugars notably Hudson (1909), whose rules
of isorotation concern anomers of pyranose derivatives. These
are based on the van't Hoff super vosition principle which
considers the optical rotation of a molecule as the algebraic
sum of the contributions of the various asymmetric centres. The
quantum mechanical approach of Kauzmann et al (1961) shows the
unsoundness of this approach and suggests that the optical rotation
phenomenon arises from the electronic interactions between groups
rather than contributions from isolated atomse.

Whiffen (1956) and Brewster (1959) by a consideration
of dominant interactions have put this on a quantitative basis by
establishing a set of empirical rules which predict values that
agree rell with those derived experimentally for many compounds
including monosaccharides.

Rees (1970) extended this treatment to the optical
rotation of disaccharides and higher oligomers including
polysaccharides by introducing the concept of linkage rotation(zﬁg Yo
This represents the optical rotation due to interactions across
the glycosidic linkage, in other words a function of the glycosidic
conformation angles @ and ¥ (Fig. 1.2). By an application of
Brewsters rules and a consideration of the interactions in chains of
four bonded atoms at a time, the linkage rotation can be defined,

for residues having the Reeves C1(D) conformation as:

[A] = + 105 - 120 (sin O F + s'mfl}h
D

for the Sk anomeric configuration and,
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B
[A] = ~105 ~120 (sin & F + sin & Y
<D

for the $ configuration.
A ¢ and zﬁ.%r are the ff and \L- rotations from

the position that eclipses the C-H and O-C bonds (Figo 1.12).

The expressions for EZ\] also alter for residues in the
L configuration and for those not in the Reeves Cl conformations,
) A comparison of observed and calculated rotations for
di- and oligosaccharides for which solution conformation could be
predicted from Xray and other data showed the validity of these
expressions (Rees, 1970). In some circumstances it is vossible
to relate the nature of conformational changes occué;ng in solutions
by use of this treatment. For example, the helix-coil transition
for iota carrageenan cegments has been studied and the optical
rotations of the two formsrcalculated (Rees, 1970), from the ¢ and
VQ values determined from Xray data (Anderson et al. 1969) and the
molecular rotations oi’ the relevant methyl glycosides and disaccharides.
The agreement between calculated and observed values was good,
providing further support for the hypothesis that the optical
rotation shifts observed did in fact originate from a coil to
double helix transition (licKinnon et al. 1969; Rees et al. 1969).

These expressiohs are no longer valid as they stand in
the presence of certain chromophores, such as found in acetamido sugars
or uronic acids, due to the sensitivity of such chromophoreé to the

conformation,.

(b) Circular Dichroism

Circular dichroism and optical rotatory dispersion both
arise from the interaction of circularly polarised light with an

asymnetric molecule and give essentially similar information. The



Fige 1,12
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H(1)

S c;(1)'_
,mE:obﬂf%Té{i:::::::;;/

H(1) | Hi4)

¥

(

Zeros of ¢ and yV

§ =¥ =0 when C(4), C(1), 0(gl), C(4)*', C(1)' are
coplanar, and when C(4) and C(1)' are closest.
Af = A¥ - 0 when H(1), (1), 0(g1), C(4)', B(4)' are

coplanar, and when H(1l) and H(4)' are closest.
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P olarised \v.oé\\\'

differential absorption of left and right oiroularlyLresults in
the light wave becoming elliptically polarised (Fig. 1.13).
The angle © is termed the ellipticity and for comparison

pUTPOSES, moleculai ellipticity [}3] is usuwally quoted,

dego cmz/d mole

—
O
R
1
l@
E_’.

where M is the molecular weight, 1 the pathlength in mm and ¢
the concentration in gm/oc.

If either the optical rotatory dispersion or circular
dichroism curve is known completely, it is possible to calculate the
other using the Kronig—Kramers transform(Moscowitz, 1960) since
they both have similar electronic origin. The position of the
circular dichroism maximum can bes estimated by applying the
Drude equation to the ovtical rotatory dispersion curve. The $wo
techniques can be wused in conjunction and for an isolated chromophore
the forms of the individual contributions are shown in Fig. 1.14,

Although the theory of optical activity is now reasonably
well understood in general temrms, its use in the prediction and
interpretation of spectra is limited (Morris and Sanderson, 1972).
For a number of specific transitions, such as the carbonyl n~—> TT¥‘
transition, the influence of the spatial distribution of other atoms
or groups on the spectra can be considered in terms of certain
empirical rules. Probably the best known are the 'carbonyl octant
rule' (Moffit, et al. 1961; Crabbe, 1971) and the 'peptide
quadrant rule' (Schellman, 1966).

Such rules mainly deal with interpretations in terms of

the configuration of rigid molecules but circular dichroism has been
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Fige 1.14

Effect of an optically active absorbing sample on
plane polarised light.
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Idealised ultraviolet (uv), cifcular dichroism (CD),
and optical rotatory dispersion (ORD) spectra for
én isélated chromophore.

(a) laevorotatory molecule, negative Cotton effect;

(b) dextrorotatory molecule, positive Cotton effect.
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successfully extended to the study of conformational distributi ons

] e ol 1 - - o F £ N
in solution. Changes in temperature, cause conformational changes

that are reflected in the circular dichroism spectra (Wellman, et _al.
1965) .

The spectra for proteins and polypeptides arising From the
three basic conformations (ol-helixz, pleated sheet and random coil),
can now be interpreted qualitatively and in some cases quaniltatively
by a comparison between computed and observed circular dichroism
curves (Greenfield and PFagman, 1969), The computed curves are formed
by a linear combination of the individual curves corresponding to
the three basic conformations. In the case of a protein whose three-
dimensional structure is known from Xray diffraction studies, and
which contains a high degree of secondary structure in solution
(e.g. cllaelix), the computed curves will often fit well with
those experimentally observed. Intermediate structures tend to have
poorer fits. These results were able to'éhow that circular dichroism
appears to be a superior method for determining protein conformations
than optical rotatory dispersion.

For polysaccharides the application is limited due to the
absence of suitable chromophore;. However it has been applied
successfully to the uronic acid and acetamido polysaccharides that
contain the carbonyl chromophore as the dominant feature. Thus
the gelation of alginates (Thom,1973)and pectins (Grant, 1973;

Grant et al. 1973) in the presence of calcium ions has been followed
by circular dichroism.

For polysaccharides having no accessible chromophores it
is often possible to introduce a suitable chromophore by chemical
modification (e.g. addition of acetate group),. For anionic

polysaccharides such as the carrageenans (McKinnon, 1973), the
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combination of a suitable cationic dye (e.g. acridine orange or
methylene blue) is possible. The dye when bound to the
polysaccharide becomes optically activej the associated changes
in spectral parameters are termed absorption metachromasy,
a topic that has been reviewed in detail by Stome (1969).

The application of circular dichroism to polysaccharides

in general has recently been reviewed in some detail by Morris and

Sanderson (1972).

Nuclear Magnetic Resonance

Proton magnetic resonance (lH nmr) has had a revolutionary
effect on carbohydrate chemistry since its conception about 16
years ago. Although its primary use has been for +{he elucidation
of structures and conformational preferences, more routine
applications have been developed. For example, the analysis of
composite mixturés and monitoring of reactions.

A review confined to monosaccharides has recently been
published (Kotowycz and Lemieux, 1973).

Until recently 1H nmr has not found great use for
macromolecules for two reasons:
(1) relatively low machine sensitivity requiring a large

sample weight (30-50 mg)
(ii) difficulty in interpreting the spectra obtained due to

the presence and number of overlapping signals.

Problem (i) has now been overcome to & large extent by
more sophisticated equipment running at higher magnetic field
strengths and by use of Fourier Transform methods (Ernst and
Anderson, 1966; Ernst, 1966).

Congiderable groundwork in the study of amino acids,
dipeptides and nucleotides has provided useful»khowledge for the

interpretation of spectra of biopolymers, this has been reviewed



29

in detail by Cohen (1969). Sheard and Bradbury (1970) have
reviewed the principles involved in 1H nmr with particular
reference to the study of biopolymers and their interactions
with ions and small molecules.
Early 1H nmr work on polysaccharides seems to have been
confined to establishing the proportions of component sugar units
and the nature of the glycosidic linkages in the polysaccharides,
particularly heparins and related compounds (Inoue and Inous, 1966;
Jaques et al. 1966). More recently Perlin et al. (1970) have
compared the 220 M.Hgz. 1H nmr spectra of heparin and other
glycosaminoglycans, from which they were able to make satisfactory
assignments for individual resonance signals. In addition thay
were able to show that heparia had c*;griduronate as tne major
uronosyl component rather than the previously proposed.g—glucuronate.
Nmr spectra contain a considerable amount of information.
The position of a spectral peak is characteristic of thé environment
of that group of protons (electronic or chemical), and may be used
to identify the nature of the group containing the resonating nucleus.
The area of the peak is proportional to the number of nuclei of that
particular type in the system (e.g. 3 protons for a —CH3 group)
and its fine strucfure can provide information about neighbouring
chemical groups.
Bach peak is associated with spin transitions between
& pair of energy levels, and the transition probabilities can
be related to two nuclear spin relaxation times, Tl and T2.
If these are measured it is possible, in principle, to obtain
details of the molecular dynamics of the systems T, and T

1 2

are sensitive to molecular motion which allows an asgsessment to




be made of the internal rigidity of macromolecules, in part-icular Tl
and T. decrease as molecular motion becomes slower. The tirae scale

2
for molecular tumbling is the so cazlled correlation time 'Cfc,
which expresses the time scale on which molecules or parts of
molecules lose memory of their previous relative positions and
orientations, i.e. lose ‘'correlation'.

Tl is the longitudinal or spin latiice relaxatdion time
and describes an exchange of energy between the nuclear spins and the
surroundings which, irrespective of their physical state, are known
colliectively as the 'lattice'.

| ‘I‘2 is the transverse or spin-spin relaxation +time and
is a measure of the angular re-adjustment of nuclei.

In this work we shall be interested mainly in EEE and
the position of a peak in the spectrum, namely its chemical

shift. Both of these parameters can provide information about

the conformational state of a molecule.

)

> is inversely related to the peak width of the high
resolution 1H nmr  spectra, thus, broad peaks are usually indicative
of slow motion, that could be an indication of order or immobility

in the system.

‘I‘2 = 1
TAaNV,
2
wherelﬁ\2% is the 1line width at half-height of a particular pedk,
The presence of ordered regions in a polypeptide was first
reported by Bovey et al.(1959), who observed a broadening ox
increased line width, of peaks from the backbone protons of poly-Y-
benzyljgrglutamate upon helix formation, and a complete loss of the

spectra on aggregation. It should be noted that when rigidity produces
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a very broad pesk the signal may not be detectable above the

instrumental background noise.

In general the changes in line width that accomgany order—

disorder or helix—coil transitions provide useful information on

rate or form of the transition.

(1)

(iii)

If the heliz~coil interconversion is rapid, single

peaks will be obtained. Thus when helical Segmentg

are thought to move or ripple rapidly along the gpaip
there 1is no position. that affords short term rigidity,
consequently the observed line width is not noticeably
dependent on helix content.

When the helix and coil states have different environments
the line width of the single peak cbserved will be

found to vary with helix content,i.e. as more helix
(rigid) is formed tre width becomes greater. It is
therefore possible to follow the heliz—coil transition
with, say, temperature ia a similar way to optical rotation
studies.

For cooperative transitions in which there is a rapid
winding-up or unwinding of, say, a helix, the 1ine

width changes observed may well be an all or nothing
situation. In other words the spectra is that of ‘the
ordersd state (helix + coil) or that of the disordered
state (random coil) with little in between.

Helix formation,as well as exhibiting broadeningroften shows

changes in the chemical shift.

If all protons on a molecule were to undergo resovance at

identical field strengths and applied frequencies, no conforp#tional

information could be obtained. However, fortunately Separate,nmr



32
peaks arz obtained at different positions, according to the
chemical environmant of the nuclei. These differences arise
because the nucleus is partially shielded from the apnlied
magnetic field by the surrounding electron cloud, which itselyp
varies with the nature of the chemical group containing the
nucleus. This displacement of the resonance is the so called
chemical shift (S; ), a dimensionless constant expressed in partg
per million (ppm). It is usually recorded as the fractional
displacement from the resonance of a standard peak of a refefence
compound, such as sodium 2:2-dimethyl~2—silapentane~5~sulphonate
(DSS).  Thus a particular resonating nucleus can be defined
by its chemical shift, for a particular system.

Considerable information on the mobility of a sysienm
can be obtained by the use of relaxation times dete mined by ovulsed
nmr techriques. By following the decomposition of free induction
decays it is possible to separate the relaxation times into separate
exponential processes. For systems contaiﬁing some order, three T2
times are often observed.

(1) @ very long T, - due to residual water in the sample

(ca. 1 sec).

(ii) a short T2 - indicative of immobility or order in the
system (ca, < 3 millisec.)

(iii) 2 long T, ~ indicative of mobility or disorder in 4be
system (ca.> 5 millisec.)

Thus providing it is possible to distinguish between
these processes, evidence complementary to that from high
resolution 1H'nmr can be obtained.

Carbon~13 nmr (130 nor) is a relatively new and fast

growing technique in the study of biopolymer structures. Becaus?



33

130 nuclaus coupled with a

13

low inherent sensitivity relative to "4, "°C nmr experiment

of the low natural abundance of the

tend to be approximately 6000 times less sensitive. Fortunately

this oproblem has been overcome to some extant by the develmeent

of computer methods for averaging many signals together wity

pulsed Fourier Transform nmr (Emst and Anderson, 19665  Becper and Farpa:
1972), which resulted in effective sensitivity increases of More +han

an order of magnitude. With a time-averaged accumglation of Jgata

from repetitive pulses spaced typically 1 second apart, it is

possible o achieve time savings greater than a hundredfold. Normally
macromolacules like polysaccharides are summed over 30,000—60,000
transients, which means overnight or weekend runs. However, because

13

of the larger range of chemical shifts observed for the C nucleus,
better resolution arnd ease of resonance assignment is possible.
Recently Bryce et al. (1974) have followed the coil-helix
transition in iota-carrageenan segments by 13C nar. They were able
to show that the spectrum disappeared when the polysaccharide was
near the limit of conversion to helix as judged by optical rotation.
This was interpreted on the basis that the mobility of the residues
became.so restricted that the relaxation timeé for the carbon nuclei
have been decreased causing broadening and loss of pesks in the same
way as for 'H nmr. A4 80°C, when the polysaccharide is judged to be
entirely random coil, a well defined spectrum consistent with &
mobile species is apparent (Fig, 1:.15). Such measurements cad
re~inforce the Qonclusibns obtained from lH nmr by showing thal the
ring carbons are experiencing a similar motion restriction to that

shown by protons in side groups.
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Fige 1415 Comparison of 130 nnr spectra for iota—carrageenapn

segments at 80°C (upper spectrum) and 15°C (lower

spectrum) , showing loss of signal on conversion to helix.
» : . .

Figo 1.16 Primary structure of hen egg;white lysozyme

showing covalent disulphide bridges between cystein®

residues.
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D. Conformation Changes of Biovolyme

Conformational transitions in proteins, nucleic acids,

and polysaccharides vplay a decisive role in many biological
processes, particularly in control processes, Probably ty, best
known example is the vital role of nucleic acids in celluy,n,
reproduction. 'Then the DNA strand dupiicates, one strand of the

double helix (Watson and Crick, 1953) goes to each daughter gel]
(ilesselsohnand Stahl, 1958) where it serves as the template frop

the synthesis of the complementary strand.

Such processes often vrocsed cooperatively i.e, the
elementary prbcesses in the individual segments are influenced by
the state of the o ther chain segasnts. In the case of DNA and some
polysaccharides ihere is a strong tendency to assume the form of the
neighbouring segment during this nrocess. Such cooperativs processss
are sensitive to even relatively small variations in external parameters
(eogo temperature, pH, solvent) which can lead %o practically
complete conformational transition(Engel and Schwarz, 1970). A
further characteristic of cooperative processes, is the dependence of
the transition upon the chain length, thus the sharpness of the
transition increases with the size of molacule 08¢ Zimm and
Pragg, 1958, 1959),

Under suitable conditions, many biopolymers have
% specific conformation which is stabilised by non-covalent
interactions between the segments. An understanding of some ©°f
the broader aspects involved can be expected to lead to further
development of the theory of conformation ang biological fupction
since this function ig usually confined to its structural states

Enzymes are g good example in that even small conformational



Polysaccharide Gels

Polysaccharides in solution freguently form gelg of
varying strength even when present in very low concentratjong
(e.g. 0.1% w/v agarose forms a gel capable of maintaining jts gnape).
To do this they form an association of chain segmentsintg Zones
which are joined into a network by chains that run through two or
more gones. Such a network iraps water in its interstigeg according
to the classical picture of gelation (Hermans, 1949). Normally
one would expect, in dilute solution, that the random coil
configuration would predominate. In gel formationm, however,
certain regions of the polymer chains may have sufficient conformational
constraints operative such that they can form regular helical (in its
loosest sense) conformations (Flory, 1972), that interact with others
to form a 'junction' or 'cross link' in the network. It is the
nature of these 'junction zones! thaf has been the subject of
considerable study in polysaccharides.

Junction Zones

Although most of the polysaccharide studies have been
concerned with junction zones in gelation, similar junctions have
been shown to exist in the non-gelling systems of iota-carrageenan
short segments (MdKinnon; 19733 3Bryce et _al. 1974). A gradual
increase in the sigze, number, and lifetime of junction gones leads
to the formation of a three dimensional network extending over the
entire polymer—diluent system. The lifetime of a junction zone due
to the dynamic nature of the individual links, will depend on the
availability of more stable, and therefore energetically favoured,

link:So

There are three main types of junctions:
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(i) Covalent, in which a chenmical bond is farmed betyeen two
components of the system. For example, the disulphide
bridge between cysteine residues in proieing €oge
lysozyme (Fig. 1.16) contributes greatly to the
stabilisation of the tertiary structure. An extrens
case 1s that of keratin, which is so highly CTOSS—
linked through disulphide bridges between Polypeptide
chains that it is almost impossible to extragt frog
the tissues in which it occurs (Seifter and Gallop,

1966) .

(11) Non-covalent, in which factoi's such as van der Waals
forces, hydrogen bonds, hydrophobic and electrostatic
interactions are involved. An example of this
type of system is the iota-and kappa- carrageenan
double helix,in which +two chains are hkeld together
by hq,rdrpgen bonding, van der Waals and polar interactions
(Smith, 1972) and possibly cation fixation (Amott, et al.
1974) . In the case of kappa-carrageenan .and agarose, the
helices are in turn held together in bundles by similar
forces to further reinforce the gel network (Fig. 1.17),

(iii) In certain systems, such as microcrystalline cellulose and
tobacco mosaic virus gels, the chain microcrystallites
or virus particles which have an ordered inte™mal structure,
coalesce to form a network (Fig. 1.18). It bas recently
been proposed that cellulose gels contain singl® helices,
VPaCked or aggregated together to form mnetworks (Amott
gt al. 1974a).

Many gels have junction zones that are aggregs?®S of a number

of molecules having the character of more than one extre®®* Foxr



Fige 1.1
2ige 119 The "egg-box" model for an alginate junctioX ZoBe
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example, alginate and psctin gels (Grant et a1. 1973) ;. sunction
gones that have been interpreted in terms of microcry%talliﬁes
stabilised by cooperative binding of calcium ions betyeen the chains —
the so called 'egg box' model of chain association (Fig. 1.19) .

A further stabilising force that can SOMetimes be considered
is that arising from the solvent or surrounding dissimjjgp medium, which
represents a special type of inter-molecular interaction, An example
of this is shown by the agarose double helix which is stabilised by
a column of water molecules within the helix (Arnott et al. 1974¢).

General Characteristics

The cooperative nature of many of the processzes
mentioned is demonstrated by the 'all or nothing' behaviour ileeo  two
limiting structures occur either completely ordered (within the
limitations of the molecule) or completely disorderad - there is no
substantial amouﬁt of intermediate state at thermodynamic equilibrium.
Thus formation of +this type of junction has an energy barrier of
nucleation (i.e. to bring two acceptable parts of the molecule
together), followed by a rapid 'zipping up' of the ordered region to
produce a lower favourable energy level.

Gels having non-covalent junction zones are frequently
reversible i.e. the ordered regions can be 'melted' out and
reformed, carrageenan and agarose are examples of this kind.

Similar reversible transitions have been showr for the protein,
gelatin. Such interconversions often involve a conformational
transition that can be detecteq and characterised by spectroscopic

methods already described,



Some conformations of hyaluronate in the solid state
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A. INTRODUCTICY

This chapter will consider the structurs of hyaluronate
in the solid state, as found by Xray diffraction. Iliodel building
studies will be described. A comparison will be made between this
work and that of others. Finally, an indication will be given of
subsequent results from collaborators who had access to more
sophisticated computational techniques than available here,

1. Origin

Hyaluronate belongs to the glycosaminoglycan family
of polysaccharides which are present in the intercellular matrix
of the connective tissue of most vertebrates. It is also
present in some bacterial capsules. The concentrations in various
tissues or fluids are listed in Table 2.1.

Percent of net weight

Human vitreous 0.2
Human adult skin 0.03;0009
Human synovial fluid 0014;0936
Fuman umbilicael cord ' Ooj
Rooster comb | 0.75
Bovine brain 0,015
Normal urine 0,002
Tumours
Rous sarcoma 0.1
Mesothelioma 002;007
Streptococcal cultures | 0.0l;O.l

pproximate Concentration of Hyaluronate in Some Tissues and Fluids

(From Laurent, 1970)

Table 2.1
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The glycosaminoglycans are important for the
associations in which they participate, both with their own kind
and with other types of molecule. For example, they may be
“involved in cell aggregation (Pessac and Defendi, 1972a,1b) 5 in the
structure and elasticity of connective tissue of all types
(Balazs, 1970a) including skin, cartilage, heart valves and
arterial walls, in joint lubrication (Hammerman, 1970) and in
various parts of the eye. There are ipdications that their
interactions with serum lipoproteins might be involved in the
initiation of artex%solerosis (Iverius, 19723 Srinavasa, et al,
1972) .

2. Structure and Physical Propérties

HyAIUronate prepared from human umbilical cord is
believed to be a regular, unbranched, polymer of the type (-A-B)n,
where A is B—g—gilucuron,ic acid and B is?—acetamido-Z—deoxy—B-Q—
glucose (N-acetyl glucosamine). The linkages A—» B and B — A
are B1,3 and Bl,4 respectively (Fig 2.1), both pyranose rings

being considered to be in the energetically favourable Reeves (1l

conformation.
— H —
COOH 0 "o CH,0
0 O—
HO oH CH3CONH
A B dn

Fige 21  Hyaluronic acid repeating unit

The linkages have been determined by identification of
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- the fragments released by acid hydrolysis and by enzyme degradationy
this has been reviewed in some detail (Brimacombe and Webber, 1964;
Jeanloz, 19563 lieyer, 1958). Additional evidence for the
structure was provided by methylation enalysis (Hirano and
Hoffman, 1962; Jeanloz and Jeanloz, 1964) and by synthesis of

the repeating unit (Flowers and Jeanloz, 1964). While extensive
structural studies have not been performed on hyaluronate from
tissues other than umbilical cord, the results of many
investigations have indicated that they, too are composed of
glucuronic acid ang N—acétyl glucosamine in egquimolar amounts
(Meyer, et al. 1956; Laurent, 1957a; Balazs, 1958; Preston,
et al. 1965).

Hyaluronate is the simplest glycosaminoglycan for two
reasons. First, as far as is known its covalent structure is
entirely regular and repeating whereas other members usually
deviate to some extent from this perfectly alternating
arrangement. Second, it seems to cccur in tissues as the free
polysaccharide, or at least with very little covalently bouad
protein, rather than 2s a side chain is a more complex conjugate
e.g. Chondroitin sulphate in proteoglycan.

The physical properties of hyaluronate isolated from
different tissues, however vary greatly. Fessler (1960) indicates
that hyaluronate from human umbilical cord and synovial fluids are
similar, and differ from those of sheep and ox synovial fluids, in
particular in the dependance of relative viscosity on shear rate.
It is not known (Swann, 1968) whether these differences are a
conséquence of a different molecular architecture of hyaluronate
in the different tissues or an artefact caused by such factors as

the method used to isolate angd purify the materials examined (Balazs,1958).
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~lieyer (1970) has suggested that heterogeneity and
variability in glycosaminoglycans exists to a far higher extent
than can be demonstrated by existing sevaration and analytical
techniques. He defines heterogeneity as hybrid molecules, i.e.
replacement of one glycosyl group in the carbohydrate chain by
another as well as differences in the linkage region. Variability
is defined as the existence of differences in number and sequence
of exo groups such as sialyl, fucosyl, and sulphats. Heterogeneity
and variability have been demonstrated in all glycosaminoglycans
with perhaps hyaluronate as the exception. Polydispersity has
been demonstrated for hyaluronate and in some tissues it may be
covalently linked to vrotein (Preston, et al. 1965; Hardingham
and MNuir, 1972; Hascall and Heinegard, 1974) but in general is
usually considersd to be free or at least not covalently linked.
Most preparationsnare quoted as having very low protein content
after mild extraction procedure.

3+ Preparation of hyaluronate

Hyaluronate can be conveniently prépared from various
solid tissues (umbilioal cord, rooster comb, skin estc.) or tissus
fluids (synovial fluid, vitreous), in a pure form (Laurent, 1957a;
Swann, 19695  Varga, 1955) with less than 0.5% protein content
and with a molecular weight of l—3x106. Nild extraction usually
involves water or salt solution followed by precipitation with
an organic solvent e.g. ethanol or a quaternary ammonium compound
such as cetylpyridinium chloride (CPC) (Scott, 1970). Protein
is usually removed by ultrafiltration on pronase digestion (Swann,
19685 Scott, 1970); chromatography or ion exchangers and adsorbents
(Ciffonelli and Mayeda, 1957; Preston, et al, 1965; Swann, 1968),

and centrifugation on CsCl;gradient (Silpananta, et al. 1968),
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Other charged polysaccharides are usually removed Dy fractional
precipitation with CPC (Scott, 1960).

4. General Rheological Characteristics

3 7 J Das o B .
Considerable work has been reported on Molecular weight

determinations of hyaluronates from various sources, Several
reviews exist (e.g. Balazs, 1958; Laurent, 1957b; Balazs and

Jeanloz, 1965), a selection of values are given in Tanle 2,2,

Tissue Molecular Technigue Reference
weight
N . .
Human umbilical 3+4x10 Light-scattering Laurent and Gergely
cord (1955)
Bovine vitreous 7.7x104 Light-scattering Laurent et al,
body 1.7x10° Sedimentation anal1960)
diffusion
Bovine synovial 14x106 ' Light-scattering Praston et al.
fluid (1965)
Human synovial -
fluid
Normal 6x106 Light-scattering Balazs, Watson,
~ d R
Rhewnatoid  (2.7-4.5)x10° Light-scattering DULL, 204 Roseman
(1967)
Roester comb 6
(main fraction) 1.2x10 Ultracentrifuga— Swann (1968a)
tion
Streptococcal .0-115xl06 Sedimentation Blumberg, Ogston,.
cultures 6 and viscosity Lowther and
0-93x10 Rogers (1958)

Some Published Molecular Weights of Hyaluronic Acids from Different

Tissues
e S ——————

(From Laurent, 1970)

Table 2.2

There are distinct differencesin the degr®® Of polymerisation

of hyaluronate prepared from different sources and ing?#®d 1t can vary

Locally within the same +issue (Balazs, 1970b). Obvioufly
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. . s ) £ v k.
preparation of pure intact polysaccharide of very hlgh degree of

. . . d vield £ i f ey
olymerisation in 100% yield is extremely difficuly to achieve

w3

thus published values should be regarded as minimun molecular
weights.

That the long polymeric chain is linear and unbranched,
was confirmed by Fessler and Fessler (1966) using €lectron microscopy.
They found only long chains having a weight average gtrang length
of 2 - 4u, which if it was assumed that the strands yere stretéhea
hyaluronate molecules they would have a weight average M, wk. of
1 - 2 x 106, this was in good agreement with ultracentrifugg data
and later light scattering and ultracentrifuge data of Cleland (1970).
It has been characterised as a 'random coil with some stiffness’
when studied at low concentration ( < O.l% dissolved in 0,1 _ 0.2 I

hJ

NaCl pH 6;7) ... » which was thought to be consistent with an
expanded random coil exhibiting non;Newtonian behaviour. The

radius of gyration of the molecule was found to be 1500;40003,
therefore, the chain extends over a very large domain in the

solvent. This domain contains 103 - 104 times more water than
polysaccharide. A% a polysaccharide concentration as low as 0.01-0,1%
the molecules fill the whole solution and begin to entangle with
each other. At higher concenirations the solution contains a

continuous three dimensional network of chains and it is no longer

Possible to recognise single molecules. Fig 2.2.
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Fige 2.2 Schematic representation of the volume occupied

by the hyaluronic acid molecule.

In natural hyaluronate containing fluids (synovial, liquid
vitreous) and in the solution of purified sodium hyaluronate at

higher concentrations ( > 0.1%0, the viscoelastic characteristic

of the hydrated biopolymer was emphasised (Balazs and Gibbs, 1970).
When aqueous solutions of high molecular weight (1—2x106) |
hyaluronate (concentrations > 0.3%) are dialysed against 0.1M
NaCl pH 2.5, a 'viscoelastic putty' forms (Balazs, 1966). The
'putty' when it contains 1% or more hyaluronate forms a solid
which rheologically is quite different from agar or gelatin gels.
The viscoelastic characteristics of the putty are highly dependent
on strain frequency ; it flows slowly under gtress and cut
surfaces heal when pressed together. In vivo the natural fluid
exhibits similar properties in protecting cells against shock
(Balazs and Gibbs, 1970). Under slow mechanical loading it

behaves as a viscous oil-like lubricant, at higher loading it
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transforms to a highly deformable elastic system able to absorb
the imposed stress and convert it to an elastic deformation then

rebound to the original state when the stress is relazed.

The rheological characteristics will be discussed

more fully in Chapter 3.

5. Other Glycosaminoglycans

The other members of the glycosaminoglycan family are
listed with their chemical structure (known or suggested) in
Fig. 2.3. In contrast +to hyaluronate they tend to have a
galactosamine sulphate residue instead of glucosamine, and in
some cases, dermatan sulphate, heparan sulphate and heparin,
have L-iduronate replacing glucuronate. Further, they all are
found bound to proiein (proteoglycan).

Chondroitin 4-, and 6¥sulphatepossessthe simpler
and more regular structures. Heterogeneity does exist, manifesting
itself 1in several ways (Roden, 1970) . In particular,

a) molecular weight polydispersity, in the range éO;60,000

b) variation in degree of sulphation together with the possible
occurrence of chondroitin 4;, and 6-sulphate hybrids

c) variation in the polysaccharide composition of the macromolecular
proteoglycan, particularly the presence of varying proportions
of‘chondroitin sulphate and keratan sulphaté.

Dermatan sulphate differs chemically from the chondroitin
sulphates in havingcl-?g—iduronate replacing the B;Qfglucuronate
(Fransson, 1970). ong-Iduronate residues would appear to be
conformationally unstable; proton mmr studies of dermatan sulphate
in solution, above 7OOC, suggest that the<silg—iduronate is in the
IC chain conformation (Perlin, g}_§1.1970). However, Xray and

molecular model building (Arnott, et al.1973 ;3 Atkins angd Isaac,
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Hyaluronic acid (HA)

Chondroitin-6-sulphate
(Ch-6-S)

'Chondroiﬁn-4—sulphote

(Ch-4-S)

Dermatan sulphate (DS)-

Keratan sulphate (KS)

Heparin (H)
R=Ac or SO:',’

- Heparitin sulphate (HS)

R=Ac or SO:',’

The basic disaccharide Trepeat units of the

glycosaminoglycans.
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1973) evidence shows that in the solid state the Cl chain

conformation is favoured. Heparan sulphate is probably a block

copolymer of uronic acid and glucosamine with parts of the
glucosamine L}sulphated and others l-acetylated, having variable
sulphate content. Heparin has & high ratio of five sulphates to
four saccharide residues, occurring in N-sulphate, O-sulphate and
6-sulphate locations. The glycosidic linkages are thought to be
l—> 4 throughout (Wolfrom, et al. 1964; Perlin, et_al. 1972).
Keratan sulphate is the odd man out in this series in that it
contains no uronic acid residue. Typically, 70% of the N-acetyl-
glucosamine residues and 40% of the galactose residues are

sulphates although the number pf sulphate groups and presumably

their distribution may vary (Mathews and Ciffonelli, 19453
Bhavanandan and lMeyer, 1967, 1968; Hirano and Meyer, 1971).

6. Early Xray Diffraction Studies on Hyaluronate

The primary structure of hyaluronic acid has already
been discussed, the regular repeating structure and high molecular
welght of the polymer strongly suggesting that Xray diffraction
technigues similar to those used for other regular polysaccharides
(Anderson, et al. 1969) should be applicable here. Early attempis
had been made to crystallise hyaluronate. Sylven and Ambrose (1955)
reported hyaluronate fibres that exhibited birefringence. Using
higher molecular weight materials Laurent (1957¢) described
amorphous Xray diffractograms for hyaluronate and chondroitin.

He also noted that there was considerable similarity between these,
indicating that the conformational relationship as well as the
covalent relationship between the two molecules was not purely
organochemical. Bettleheim (1959) crystallised and orientated

hyaluronate films and reported a periodicity of 1.19 nm. This
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is clearly wrong since Rees (1969 ) showed by computer model
building that the maximum possible extension of a (leq,3eq-

leq,4eq) linked disaccharide residue cannot exceed 1.02am.

(QFig. 2.4.)

Fig. 2.4 Ma.ximu.m eX‘tension Of a leq_., 3